MPECTITYT 34 OHIUKY

e

[nPUMREHO: 04 07 2010 -
Hayuuom sehy [Fenjea | Opol | Apxunppe g |
WncraTyTa 3a QU3HKY : .= l |
IIperpesuna 118, 3emyH E)f%’/ H| 148 // ‘_“J

Ipeamert: Pensbop y 3Bame HCTpAXKUBAY capalHHUK

Mosum Hayuno sehe MuctutyTa 3a GpusuKy /@ IOKpeHe MOCTYNAK 32 MOj Pen300p y 3Barmbe
HCTpa)KUBay CapaHUK.
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Mumnubeme B. 1. pykosoauona Jlaboparopuje

Moaum Hayuno Behe MHcTHTYTA 32 QH3HKY

la TIOKpeHe TocTynak 3a peu3dop Hukonme Bomkosuha y 3Bambe HCTpakuBad capanﬁnrc.
Hukona Bomkosuh je 3amocien y Mucturyty 3a Gusuky o asrycra 2012. roaune u 6wo je
aHraKOBaH HA MPojekTy MEHMCTAPCTBA [POCBETE, HAYKEe H TEXHOJIOMWKOTr passoja: TP-32052
JMcrpaxuBame W pasBoj peumiema 3a  ToOosbmame  nepdopmaHcu DeKUUHUX
KOMYHHMKAIIHOHHX CHCTEMa y MHKPOTAIACHOM M MIIMMETApCKOM orcery (peKBeHIHja” u
NUU-045016 .I'enepucame u KapakTepusauuja HaHOGOTOHCKHX — (YHKIHOHAIHUX
CTPYKTypa y OMOMEIMIIMHY U HHPOPMATHIIH™.

YV 2014. je ynucao aoktopcke cryauje Ha Enexrponckom ¢axynrery y Humy. Yemena
on6pana ce ouekyje y npsoj nonounn 2020. roguse.

Kao mpsu aytop je mornucad Ha 23 paja ykibydyjyhu jBa paja kareropuje M21, nBa
pazna kateropuje M24, jenHor paja xateropuje M52, jefHOT TEXHUYKOI' pellckha KaTeropuje
MS82 u 6 TexHMUKMX peliema Kareropuje M85, 7 caommrema ca MeljyHapoOJHHX CKYIOBa
kareropuje M33 u 4 caommiTerma ca HAaMOHAIHUX KoH(epeHuuja kareropuje M63. Kao
KOAyTOp MMa CaolIITee ca MehyHapojHor cKyna kareropuje M31 u Tpu caoniurema ca
HauoHaTHe KoH(epeHimja Kareropuje M63 u 1Ba TeXHWYKa pemema Kareropuje M8S.
VcTpaxkuBay je PEleH3eHT eMHHEHTHHX 4acoluca M3 CBoje 00macTd MCTpaXuBama: IEEE
Transactions on Antennas and Propagation v IEEE Transactions on Magnetics.
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Kparak nperyienq HayuyHe akTHBHOCTH

Huxona bomkoBuh je kao uWCTpakMBad OMO aHTa)KOBaH Ha aKTUBHOCTHMA pa3Boja,
yHarnpehema 1 peanuzaiyje IiaHapHUX aHTeHa 3a MoTpede caBpeMEHNX KOMYHUKAIIMOHUX H
pagapckux cucteMa. [ JTaBHa TeMaTMKa MCTpaKMBama Ce OJHOCH Ha pelIaBamy MpodieMa
BE3aHUM 3a PaJi aHTeHCKUX HU30Ba y CepUjcKoj KoHpurypanuju. Ty ce mpe cBera MUCIIU Ha
npobseM OOYHMX J1O0OOBAa Yy YCMEpPEHHMM M CKEHUpajyhuM aHTEHCKMM HHM30BHMA, Kao M
npobieM Jerpajganuje adjarpama 3padema NPHIMKOM paja y MIUpeM (QpeKBEHIH)jCKOM
omcery. Pesynratu cy moTBpheHn ekcnepuMmeHTHMA. Peann3zoBaHo je pemieme 3a KOHTPOILY
Op3uHEe (PPEKBEHIMCKOT CKEHUpPamka AaHTEHE Y3 MCTOBPEMEHO OOJIMKOBame IHjarpaMa
3pauema TaKo Ja Ce OJIPKM HU3aK HUBO O0uHUX JIoOoBa. CkeHHpajyhu aHTEHCKH HH30BH
KOopucTe oceOHO mpusaro)eHe mraMiaHe AUIOJE Y TEXHOJIOTHjH OaTaHCHOT MUKPOCTpUIIA.
[Topen pemewma 3a ckeHUpajyhe aHTEHE JaTO je M pellieke 3a aHTEHCKH HU3 Koje omoryhasa
no0Mjakbe YCMEepeHOr aujarpaMa 3padyema Koje 3alpikaBa no0ap AMjarpam 3padema ca
HHUCKUM JIOOOBHMaA y IIeJIOM ormcery pana. Jlato pememe kopuctu patch anTeHe koje cy
CIELMjATHO Pa3BHjEHE 3a YINOTpedy y CEpHjCKUM aHTEHCKUM HHM30BHMMA, a J1a IIPU TOME HE
3axTeBajy nmoBehame KOMIUIEKCHOCTH IIEJIOT CUCTEMA.

VY TOKy UCTpakuBama Pa3BUjEHO j€ HEKOJIMKO HOBUX MUKPOTAIACHUX KOMIIOHEHTH KOje
omoryhyjy KOHTpoJy AujarpaMa 3padema U Op3uHe CKeHupama. TpeHyTaH paj uCTpakruBava
ce OJHOCH Ha peaiu3alyjy CUCTeMa 3a MWIMMETapCKU pajap Kao W peaju3aluja HOBOT
CHCTEeMa 3a aHTCHCKA Mepemba.
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Novel Ku-Band Series Fed Patch Antenna
Array with Enhanced Impedance and

Radiation Bandwidth

Nikola Boskovic, Branka Jokanovic, Member, IEEE, Milos Radovanovic and Nebojsa S. Doncov,
Member, IEEE

Abstract— In this work, a novel design of patch antenna with
two symmetrical slits and two closely spaced resonances is
proposed. Novel patch antenna demonstrates a great flexibility in
impedances adjustment at both resonances that is of a great
importance in the design of series fed antenna arrays with a large
number of radiating elements. Printed antenna with two linear
arrays consisting of 16 serially fed patches is designed and
fabricated. Measured results agree very well with simulations.
Antenna operation frequency range is 15.6-17.3 GHz that is
10.3% of a relative bandwidth. The measured antenna gain is
19.5 dBi with a small variation of 1.2 dB within the whole
operating bandwidth, sidelobe levels are below -22 dB in H-plane
and -11.5 dB in E-plane. Half power beamwidth is less than 8°
and 40°, in H- and E-planes, respectively. Antenna array exhibits
the enhanced impedance and radiation bandwidth in comparison
with similar antenna structures and is very suitable for various
radar applications, notably for compact, low-cost frequency-
modulated continuous wave systems.

Index Terms— Antenna radiation pattern, directive antennas,
microstrip arrays, radar antennas.

I. INTRODUCTION

INCE its beginning microstrip patch antennas had been the

preferable choice for many microwave applications due to
their small size and shape diversity, high flexibility in the
choice of resonant frequency, polarization, radiation pattern
and impedance values, simple fabrication and integration. The
main problem associated with the use of a classical patch
antenna is its high Q-factor resulting in a narrow impedance
bandwidth of a few percents [1]. There are numerous solutions
to overcome this obstacle of which the most general approach
is to use a thick dielectric with higher losses. Thicker
substrates provide greater impedance bandwidths but allow the
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emergence of higher-order modes and surface-wave losses
while emitting a high spurious radiation coming from feeding
networks [2], [3], which degrades the overall antenna
performances.

One of the approaches to achieve higher impedance
bandwidth is the patch antenna with U-shaped slot, as it is
shown in [4-6], but proposed designs use probe feed which
can be limiting factor in the design of planar arrays. The line-
fed U-slot antenna array with the corporate feeding is
introduced and demonstrated in [7]. All of [4-7] use very thick
dielectrics that are not suitable for higher frequencies.

Another widespread way of getting a greater bandwidth is
the use of reactively loaded patch antennas [8-11]. With
reactive loading, we can get two closely spaced resonances:
the perturbed fundamental mode resonance and the new mode
resonance. Unfortunately, the mode that generates the second
resonance can make improvements in impedance bandwidth,
but can also cause a deformed radiation pattern and high cross
polarization as a side effect, since the reactive loading changes
the field distribution of the fundamental mode.

Well-known series-fed arrays [12-16] have the advantage in
terms of efficiency and dimensions comparing to arrays with
corporate-feeding, which, otherwise can provide a desired
power distribution between elements more easily than series-
fed arrays. In series-fed arrays, the element spacing must be
one wavelength to achieve broadside radiation (if straight
transmission lines are used), matching and power distribution
between elements can be quite challenging if greater
bandwidth is required. It is the reason why till date there are
no wideband series-fed single layer arrays with patch antennas
exhibiting both good radiation and matching characteristics.

In this paper, we present a new patch antenna design which
is suitable for applications in serially fed arrays with enhanced
the relative impedance bandwidth of 19.6% and radiation
bandwidth of 10.3%. Parameter analysis of the novel patch
antenna is shown to demonstrate a wide tuning range of the
impedance values at the resonances as well as the resonant
frequencies. Due to the considerable flexibility in design, the
proposed patch antenna is particularly suitable for serially fed
linear arrays with a large number of elements where it is very
difficult to achieve both, a good impedance matching and
radiation pattern in a wider frequency band.

0018-926X (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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II. NOVEL PATCH ANTENNA DESIGN

The aim of the novel patch antenna design is to increase its
operating range. It should be noted that from the impedance
bandwidth perspective, all antenna resonances can be used for
achieving a wider bandwidth, but that is not the case for
obtaining a wider radiation bandwidth.

For the classical patch antenna, only the first mode has
desirable radiation characteristics. The second mode has null
at the broadside, and the third one has sidelobes. In [17] we
can see higher order modes of the microstrip patch antenna up
to the fourth mode and their radiation characteristics. As can
be seen, all of them have an unwanted radiation pattern. The
emergence of any mode with undesired radiation near the
fundamental mode can render antenna inoperable. Any
alteration on the patch can lead to great variation in the
position of the modes and their behavior. Investigation of the
radiation bandwidth problem in different situations is shown
in [18-23].

The initial step in calculating the dimensions of the novel
symmetric-slit patch antenna is a well-known formula for the
classical patch antenna based on the transmission-line model
(TLM) [1]. The patch width and length can be derived for the
given operating frequency and dielectric constant of the
substrate, which can be later changed for achieving the
specific design goals. The main difference of the novel patch
in respect to the classical one is in two additional slits
positioned on the patch radiating edge as can be seen in Fig. 1.
These slits allow the second resonance to approach the first
one.

The patch is designed at the dielectric substrate with relative
dielectric constant &= 2.2, loss tangent tand=0.0009 and
height £ =0.508 mm. For the frequency of 16.5 GHz, TLM
gives values of 7.2 mm and 5.8 mm for W and L, respectively.
Final patch dimensions after setting the resonances at the
desired position are 8.6 mm and 5.7mm for W and L,
respectively. As can be seen, the patch length, L is slightly
changed from the initial value, while the width, W becomes
larger due to the presence of the slits.

In order to achieve the desired position of the resonances,
there is a need to determine the influences of specific
parameters on the antenna characteristics changing one
parameter at the time.

Fig. 2 shows the influence of the parameter Wg on the
impedances at the patch resonances. Due to its much smaller
influence on the first resonance frequency, this parameter can
be also used to control the upper resonance position. All
simulations were done by using 3D electromagnetic simulator
based on Method of Moment, WIPL-D [24].

Fig. 3 shows the dependence of the antenna impedances at
resonances relative to the parameter Wd. Here, the situation is
practically reversed in relation to the previous case, i.e. the
first resonance changes significantly in respect to the second
one, although in essence with the growth of Wd resonances are
mutually approaching.

Control of the real part of the impedance, while keeping
positions of the resonances fixed, can be achieved by changing
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Fig. 1. Layouts of the patch antennas with relevant dimensions:

(a) the classical patch: W= 7.2 mm, L=5.8 mm, (b) the novel patch antenna:
W=8.6 mm, L=15.7 mm, Wg=2.35mm, Wd=3.05mm, Li = 5.5 mm.
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Fig. 2. Variation of the impedances at the resonances and the second
resonance position of the novel patch antenna in respect to the parameter
Wg. (Gray areas are locations where resonances are occurring).
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Fig. 3. Variation of the impedances at resonances and the position of the
first resonance of the novel patch antenna relative to the parameter Wd.

the parameter Li, as shown in Fig. 4. It is demonstrated that its
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Fig. 4. Variation of the impedance of the novel patch antenna relative to the

parameter Li.

O
(©)
Fig. 5. The electric field distribution for: (a) the fundamental mode TM,,
(f=17.3 GHz), (b) the second harmonic TM,, (f=33.7 GHz) of the classical

patch antenna; (c) the first resonance (f=15.8 GHz), (d) the second
resonance (f=17.3 GHz) of the novel patch antenna.

rise reduces the real part, especially between two resonances,
which is very important for controlling the matching of the
antenna in the desired range. The proposed patch with two
closely spaced resonances at 15.8 GHz and 17.35 GHz (Fig.
1b) is used in the design of series-fed antenna array.

III. FIELD DISTRIBUTION OF THE SYMMETRIC SLIT PATCH
ANTENNA

In order to comprehend the nature of the resonances of the
proposed patch, the electric field distribution is calculated for
the classical and proposed patches at both resonances and
shown in Fig. 5. Based on the cavity model [1], specific
modes of the typical patch antenna can be identified by the
number of half-cycle field variations along a specific direction,

\

\
)
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Fig. 6. Radiation pattern of the novel patch antenna at the resonant
frequencies: 15.8 GHz and 17.35GHz.

as can be seen in [17]. It is obvious that two added
symmetrical slits modify the electrical field distribution at
both resonances. Looking at the first resonance of the
proposed patch Fig. 5¢, we can see the minimum in the middle
of the patch along L dimension and maximum between two
slits. It corresponds to the fundamental TM;p mode of the
classical patch antenna Fig. 5a, but large slits cause some
disturbance, so this mode should be called perturbed TMjo. In
case of the second resonance Fig. 5d, we can see field
distribution, which indicates that some part of the orthogonal
mode is present, regarding the shape of the minimum at the
center of the patch. This resonance can be named as TMso,
1 <8 < 2. Fig. 5b show second resonance of the classical patch
antenna at the much higher frequency, with three maximums
(two at the edges and one at the center of the patch) and two
minimums between them, corresponding to TMag.

For practical purposes, it is important to see consequences
of this field distribution, especially on the radiation patterns at
both resonances. From Fig. 6, we can see that radiation
patterns are adequate because they have the maximum at
broadside without sidelobes, but cross-polarization levels
(CPLs) are increased in the H-plane in respect to the classical
patch. CPLs in the E-plane are very low and hence not shown.
Gain levels are 7.2 dBi and 6.85 dBi at 15.8 GHz and 17.35
GHz, respectively. At first glance, this may seem unusual,
since gain increases with frequency for the constant dimension
of the antenna, hence the higher frequency the higher the gain.
In this case, the radiation at the first resonance is more
efficient, since losses are more pronounced at the second
resonance. It can be seen that two main problems of a
reactively loaded patch antenna are resolved in the novel patch
antenna such as control of the impedance and cross
polarization radiation. It is not the case with well-known patch
structures from [8], [9] which exhibit especially critical
radiation issues deeming them unfit for use in serial arrays
with a larger bandwidth. In [11] even with a corporate-fed
array which has much more freedom in element arrangement
and power distribution, we can see that CPLs are quite high
and remaining at a similar intensity as sidelobe levels (SLLs)
in the whole operating bandwidth.
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Feeding Point
Fig. 7. Layout of the proposed patch antenna array in 2 x 16 configuration.

IV. ANTENNA ARRAY DESIGN

Proposed patch is arranged in two identical linear arrays as
shown in Fig. 7. The linear array consists of identical patches
at the distance of A, at the center frequency. Patches are
followed by the identical quarter wave transformers and rest is
50 Q impedance lines. The array is symmetrical in H-plane
thus preventing beam squinting with frequency [25] that is
very noticeable for narrow radiation beams. The array is a
traveling-wave antenna with exponential power distribution.
This arrangement is well known [12-16] and a simple
analytical solution for amplitude distribution is based on the
ratio of the impedance of the transmission line Zy and the input
impedance of the patch antenna Z,. Amplitude distribution
along the antenna array is given by

i-1 2N—i
|ai| = 1—% +1—% ,i=L.N. ()

P P

where 2N is the total number of elements in the array. This
expression assumes that the patch is pure resistive in nature,
which is true only at resonance, so this distribution is correct
only at a very narrow bandwidth around the resonances. This
formula is even less reliable if mutual impedances are not
taken into account.

In order to get an accurate solution for the amplitude
distribution in a wider frequency range the problem can be
solved in two independent steps. The first step is to obtain
accurate impedance values of the patches in the array
arrangements. This can be done by placing 16 patches into
identical positions as in the linear array, but without the
feeding network and exciting each patch by an independent
generator. In this way, the impedance matrix of the patches in
the array can be obtained. Next step is to combine given
impedance matrix with the feeding network. Since feeding
network of the linear array consists only of the microstrip lines
of different impedances, it can be analytically modeled by
circuit analysis in AWR Microwave Office software [26].
Using impedance of the quarter wave transformer as a design
variable, we can obtain desired distribution. The network
should look like a linear array (H-plane) in Fig 7, but instead
of the patches, it should have the impedance matrix in form of
the network-terminated ports. In this way, the distribution can
be directly obtained from the S-parameter values at each port
that represents the specific patch element as follows:

Ag/4 g
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Fig. 8. Amplitude distribution on one half of the linear array (H-plane).

TABLE 1
AMPLITUDE DISTRIBUTION VALUES
No. 156 GHz | 165GHz | 17.3 GHz
Freq.

1 1 1 1

2 0.792 0.66672 0.9107

3 0.62901 0.44114 0.81017

4 0.49597 0.29161 0.71252

5 0.38827 0.19316 0.61272

6 0.29975 0.1275 0.51529

7 0.22544 0.08427 0.41625

8 0.16096 0.0563 0.32661
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Fig. 9. The normalized radiation patterns of the antenna array at f=15.6
GHz, 16.5 GHz and 17.3 GHz for the case of the array with feeding network
(solid line) and the array of patches excited with separate generators (dashed
line).
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Fig. 12. The normalized radiation pattern at 15.6 GHz: measured (solid line)
and simulated (dashed line).

bandwidth.
The values attained in this way, are then used as amplitudes
for the generators in the array of the patches that were used for

:j F——H-plane Co-Polar { procurement of the impedance matrix. In this way, we can see
f=16.5 GHz —— H-plane Cross-Pola . . . . [T
5 E-plane Co-Polar what effect particular distribution has on the radiation pattern
/ \ ‘ of the array. Next, we can connect desired feeding network
-10 with the array of patches.
5 / \ Since the array is symmetrical the amplitude distribution on
/ \ one-half of the linear array is given in Fig. 8. We can see that

distribution tends to change rapidly towards the edges of the

A% operating range where the resonances are located as shown in
;AT TA ,»‘/J VAR TR Table I. In order to check how the obtained amplitude

B Eo s N TR W o AR e distribution influences the radiation pattern of the ideal patch
u \ ) ‘.,1,’ (\w\ M ! / \‘\ array excited with separate generators and the real one with

-35 . LI ] WY T o ) .
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\ v
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feeding network, we simulated the radiation patterns at three

Angle (Deg) different frequencies: 15.6 GHz, 16.5 GHz and 17.3 GHz.
Fig. 13. The normalized radiation pattern at 16.5 GHz: measured (solid line) ~ From Fig. 9 we can see the best agreement for the case of
and simulated (dashed line). f=16.5 GHz while radiation patterns at other two frequencies

are wider and have slightly different SLLs.
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TABLE II
SUMMARY OF THE PERFORMANCES OF THE PRESENTED PATCH ANTENNA ARRAY AND SIMILAR ANTENNA STRUCTURES.
Antenna This
Paramotors [12] [14] [14] [15] [25] [27] [28] [29] [30] otk
Patch with Patch
Large . with
Antenna Type Patch Patch Window Patch C(;I;ltbcllllne Patch CP\SX StIW DRA Unequal Patch
and o Element
Reflector Spacing
Impedance
Bandwidth™ | 554536 | 1295 | 103231 | 92694 | 2353301 | 168 BB, ggg | BITOL 147
(GHz) 23 16.5 76.6) (L5yss (33.95) 17.60 24.25 38.0) (1.4) 17.9
Fractional : (3.4) : : : (4.35) (1.7) : (19.6)
Bandwidth (%)
Radiation
Bandwidth,
SLL <-20 dB NA 1166' 1355 11 2 'j; 93-94 | 27.5-29.25 1177' 16' 2‘2‘;‘02‘ 722173 NA 1157'63'
(GHz) : : (1.1) 6.17) : : (6.82) :
Erastioaal (1.2) (6.6) (2.88) (1.44) (10.3)
Bandwidth (%)
Pe?gBGi;“n 23.8 18.95 18.45 22.7 16.09 20.5 24 15.7 14.5 20.25
3dB-BW
(Degree) 2 4.9 45 53 11.9 (Avg) 54-6 <4.6 N/A 83 6.5-8
Efficiency (%) Eiﬁﬁe q 93.9 88.5 N/A Simi?ate q 84 67 N/A 47 75
CPLs (dB) <33 <25 <34 <354 <133 <30 N/A <30 <25 <25
Number of 2x36 1x22 1x22 2x32 1x12 2x16 4x32 1x8 1x10 2x16
Elements

* Impedance bandwidth for VSWR less than 2.

Disagreement occurs as a consequence of losses in the
feeding network such as radiation losses, metal and dielectric
losses, which does not exist in the array without feeding
network. Regardless, in the operational bandwidth, SLLs are
at least 20 dB below the level of the main beam, and hence the
main goal is achieved. Linear arrays can be combined in order
to control radiation pattern in E-plane through feeding
network as shown in Fig. 7

The array is fed by an SMA coaxial connector placed at the
feeding point (see Fig. 7). The input power is equally divided
between two linear arrays. The radiation pattern of this array
in the E-plane can be shaped by two main factors: the
amplitude distribution between the array elements and the
distance between them.

In the arrays with a small number of elements dominant
factor in the radiation pattern control is the distance between
elements, and in this specific case with only two elements in
the E-plane that is the only way. Furthermore, since antenna
operates in a significant frequency bandwidth it is expected
that at lower frequency SLLs in E-plane are smaller for the
constant physical dimensions. Therefore, in order to get a
lower SLLs in the E-plane, we need to put linear arrays as
close as possible, lowering in this way the gain contribution of
the E-plane as a compromise. The distance in the E-plane was
chosen to be 12 mm, which is equal to 0.624% at f=15.6 GHz
and 0.692) at f=17.3 GHz, (where Ay is free space
wavelength at a specific frequency).

V. FABRICATION AND MEASUREMENTS

The manufactured prototype is shown in Fig. 10. In Fig. 11
the measured and simulated Si; parameters show some
deviations due to the higher losses in prototype on one side, as

** Impedance bandwidth for VSWR less than 1.5.

well as due to the simulations themselves. The simulated
antenna model does not include precise modeling of the
transition between the coaxial SMA connector and the feeding
microstrip line in order to reduce the number of unknowns and
speed-up the simulations. Measured Si; is below desired -10
dB in the whole operating range as well as in a wider range
from 14.7 GHz to 17.9 GHz. The relative impedance
bandwidth is 19.6% or even wider depending on the amount of
the tin at the point of soldering of the coaxial connector and
microstrip line. However, from the stance of operational
bandwidth, this would be useless for practical use, since
radiation pattern here is not satisfactory.

In Figs. 12-14 simulated and measured radiation patterns
are shown with a very good agreement. In the H-plane SLLs
are well below -20 dB in the whole operating range, and the
worst case is -22 dB at the beginning of the operating range
(f=15.6 GHz). In the E-plane, we can see asymmetry in the
radiation pattern due to the structural E-plane asymmetry of
the array. Here we can see as stated earlier, that SLLs are a
function of frequency, and are lowest at f=15.6 GHz with -
16.1 dB, and highest at f=17.3 GHz with -11.5 dB, which is
much worse than in H-plane. By combining more linear arrays
with feeding network, as in [16], it is possible to suppress
SLLs in both planes and achieve true pencil beam radiation
pattern. The antenna has 3dB-beamwidth between 6.5° and 8°
in the H-plane, and between 34° and 40° in the E-plane.

The highest CPLs are -25 dB at f=17.3, which is in the
proximity of the second resonance. This is in agreement with
the results obtained from the analysis of single patch near the
second resonance.

Fig. 15 gives frequency dependence of the measured and
simulated gain and efficiency. In the simulation, gain varies
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from 19.4 dBi to 20.4 dBi, while in measurement variation is
slightly larger, from 18.95 dBi to 20.25 dBi. Simulated
efficiency varies from 71.6% to 92.6%, and measurements
show variation from 60.4% to 89.6%. Both gain and efficiency
exhibit drop around the second resonance.

Characteristics of the proposed antenna array and antenna
arrays with similar configurations are compared in Table II.
Both antennas from [14], arrays from [12], [15], [27] and [29],
[30] use patch antenna as radiating elements. They differ in
terms of patch shape and polarization, but nevertheless, they
exhibit similar characteristics. They show impedance
bandwidth of few percents and even smaller radiation
bandwidth. It should be emphasized that cutting a large
window in the ground plane of the patch antenna array [14]
significantly increases the impedance bandwidth, but
improvements on the radiation bandwidth are much smaller
(6.6%). Also introducing large window along patch array
requires the reflector plane for obtaining unidirectional
radiation pattern.

Combe-line linear array antenna with stub-studded radiating
elements [25] has significant impedance bandwidth, but due to
the feeding from one side, this type of antenna exhibits
unavoidable beam scanning which is a problem in
communication systems. Compact co-planar waveguide
(CPW) center-fed substrate-integrated-waveguide (SIW) slot
antenna array which is proposed in [28] shows similar results
as previously mentioned patch arrays [14], [15], but with a
more complex structure which leads to lower efficiency.
Dielectric resonator antenna (DRA) with typical microstrip
series feeding network is presented in [29] and it shows
radiation bandwidth of 6.82%.

The proposed antenna has a simple structure with a single
dielectric substrate and also low fabrication cost and offers
enhanced radiation bandwidth comparing to much more
complex antenna arrays.

VI. CONCLUSION

In this work, we present a novel patch antenna with
symmetrical slits which is intended for operation in the
increased frequency band with respect to the classical patch
antenna. We demonstrated flexibility in adjusting the
impedance values as well as the position of the resonances by
changing the relevant patch dimensions. The proposed patch
antenna is implemented in the array consisting of 2 x 16 patch
elements. Simulated results have been validated by the
experiment. Measured antenna has operating bandwidth
10.3%, SLLs < -22 dB, 6.5° < 3dB-BW < 8° and CPLs < -25
dB in the H-plane, while in the E-plane SLLs < -11.5 dB and
34° < 3dB-BW < 40°. Novel patch antenna can be used in a
similar manner as a classical patch, but with more flexibility in
design that is very important in series fed arrays with greater
number of elements. It is usually in such antenna arrays that it
is very difficult to achieve simultaneously a good impedance
matching and radiation pattern in a wide frequency band,
which is largely overcome by the proposed patch antenna.
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Printed Frequency Scanning Antenna Arrays
with Enhanced Frequency Sensitivity and
Sidelobe Suppression

Nikola Boskovic, Branka Jokanovic, Member IEEE and Milos Radovanovic

Abstract—This paper presents a novel design of the 1-D
frequency scanning antenna array with enhanced scan sector,
frequency sensitivity and sidelobe suppression. The antenna is
intended for the direct imaging radar sensors. Modified
pentagonal dipoles with impedances ranging from 120 Q to 1070
Q are used as radiating elements to provide the required sidelobe
suppression. For the antenna design new types of phase shifters
are considered, with respect to their insertion loss, frequency
bandwidth, phase shift and manufacturing simplicity: the
double-cell left-handed shifter and its right-handed counterpart.
Four linear arrays with eight pentagonal dipoles are combined to
obtain the antenna array with higher gain and narrower main
beam with respect to constituent linear arrays, but with almost
identical H-plane scanning properties. The proposed antenna
array was manufactured and the measured results show an
increased scan sector of 55 degrees, high frequency sensitivity of
14.25%/100 MHz, gain of 15.5 - 17 dBi and low sidelobe levels of
around -20 dB in the whole scanning frequency range. Measured
results are in very good agreement with simulations.

Index Terms — Dipole arrays, phased arrays, phase shifters,
sidelobe suppression.

I. INTRODUCTION

GREAT commercial radar sensors research challenge is
finding a low cost solution to measuring the target
position distance and angle. It is shown that combination of
frequency-modulated continuous-wave (FMCW) radar and
frequency scanning antenna can achieve the goal of getting
angular and range information using a minimum of active RF
components and digital signal processing [1], [2]. However,
commercial application of such a frequency scanning based
radar system highly depends on availability of low cost
frequency scanning antennas.
Frequency-scanning antenna arrays come in various forms;
a typical antenna arrangement consists of two basic elements:
the radiating structure (microstrip patch, slot, dipole antenna)
and the phase shifter as a frequency dependent element. A
linear scanning antenna array consists of several radiating
elements and phase shifters between them, which should have
identical characteristics in order to obtain progressive phase
difference between the radiating elements, as well as a
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predictable radiation pattern [3]. Linear frequency scanning
arrays can be used as sub-arrays of planar 2D arrays.
Frequency scanning antennas are usually designed as
traveling-wave antennas with a series feed and matched load
at the end of the array in order to absorb residual energy which
would otherwise be reflected back to the antenna and cause
spurious radiation and matching problems [4]. The series
feeding exhibits lower loss compared to other types of
feeding, such as corporate or hybrid parallel/series feed. Due
to the array arrangement there is a progressive phase
difference between the elements which causes the main beam
scanning.

The printed frequency scanning antenna proposed in [5] is
designed as a multilayered structure that exhibits high scan
sector, low sidelobes and frequency sensitivity of 43.24°/GHz.
Frequency scanning leaky-wave antennas that use the leaky
mode on the traveling-wave structures, based on composite
right/left-handed substrate integrated waveguide [6-8], cover a
very large scan sector, but require an enormous frequency
bandwidth and thus suffer from a considerable gain variation
and main beam deformation and exhibit very poor sidelobe
suppression. A more uniform gain can be achieved by
modifying the structure as it is done in [9]. An all-passive
phased-array feeding network based on composite right/left
handed transmission lines is shown in [10], but it requires a
wide frequency range for scanning. The low frequency
sensitivity is increased in [11], but at the cost of exceptionally
high losses and very poor gain. In our previous paper [12], a
linear frequency scanning antenna array with single-cell left-
handed phase shifters was proposed, the obtained scan sector
is relatively small (about 30 degrees).

In this paper we present a simple and low cost design of two
frequency scanning antennas with 1-D sector scanning: the
linear array for a fan-shaped beam and the planar array
consisting of four linear arrays for a pencil beam. The
proposed antennas exhibit an increased scan sector and
improved frequency sensitivity due to the application of novel
double-cell phase shifters based on split-ring resonators.
Radiating elements are specially modified pentagonal dipoles
which prove to have an enormous impedance flexibility that
allows the design of series feed arrays with high sidelobe
suppression. The measured results show the return loss greater
than 10 dB, scan sector of 55 degrees with gain variation of 2
dB and sidelobe levels around -20 dB in the whole operating
band.

0018-926X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2017.2670528, IEEE

Transactions on Antennas and Propagation

II. PHASE SHIFTERS

Phase shifters are devices used to adjust transmission phase
in a system. In our case the phase adjustment is realized
through the change of frequency. In its basic form, the simple
transmission line with a physical length L, can be used as a
phase shifter, with phase shift @, defined by its electrical
length at the specific frequency f:

_360L 0
A

4

D

It can be seen that, for the phase shift of 360 degrees, it is
necessary to have a transmission line with the length L = 4,,
where 4 is the guided wavelength at the frequency f = f. In
order to get the additional phase shift of 360 degrees, it is
necessary to provide the frequency change of Af'= fo, which is
not acceptable in most everyday applications. It can be seen
that the shifter frequency sensitivity, describing how the phase
changes with the frequency, is very poor in the case of the
transmission line.

In practice, active shifters are especially popular nowadays
[14-17]. Their biggest advantage is that they can produce a
phase shift variation using DC control without the frequency
change, but the disadvantages are: a generally complex and
more expensive design, higher losses and need for a dedicated
DC control system. It is not possible to obtain a continuous
change of phase shift by using solid state switchers, but only
certain phase shift values, since these switchers don't provide
continuous coverage of the scan sector, but of certain
directions only. On the other hand, passive frequency shifters
require a dedicated frequency range for their functioning, but
they are cheap, easy to manufacture, and exhibit much smaller
losses than any active shifter. Also, they can provide any value
of the phase shift in their operating range. But, concerning the
insertion loss, which is one of the critical characteristic of
phased shifters, transmission lines are superior, due to their
extremely low insertion loss. The final outcome of the phase
shifter design is always a compromise between the high
frequency sensitivity and low losses. Also, the linear phase
shift with frequency is very important for the frequency
scanning arrays.

Besides low losses and high frequency sensitivity, another
very desirable characteristic of the phase shifters is the
constant insertion loss, which enables precise estimation of its
influence on the overall structure. One of the ways of
designing a shifter with flat insertion loss and high frequency
sensitivity is to use the structure having two closely spaced
resonant frequencies to broaden the frequency response, thus
providing the desired shifter behavior.

In order to increase the antenna array scan sector over that
achieved in [12], we propose two novel phase shifters which
are actually second-order bandpass filters: one consisting of
two left-handed unit cells and the other that is a classical right-
handed structure. Both shifters consist of four pairs of split-
ring resonators (SRRs), coupled by the balanced microstrip
line: two of them are at the top and the other two pairs are at
the bottom side of the substrate. SRRs are half-

(b)

Fig 1. Axonometric view of the two-cell shifters: (a) the right-handed phase
shifter with relevant dimensions: lx=5 mm, w=0.75 mm, 5,=0.45 mm, w=0.6
mm, s;=g=0.1 mm, (b) the left-handed phase shifter with relevant dimensions:
Irg=4.8 mm, w=0.75 mm, 5,=0.5 mm, w:=0.2 mm, 5,=0.1 mm, g=2 mm.

wavelength resonators whose coupling by microstrip line is
thoroughly studied in [13], both for single and multiple SRRs.
The shifter design process showed that the increased coupling
between the SRRs and the transmission line improved the
overall shifter characteristic. Accordingly, in order to
maximize coupling, we have elongated the SRRs along the
transmission line, instead of using the typical square-shaped
SRRs. The proposed left-handed shifter contains two metal
vias which connect upper and lower conductors of the
balanced transmission line, and it is obtained by coupling the
pair of shifters from [12].

The two considered shifter structures are shown in Fig. 1. It
can be seen that the right- handed shifter contains two gaps at
the center of the transmission line (at top and bottom sides of
the substrate) that enable the structure to have the bandpass
filter response. This structure is completely planar and can be
easily scaled to higher frequencies since it doesn't contain vias
which are usually the biggest source of unpredictable errors
and losses, especially at very high frequencies.

The simulated amplitude and phase characteristics of both
shifters are compared in Fig. 2. Shifters are simulated on
Rogers 5880 substrate: &=2.17, tg=0.0009, 4=0.508 mm,
using WIPL-D software [18]. From Fig. 2(a) we can see that,
in case of the right-handed shifter the insertion loss is
practically flat, 1 dB in the whole working range, and the
phase shift from 9.8 GHz to 10.2 GHz is 195°, while the left-
handed structure exhibits higher insertion loss and steeper S»;
characteristic, causing rapid growth of the insertion loss at the
edges of the working range. Phase responses in Fig. 2(b) show
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Fig 2. Characteristics of the phase shifters shown in Fig. 1: (a) Amplitude
characteristics, (b) Phase characteristics.

that both shifters have similar frequency sensitivity, although
the left-handed structure requires a smaller frequency change
for the certain phase shift. Taking into account the smaller
insertion loss and much simpler manufacturing without vias
that can be easily scaled to higher frequencies, the right-
handed shifter is chosen for the antenna design.

Shifter characteristics can be changed by changing the
distance g between the SRRs (Fig. 1). When that distance is
increased, the slope of the shifter phase characteristic becomes
steeper and greater phase shift can be obtained for a certain
frequency change. Simulated characteristics of the right-
handed shifter for different distances between SRRs are shown
in Fig. 3.

III. ANTENNA DESIGN

Phased array antennas comprise of multiple stationary
radiating elements, which are fed coherently and use variable
phase or time-delay control at each element to scan a beam to
the desired angles in space. Adaptable amplitude control is
sometimes also provided for pattern shaping [3]. The basic
phased array arrangement is a linear array of identical
elements which has a very wide pattern in the plane
orthogonal to the array axis and a narrow steerable pattern in
the array axis plane.

In order to achieve the desired radiation pattern, a weighting
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Fig 3. Simulated characteristics of the right-handed shifter for different
distances between SRRs: (a) Amplitude characteristics, (b) Phase
characteristics.
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Fig 4. Comparison of two relative power distributions: the Dolph-Chebyshev
distribution and the modified Dolph-Chebyshev distribution after
compensation of the shifter losses.

vector needs to be implemented into the array. Many
prominent analytical distributions, such as binomial, Taylor,
Dolph-Chebyshev [19], and, recently, many numerical and
optimization methods can be applied in order to obtain the
desired solution [20], [21]. In this design we have chosen the
Dolf-Chebyshev distribution since it requires a minimum
impedance ratio of 3.57 for the required sidelobe suppression
of 21 dB for the eight-element array. When the desired power
distribution is calculated and applied to the array, the second
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TABLEI
INPUT IMPEDANCES OF THE PENTAGONAL DIPOLES (IN OHMS), LOOKING FROM
THE SOURCE
Z Z Zs Z4 Zs Zs Z; Zy

1071 574 251 150 119 126 182 214

problem that emerges is how to keep the characteristics of the
antenna radiation pattern within the whole scan sector, when
the frequency changes. The common approach is to use much
stricter conditions for the antenna radiation pattern, thus
providing a more robust structure.

In the case of the typical linear phased array structure, the
desired power distribution can be achieved by phase shifters
(using them as power dividers at the same time) or by varying
the impedances of the radiating elements. The first case can be
quite challenging, since it would typically mean that the array
shifters were not exactly identical, so they would provide
some phase variation which could seriously damage the
phased array dynamic. The second case demands radiating
elements with great impedance flexibility and preservation of
the radiating characteristics over a frequency range.

Phase shifters usually introduce added losses, hence
significant power can be dissipated on them. The two port
passive network phase shifter loss can be characterized by the
transmission coefficient S»;. The 1 dB insertion loss means
that 20.6 % of the power is dissipated on the shifter. The
Dolph-Chebyshev distributions for an eight-element array
with -21 dB sidelobe levels are shown in Fig. 4: one is the
original Dolph-Chebyshev distribution and the other is the
modified Dolph-Chebyshev distribution obtained after
compensating the 1 dB cumulative shifter losses caused by the
shifters located between all radiating elements. Unlike the
original Dolph-Chebyshev distribution the modified one
requires the greater impedance ratio of 9 for the sidelobe
suppression of 21 dB.

Comparing the two distributions in Fig. 4, a big difference
between them can be noticed, which can result in an unwanted
radiation pattern if the losses are not taken into account. As
the power distribution in this serial phased array is
implemented by changing the impedance of the radiating
elements, it is necessary to have a higher impedance ratio for
achieving higher sidelobe suppression.

The required impedance of the radiating elements can be
given as:

Zi=100 % @
(wi(n, k))

where a; represents losses in dB, i goes from 1 to n, where #n is
the number of antenna elements, Z, is the constant impedance
used for renormalization, determined by a product of the
highest possible single element impedance and the lowest
distribution coefficient, wi(n,k) is the Chebyshev amplitude
coefficient for the n-th element and £ is the sidelobe level.

The antenna radiating element impedance is comprised of
the self-impedance and the mutual impedance [22]. The self-
impedance is the impedance which would be measured at the
input terminals of the antenna in free space in the absence of

any other antennas or reflecting objects. The mutual
impedance accounts for the influence of the antenna coupling
with outside sources. Linear arrays are affected by strong
mutual coupling between elements [23] and many papers deal
with its estimation and compensation [24-26].

In most linear antenna arrays the desired distribution is
implemented by ignoring mutual coupling between elements
and assuming the antenna elements to be isolated from each
other [27]. For the correct value of the antenna input
impedance, the coupling with other elements must be taken
into consideration. An element impedance should be
calculated with all other array elements excited [19].
Typically, the input impedance of the radiating element is
significantly influenced by the neighboring elements if they
have considerably different self-impedances. Mutual coupling
in case of similar radiating elements is much less expressed.
Impedances derived from (2) should take into account all
previous considerations. The impedance values in Table I are
obtained for a; =i-1 dB, Z,=300 Q, n=28, and k =21. Self-
impedance values of the array elements are very different from
their input impedances, due to the influence of other elements.

This is especially the case for several first elements, due to
the great difference in their self-impedances. Hence the first
element self-impedance is actually around 1350 Q while its
input impedance is 1071 Q in the array (Table I). Common
impedance values for typical printed radiating elements are a
few hundred ohms, rarely over 500 Q. Higher impedance
values require very thin structures which are usually hard to
manufacture and are prone to damage. For that purpose, in this
paper we use specially modified pentagonal dipoles which can
exhibit extremely high impedances. Dipoles are printed on
both sides of the substrate. Dependence of the dipole
impedances on their dimensions for the different substrate
thicknesses is given in Figs. 5 and 6.

There are two different shapes of the pentagonal dipoles
that are applied in the design: one for higher impedances
(from 500-2000 Q) and the other that is more suitable for
lower impedances. The curves in Figs. 5 and 6 show how
dipole dimensions / and w depend on the dipole impedance for
the different substrate thicknesses at the frequency of 10 GHz.
Curves are obtained by fixing two dipole dimensions, while
the other two are varied simultaneously until a certain dipole
impedance is obtained at the resonance frequency. In practical
design, all four dipole dimension can be fine-tuned, which is
especially useful when dealing with the mutual coupling
problem. It can be seen that is possible to obtain an enormous
variation of impedances ranging from hundreds to thousands
of ohms.

IV. VALIDATION OF THE DESIGN AND RESULTS

In order to verify the design concept, two scanning antennas
were manufactured to realize the 1-D sector scanning, one
linear for the fan-shaped beam and the other consisting of four
linear antenna arrays for the pencil beam.

A. Linear array
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e ——— el [ The linear scanning array model shown in Fig. 7 consists of
—#— —x— h=0.508 mm| 8 pentagonal dipoles with input impedances given in Table I.

. r?'gsg 22- 8 The balanced to unbalanced microstrip line transition is done
o —a b=,

by the balun. Between the antenna and the balun there is a
= quarter-wave impedance transformer that suppresses the peak
3 at 10.08 GHz in the Si; characteristic. To prevent reflection of
2 the residual power back into the array, a matching load is

added at the end of the array.

The reflector plane is positioned parallel to the antenna
plane at the distance of Ap/4, where Ay is the free-space
wavelength at 10 GHz. The antenna working bandwidth is

T T T T T T T 0 . . . .
600 800 1000 1200 1400 1600 1800 2000 typlcally the frequency band in which the reflection
Dipole impedance (Ohms) coefficient S11 is below -10 dB. It can be seen in Fig. 8 that
' o . ' . o ' two closely spaced resonance dips at 10 GHz and 10.17 GHz
F¥g. 5. Variation of. dipole dimensions Wlth hlgh d}pole impedances, for caused by presence of the two-cell shifters are much more
different substrate thicknesses (g,=2.17). Fixed dimension are: /c=0.2 mm and . . . . .
noticeable in the simulations than in the measurements. Other

[ (mm)

we=16 mm. ’ -

parameters that influence the antenna operating range are: the

8.0 —o" —e_ h=0254mm 20 aptenna gain variability, radiation pattern degradation,
7-55\ s~ —+— h=0508 mm] 18 sidelobe levels, etc.

70 S ~_ h=0.768 mm/1 16 The simulated and measured antenna scan sector can be

“h \gkﬁi;k h=1.575 mm/] 44 seen in Figs. 9 and 10, respectively. The simulated scan sector

= 6.5 D\ﬁ§g;% 12°¢ is between 72 and 130 degrees, while the measured one is

€ 6.0- <WTC'| 110 E between 71.1 and 127.8 degrees. Concerning the antenna

- e 2 sidelobe levels, the worst case appears at 10.1 GHz with the

— | *. o 8
53 -§ = ] sidelobe level of -18 dB in the simulations and -16.5 dB in the

5.0 'E:' _2 measurement, while at other frequencies the sidelobe levels
4.5- — 9 are below the desired -20 dB. In the whole scan sector the
antenna gain changes between 10.2 dBi and 12.2 dBi and its

8 measured efficiency varies between 37% and 55.6 %, as it is

shown in Fig. 11. It can be seen that all measured results are in
excellent agreement with the simulations. The photograph of

Fig. 6. Variation of dipole dimensions with low dipole impedances, for the manufactured linear array is shown in Fig. 12.
different substrate thicknesses (¢,=2.17). Fixed dimension are: /c=4 mm and

we=8 mm. B. Planar antenna array
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Aoz The planar antenna array is designed with four linear arrays

E{y\ combined in such a way that, looking from the top side of the
: substrate, two adjacent arrays have dipoles placed on one side
of the feeding line, while the other two arrays have dipoles on
the opposite side. These two pairs of arrays are fed 180
degrees out of phase. Due to this antiphase feeding, most of
the leakage radiation from two pairs of feeding lines will be
cancelled in the far field, which will reduce the cross-
polarization level. The planar array layout is shown in Fig. 13.
Linear sub-arrays are placed at transversal distance equal to

Fig. 7. Axonometric view of the linear antenna array.

° @‘@ the free space wavelength, 4o, at the frequency of 10 GHz. The
\ Simuation input power is divided equally by successive T- junctions.

= -10 In order to introduce the 180 degree phase difference

T \ D/ \3 between the two pairs of sub-arrays, the input T-junction is

i \.\ ; \\\ 4 offset from the center by A4, where /A, is the guided

@ -20 S / wavelength of the balanced microstrip line. The comparison

- \i{/ between the simulated and measured reflection coefficients Si;

30 is given in Fig. 14 and shows that the fabricated planar array

\/ exhibits a somewhat wider operating band in which Sy is

9.8 9.9 10.0 10.1 10.2 below -10 dB, with respect to the simulations; that was the

Frequency (GHz) case with the linear array as well.
Simulated co-polar and cross-polar radiation patterns of the

Fig. 8. Measured and simulated reflection coefficient Sy, for the linear antenna planar antenna array in H- plane are shown in Figs. 1 5’ while

array.
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Fig. 12. Manufactured prototype of the linear array with overall dimensions:
151 mm x 29 mm x 7.5 mm.

measured corresponding co-polar radiation patterns are shown
in Fig. 16. It can be seen that the simulated scan sector is
between 73 and 132 degrees, the total of 59 degrees, while in
the measurement that angle is between 76.5 and 131.4
degrees. Concerning the sidelobe levels, the worst case

Fig. 13. Axonometric view of the planar array antenna with 4 x 8 pentagonal

dipoles.
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Fig. 14. Simulated and measured reflection coefficient Si; for the planar

antenna array.
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obtained in simulation is -19.3 dB and -17.7 dB in
measurement. The normalized cross-polarization level is
below -27 dB for angles above 60 degrees where are all main
lobes are placed. We can also see, from Fig. 19, that the gain
variation during scanning is kept within 2 dB, while the
measured efficiency varies between 31% and 56%. Simulated
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Fig. 19. Simulated and measured gain and efficiency of the planar antenna.

Fig. 20. Photograph of the manufactured prototype of planar array with
overall dimensions: 170 mm x 120 mm x 7.5 mm.

and measured relative radiation patterns in E- plane are shown
in Figs. 17 and 18, respectively, and a very good agreement is
obtained. An extra measurement at the frequency of 10.25
GHz is added, due to the good sidelobe level and matching,
but its gain variation is greater than 2 dB, so it couldn't be
grouped with other regular patterns by that criterion.

V. CONCLUSION

We proposed a novel design of the compact frequency
scanning antenna array with 1-D sector scanning, which
consists of four linear sub-arrays with eight series fed
pentagonal dipoles for FMCW radar systems. Modified
pentagonal dipoles exhibit a wide input impedance range from
120 Q to 1070 Q, due to their unusual shapes, which is
necessary for the design of an array with low sidelobe levels.
Identical phase shifters are placed between dipoles and they
are designed as a second-order bandpass filter with low
insertion loss and very good matching. The shifters consist of
four pairs of split-ring resonators coupled with a balanced
microstrip line. The manufactured planar antenna array
exhibits a similar scan sector of 55 degrees and frequency
sensitivity of 14.25°/100 MHz, like its constituent linear
arrays. All simulated and measured results are in a very good
agreement.
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FREQUENCY SCANNING ANTENNA ARRAYS
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Abstract. This paper presents a simple design of linear series-fed frequency scanning
antenna arrays with: (a) identical rectangular dipoles and (b) pentagonal dipoles
having different impedances to provide enhanced side lobe suppression. Phase shifters
are designed as a metamaterial unit cell consisting of split-ring resonators coupled
with the parallel microstrip line. Shifter models variations are described and control of
phase is demonstrated. Two antenna arrays are manufactured and measured.

Key words: scanning antenna array, linear array, series feeding, pentagonal dipole,
phase shifter, split-ring resonator.

1. INTRODUCTION

Antenna elements come in various forms in terms of technology, size, cost and radiation
properties. Nevertheless, a single antenna has a typical omnidirectional radiation pattern and
low gain. In many applications, there is a need for directional and high gain radiation, which
can be generated by combining multiple antenna elements in different arrangements. One of
the most notable problems in antenna arrays is side lobe emergence. They can be observed
as radiation in the unwanted direction as a direct consequence of the configuration of arrays
elements. High levels of side lobes can make it hard to isolate desired signals and overcome
uncertainties in the determination of a position of the specific object, which is especially
important in radar applications. Two main factors, which determine the sidelobe levels
(SLLs), are the power distribution between the elements and the distance between them.
Typical demands are SLLs -20 dB [1], relative to the main lobe. SLLs from -30 to -20 dB
can be typically achieved solely by the power distribution, but for higher lobes suppression,
the distance between the elements must be considered as well.

Printed antennas are by far the most popular antennas for applications due to size and
shape diversity, ease of fabrication and integration, low cost and high flexibility in resonant
frequency, polarization, radiation pattern and impedance. They come in forms of patch,
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dipoles, slots etc. Their main drawback is a typical low power handling capability due to the
low thermal conductivity of regularly used dielectrics. However, developing various
dielectrics with high thermal conductivity similar to aluminum nitride (AIN) ceramic can
overcome even this obstacle. Other problems like surface waves, spurious radiation and
losses can be controlled in different ways [2-10].

In order to achieve low SLLs in frequency scanning antenna with linear element
arrangements, the appropriate power distribution can be extremely hard to implement
because it can require a very high ratio of the impedances of radiation elements. In
addition, there is a need to maintain the desired distribution in a wide frequency band
while avoiding main beam deformation, which can be caused by beam squinting due to
the frequency change [11].

In this paper, experimental results from the array with regular dipoles comparing with the
experimental results with the enhanced pentagonal dipoles are shown. Both models use the
same shifter based on the four SRR, same dielectric, the distance between elements, and both
are design to work at 10 GHz making it very fairly to use in comparison.

hh

I

Fig. 1 Antenna array feeds: (a) Series feed and (b) Corporate feed.
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2. PRINTED FREQUENCY SCANNING ANTENNA

With technological development, there is a great need for the scanning antennas, which
enable tracking of a specific position in space with great accuracy and resolution [12-15]. In
the past, such solutions were predominantly based on a combination of the antenna array and
a customized mechanical system for pointing the array at the specific direction. Such systems
have limited agility, require periodic maintenance of the mechanical parts, and due to high
price have limited usage. With the development of modern electronics, frequency scanning is
introduced at a much lower price, better performances and reliability. Basic frequency scanning
antenna array consists of the radiating elements in a specific spatial distribution and frequency
dependent elements between them, which introduce different phase shift, depending on the
applied frequency, hence this elements can be called phase shifters. A typical configuration is a
linear series-fed array, which enables scanning in one plane. Combining multiple linear arrays
in a planar array, we can obtain scanning in the second plane. Scanning in the second plane is
typically achieved in a different manner than in a linear array.

Frequency scanning antenna enables continuous coverage of the spatial range of
scanning. Angular resolution depends on the 3 dB-beamwidth of the main beam, and speed
of scanning is determined by the frequency dependence of the phase shifter. For linear
arrangements, an array of N radiating elements require N-1 phase shifters, since for the basic
operation phase shift Ap between two successive elements is constant, but there is also need
for constant phase-increment from the first to the last element in the plane of scanning.
Depending on their structure phase shifters can have significant losses and non-linearity,
which can seriously degrade array characteristics. In addition, in order to provide low SLLs
the suitable power distribution needs to be implemented, which can be challenging in a series-
fed array (Fig 1a) because phase shifters and radiating elements change their performances in
the frequency range. Because of that, full corporate-fed (Fig. 1b) are occasionally used, but they
require a much greater number of phase shifters, have significantly larger size and smaller
efficiency.

Other type of commonly used electronic scanning is via switchers. The principle is that
every antenna element is connected to the power source via one of the several available
phase shifters. With on/off switching shifter selection is made and the main beam is
positioned at the certain direction. The whole system can work in a single frequency, but the
number of available directions depends on the number of the phase shifts available. Similar
basic principles of operations are used with Rotman lens [16-17], Butler matrix [18-19] and
similar structures. They typically have N inputs and N outputs, which are connected to the
antenna elements. When connecting the power source at the different inputs the different main
beam positions are generated. Combining one of these types of electronic scanning in one plane
and frequency scanning in another, scanning in two planes is enabled at the same time.

Frequency scanning antenna should be cheaper, easier to manufacture, with more stable
characteristics in the working range, with higher efficiency and easier for integration with
other components in comparison with the electronic scanning antenna. A natural choice
would be a printed antenna structure with antenna elements having stable radiation and
impedance characteristics in the working range. The printed pentagonal dipole is an
excellent choice as a radiating element that satisfies demands for higher impedance
bandwidth due to working at the second resonance and has stable radiation characteristics in
the wide frequency band [20-21].
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2.1. Antenna array technology

The printed dipole can be naturally implemented in two different technologies. One is
coplanar stripline (CPS) and the other is symmetrical (balanced) microstrip line. CPS is a
balanced uniplanar transmission line, consisting of two metallic conductor strips separated
by a certain gap width, on a substrate. The CPS line is without bottom metallization of the
substrate for the ground; instead, the virtual ground is placed at the symmetry plane between
two conductors. The balanced microstrip line is equivalent to the classical microstrip line
and is represented by two identical parallel transmission lines, one from each side of the
dielectric surface. For the given substrate height and line width, the impedance of the
balanced microstrip line would be equal to double the impedance of the microstrip line
having identical width and half of the substrate height.

The CPS line offers flexibility in the design of planar microwave and millimeter-wave
circuits, especially in mounting the solid-state device in series or shunt without via holes. It
exhibits low loss, small dispersion, small discontinuity parasitics, considerable insensitivity
to substrate thickness and simple implementation of open- and short- circuits. The CPS line
has a typical impedance value around 200 Ohms, which is much higher than the typical
microstrip line of 50 Ohms. In the series-fed array, it is very important to have available a
high impedance ratio of the feeding transmission line and the radiating elements for
achieving proper power distribution. Since the balanced microstrip line can achieve much
lower impedance value, it is a better choice for this type of array.

2.2. Frequency scanning performance

The frequency bandwidth is a valuable and limited resource, and certain bands are
restricted for specific use [22]. Two important parameters for frequency scanning systems
are range and angular resolution. The angular resolution of beam scanning systems is
defined by the antenna main lobe 3 dB beamwidth. It means that two identical targets at
the same distance are resolved in angle if they are separated by more than the antenna 3
dB beamwidth. Antenna system with fixed beam provides only range resolution. Range
resolution is the ability of an antenna system to distinguish between two or more targets
on the same bearing but at different ranges. The pulse width is the primary factor in range
resolution and it is generally the inverse of the pulse bandwidth. For the higher bandwidth
available, the greater range precision can be obtained. Frequency scanning provides the
angular resolution. Narrower 3 dB beamwidth provides greater precision in determining
the angular position of the target. Frequency scanning systems performance is a typical
trade-off between angular and range resolution.

The simplest phase shifter is a basic transmission line. Its length is directly
proportional to phase shift contribution. Any phase shifter can be approximated with the
transmission line of the certain length. Two parameters, which determine overall position
of the main beam during scanning for the simple antenna array, are the distance between
radiating elements (D) and length of the transmission line (L), as shown in Fig. 2.

Dependence between scanning angle 8 and relative frequency change Af/ fo is given as:

g L(Y AP A
Sme_2D(fo]_360°D’Af_f f (1)
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where the beam is steered over the limits 16, f; represent the central frequency at which
the main beam is positioned broadside, Ay is the free space length at the central frequency
and A¢ is the phase shift between two succeeding radiating elements (phase-increment).
If the distance between the elements is fixed at the typical value of the 0.5 Ay (wavelength
in free space at center frequency), the length L and the available frequency bandwidth will
determine scanning properties.

Scanning
angle
o

’

" Radiation
\,
> pattern
<«2 >
Source coe

ol

Fig. 2 Frequency scanning antenna array with different positions of the main beam.

As can be seen, the same results for the scanning angle (sector) can be obtained
independently for different values of L and Af, while one of them is fixed. In practical
application, frequency bandwidth is specified and L is used for obtaining a specific scanning
angle. For the practical example, let us say that available relative bandwidth is 20% and
required scanning is + 25°, then from (1) L would have to be around 4.2 D , that is 2.1 4o for
the previously stated typical value of D. For 10% relative bandwidth, that value would be 4.2 .
In both cases, the resulting phase shift would be around +76 degrees. Relative bandwidth in (1)
would be equal to Af/ fo, since total scanning sector is 2 6. From this, we can see that frequency
sensitivity of the phased array is directly proportional to the equivalent length of the phase
shifter.

2.3. Phase shifter performances

Transmission line although simple, typically has a very slow phase contribution with
frequency change. For narrow bandwidth and large phase shift, it has to have substantial length.
Long transmission lines can have significant losses and give rise to spurious radiation. If placed
in the same plane as radiating elements, interaction might occur through the coupling and
severe degradation of the radiation pattern could happen. For these reasons often other
structures are employed as the phase shifter, which are better suited for the specific purpose.

In Fig. 3a it is shown phase shifter based on the metamaterial lefi-handed cell consisting
of the pair of SRRs (split ring resonators) in balanced microstrip technology, where one
metal layer is on top and the second identical at the bottom side of the dielectric. In
microstrip, it would be single SRR cell coupled with transmission line with via in center in
order to provide pass-band characteristics. Such shifter is used in [23], where it enabled
scanning sector of 32° in 5% of the relative bandwidth. If we applied that as an angle

O==16° in (1), we can see that phase shift would be around +50 degrees and required L



454 N. BOSKOVIC, B. JOKANOVIC, V. MARKOVIC

would be around 5.54o. Such a long line would take significant space and would require
special care in order to minimize its impact on the radiation elements. The substrate used in
[23] is Rogers 4003C with the dielectric constant of 3.55, height of 1 mm, loss tangent is
0.0027. Surface roughness in Rogers 4003C is 2.8 microns.
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Fig. 3 Phase shifters based on the left-handed unit cell: (a) SRRs coupled with meander
line, (b) Two pairs of SRRs, (¢) S-parameters for (a), (d); S-parameters for (b), (e)
Equivalent circuit of the microstrip line loaded with SRRs and grounded with via.

In Fig. 3b shifter based on the four SRR lefi-handed cell is shown [24]. Two pairs of
SRRs in balanced microstrip technology are coupled with a transmission line in a similar
manner like the previous one. The obtained characteristics are scanning sector of 30° for
2.5% of the relative bandwidth, which requires a phase shift of +47° and required L would
be 10.3540. In [24] Rogers 5880 is used, with the dielectric constant of 2.17, the height of
0.508 mm, loss tangent is 0.001. Surface roughness in Rogers 5880 is 0.3 microns and is
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significantly smaller than the one in Rogers 4003C, which would mean that at the same
frequency, losses in metal would be considerably larger for Rogers 4003C. In both cases
impedance of the transmission line is 100 Q, and losses in the transmission line are 0.058
dB/cm for Rogers 4003C at 6 GHz [23], and 0.035 dB/cm for Rogers 5880 at 10 GHz [24].

From these two examples, we can see a significant advantage in the application of
different phase shifter structures for enhancing frequency-scanning characteristics of the
antenna array. In Figs. 3c and 3d the S-parameters of the corresponding shifters are given. In
Fig. 3e the equivalent circuit of the shifters is shown and it can be derived from [25]. Based
on the characteristics it can be seen that these shifters exhibit the behavior of the pass-band
filter, hence controlling its zeros and poles desired characteristics could be obtained.

2.4. Linear arrays with identical rectangular dipoles

A. Scanning antenna array at 6 GHz

Previously discussed shifters are used in the antenna array design. Radiating elements
are simple identical rectangular dipoles. One-half of the dipole is at the top layer (brown)
and the other is at the bottom (yellow) Fig. 4c. The structure is designed in a balanced
microstrip technology so in order to connect it to a standard SMA connector, a transition
from the balance-to-unbalance line (balun) is necessary. This is achieved via the
triangular balun. The shifter from Fig. 3a is used in the antenna design in [23]. From Fig.
4a we can see that the antenna array achieved the scanning sector from 45° to 77°,
frequency sensitivity of 10.67°/100 MHz and gain is from 12.4 to 13.73 dBi. Dimensions
of the rectangular dipoles are calculated in order to be resonant at a specific frequency
with specific resistance value (Z = 400 Q + 0j). The position of the resonance is
determined with the length of the dipole and value of the resistance is regulated with the
dipole width. Since there are two variables and two goals it is more tuning than an
optimization. For a true optimization it necessary to have a certain degree of freedom, that
is to have more variables than goals, which is the case in the pentagonal dipoles.

B. Scanning antenna array at 10 GHz

The shifter shown in Fig. 3b is implemented at a higher frequency of 10 GHz. The
produced prototype is shown in Fig. 4e. The array is placed above the reflector plane at
the distance D = 7.5 mm. Dipoles are designed to have an impedance around 400 Q at 10
GHz, with the distance between radiating dipoles of 0.5, that is 15 mm at 10 GHz. In
Fig. 4g we can see the offset between measured and simulated Si; parameter due to the
fact that the SMA connector is not precisely modeled and interconnection between the
structure of the balun and the connector can produce discrepancy. Nevertheless, the
measured Sji-parameter exhibits a good matching in the working bandwidth from 10 to
10.3 GHz. From Fig. 4b we can again see a slight offset between the measured and
simulated radiation characteristics due to manufacturing imperfections. Measured
characteristics show scanning from 105° to 130°, gain variation from 12.1 to 12.9 dBiand
frequency sensitivity of 8.33°/100 MHz. As can be seen, these two shifters are designed
to produce the frequency scanning at the different angles and scan rates, but both antenna
arrays in this configurations display very high SLLs since the identical radiating elements
are used in the array. In the first case, SLLs are from -10 dB to -7.5 dB below the main
beam while in the second case their measured values are from -11.5 to -9 dB bellow the
main beam. The high SLLs are usually the biggest issues with scanning antennas.
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Fig. 4 Comparison of the antenna arrays with different phase shifters operating at 6 GHz and
10 GHz: (a) Simulated radiation pattern for the antenna array with phase shifter shown
in Fig. 3a, (b) Simulated and measured radiation pattern for the antenna array with phase
shifter shown in Fig. 3b at the central and edge frequencies, (c) Model of the antenna
array with shifter shown in Fig. 3a, (d) Model of the antenna array with shifter shown in
Fig. 3b, (e) Antenna prototype with dimensions 146.2 mm x 35.75 mm, (f) Measured
radiation pattern, (g) Measured and simulated S-parameters of the array from Fig. 4e.
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2.5. Linear array with pentagonal dipoles

In order to obtain a higher side lobe suppression in the antenna array, the appropriate power
distribution is necessary to be implemented. This problem is particularly challenging in the case
of the linear scanning array with series feeding. The typical configuration of the traveling wave
antenna array employs radiating elements of different impedances, so when wave travel through
the array each radiating element takes the portion of the power available, which depends on its
impedance value. At the end of the array, there is a termination for preventing the remaining
power to return to the array and cause additional scanning beam in the opposite direction in
relation to the broadside. Shifters can have significant losses, which can considerably degrade
the radiation characteristics. Its influence on the power distribution must be seriously
considered.

Another important issue is the fact that frequency scanning means that the antenna
operates in a certain frequency band. The elements of the antenna array are frequency
dependent and have different behavior depending on the observing frequency. Power
distribution is mostly implemented based on the ratio of the impedances of the transmission
line and the radiation elements. An approach that is more proper would be observing S-
parameters on the multi-port network thus directly observe power distribution in the frequency
range. In order to preserve power distribution in the frequency range, all components should
have slow impedance change, which would result in stable S-parameters. This can be
accomplished using pentagonal printed dipoles as radiating elements and shifter from Fig. 3.
Approximation of the impedance values for the specific distribution can be calculated by:

4

Z = 10 10 Znorm 5 (2)
! (w;(n,k))

where Z; represents the impedance in Ohms of the j” element of the array, where j = 1..n and

n is the number of the elements of the array; a; represents accumulated losses in the array at
the j" element, which mostly originated from the phase shifters and radiating losses; Zyom is
the constant impedance which value depends on the scope of value of the minimum and
maximum available as the impedance of the radiating elements; wj(n,k) is the weighting
coefficient for the specific distribution for the case of the n elements and for k as a level of
sidelobe suppression in dB. Implementation of this approach in the array with right-handed
shifters is shown in [26]. For Dolph-Chebyshev distribution with » = 8 and k = 21, a; =
1.5(j-1) impedance values are given in Table 1.

Table 1 Impedance values for the array with the pentagonal dipoles.

Z Z, Z3 Z,4 Zs Zs Z; Zg
1570.8 750.2 292.3 156.1 110.5 103.7 133.4 140
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Fig. 5 (a) Measured and simulated S-parameters of the linear array with pentagonal dipoles,
(b) Simulated radiation pattern, (c) Measured radiation pattern, (d) Model of the array,
(e) Manufactured prototype with dimensions: 140 mm x 27 mm.
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Measured and simulated S-parameters are shown in Fig. 5a. The measured Si
characteristic is better than simulated one due to the additional loses. Simulated and
measured radiation characteristics are shown in Figs. 5b and 5c, respectively. The power
distribution used in the array is Dolph-Chebyshev, with the goal to achieve SLLs
suppression of 20 dB in respect to the level of the main beam. In Fig. 5b we can see that
the goal is achieved and in the whole range SLLs are below desired level. The measured
results show some degradation due to manufacturing errors and slightly lower gain due to
losses. The model and manufactured prototype are shown in Figs. 5d and 5Se, respectively.

The detailed comparison of the manufactured antennas characteristics are shown in
Table 2. From it, we can see that using pentagonal dipoles with different impedances, the
main problem with printed scanning arrays can be resolved. The great improvement in
SLLs is achieved. The trade-off of SLLs improvement is a wider 3 dB beamwidth and
somewhat lower antenna gain.

Table 2 Comparison of the measured characteristics of the antenna arrays with identical
rectangular and different pentagonal dipoles.

Dipoles Rectangular Pentagonal
Bandwidth 10.00 GHz-10.30 GHz 9.98 GHz-10.22 GHz
Scanning angle 100°-125° (25°) 100°-122° (22°)
Frequency sensitivity 83.333°/GHz 91.666°/GHz

3 dB beamwidth 14.26° —22.6° 21.2°-29.2°
Gain 12.1dB-12.9dB 10.4dB-11.7dB
SLL Better than 7.5 dB Better than 17 dB

Measurements were performed using Anritsu ME7838A vector network analyzer [27] in a
setup which consists of the calibration kit, two identical standard horn antennas, device under
test (DUT), cables, positioner with stepper motor and PC control via Arduino MEGA 2560
motherboard [28]. Software communication with Arduino is done with Matlab through
MATLAB Support Package for Arduino hardware [29]. At the same time software
communication with Anritsu ME7838A, is done with Instrument Control Toolbox through
LAN using TCP/IP [30]. One horn antenna is used as a transmitting antenna during the whole
measurement procedure and the second one is used only at the beginning to determine relative
gain levels at the position of the DUT. After placing DUT at the positioner with stepper motor
the whole process is done automatically. Accuracy should be better than 0.5 dB.

3. CONCLUSION

In this paper, we have shown the use of the phased shifters based on the metamaterials.
Shifters are analyzed and their performance is discussed. Their use in the frequency scanning
arrays is shown. Two prototypes are produced and shown. It is demonstrated that a
combination of the pentagonal dipoles with different impedances and metamaterial based
shifters can provide frequency scanning and SLLs control thus making it a good choice for
cheap and highly accurate frequency scanning solution.
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Frequency Scanning Antenna Arrayswith
Pentagonal Dipoles of Different | mpedances

Nikola Bogkovié!, Branka Jokanovié!, Aleksandar Nesi¢?

Abstract: In this work we present the benefits of using pentagonal dipoles as
radiating elements instead of classical printed dipoles in the design of frequency
scanning antenna arrays. We investigate how impedance of pentagonal dipoles,
which can be changed in a wide range, influences the overall characteristics of
the uniform antenna array. Some very important antenna characteristics such as
side lobe level, gain and scanning angle are compared for three different antenna
arrays consisting of identical pentagonal dipoles with impedances of 500 Q,
1000 © and 1500 Q.

Keywords. Antenna array, Frequency scanning, Pentagona dipoles, Phase
shifter, Split-ring resonator.

1 Introduction

Scanning antennas are a very important antenna class, whose main
radiation beam can be moved in different spatial directions. Earliest designs of
these antennas related to mechanical scanning antennas which were fixed at
rotating docks. Their performances are determined by the efficiency of the
mechanical parts and problems such as inertia, time lags and vibrations [1], so
dealing with multiple targets was quite difficult. Nowadays mechanical
scanning antennas are mostly used for the specific radar applications operating
with very high powers.

Later developed and prevalent type of scanning antennas are phased arrays
[2]. Theoretical principle of phased arrays is based on the constructive and
destructive interference, stating that electromagnetic energy received at a
specific point in space from two or more closely spaced radiating elements is at
maximum when the energy from each radiating element arrives in phase at that
point. The signal will be amplified by constructive interference in the main
direction and the beam sharpness is improved by means of destructive
interference. Direction of the main beam depends directly on the phase shift
between the radiating elements. There are different phase shifters which can be
employed for accomplishing the phase shift in scanning antennas. Electronically
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2 ngtitute IMTEL, Bulevar Mihgjla Pupina 165b, 11070 Belgrade; E-mail: aca@insimtel.com

99



N.M. Boskovié, J.S Jokanovié, A.D. NeSi¢

controlled phase shifters are usually composed of numerous switchable detour
lines, allowing the selection of a specific phase shift from the group of available
values enabling scanning only at specific positions corresponding to a given
phase shift. Constant phase shift A¢ between two successive radiating elements
is caled phase-increment. If d is a distance between the radiating elements
designed to work at wavelength A, than beam steering from normal broadside
direction ®, can be calculated according to [1]:
0. —arcsin 28 * (1)
360 d
Advantages of phase scanning is high gain and low side lobes, multi-target
handling within microseconds and multifunction operation by emitting several
beams simultaneously. Also phase scanning is resistant to single component
faults that reduces the beam sharpness, but the system remains operational .

Frequency scanning antennas are a special case of phased arrays. They use
frequency dependent phase shifters therefore enabling the positioning of the
main beam at any given direction within the operating frequency range of the
antenna. The beam steering is a function of the transmitted frequency and
requires certain frequency bandwidth, which can be a problem due to limited
available frequency band. Therefore, the main requirement in the design of
frequency scanning antennas is to ensure the largest possible scanning angle for
avery small change of frequency, i.e. a high frequency sensitivity.

Printed frequency scanning antenna fed at the center frequency of 6 GHz
using 24 long meander balanced microstrip between dipoles is shown in [3].
The antenna array exhibits a wide scanning range of about 50°, but requires
relative frequency variation of 20%, due to slow change of phase with
frequency in the transmission line. Similar approach using low loss transmission
line for the phase shifting is presented in [4]. Antenna is realized on a 3-layer
substrate and exhibits a wider beam scanning angle of 73° with rather poor
frequency sensitivity of 43.24°/GHz. Freguency scanning antenna with
significantly improved frequency sensitivity of 1.64°/MHz is shown in [5]. It
exploits band-pass filters between radiating antenna elements to provide
additional phase shift. The main drawback of this approach is a pretty high
insertion loss in feeding network that considerably reduces the antenna gain.
Hence, the proposed scanning antenna consisting of 11 radiating elements
exhibits gain of only —6 dBi.

In this paper we present linear frequency scanning antenna arrays
consisting of identical pentagonal dipoles with different impedances. Frequency
scanning is achieved using identical phase shifters consisting of split-ring
resonators placed between pentagonal dipoles. We investigate how impedance
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of pentagona dipoles, which can be changed in a wide range, influences the
overall characteristics of auniform scanning antenna array.

2 AntennaArray

2.1 Design considerations

In this work we present a frequency scanning antenna array with
pentagonal dipoles as radiating elements. Pentagonal dipoles are implemented
in microstrip technology, with the use of balanced microstrip line. This type of
dipole does not have the problems associated with the patch antenna in terms of
avery narrow bandwidth and may be implemented in various forms depending
on the specific needs. Reason for using the pentagonal dipoles as radiating
elements is theirs ability to cover an extremely large range of impedances.
Typical impedance values of radiating elements in the array are between 200 Q
and 400 Q. Radiating elements with higher impedances are rarely used since
they require very narrow microstrip lines which are difficult to fabricate. In the
design of the antenna arrays impedance of the radiating elements is very
important, since it determines which amount of available power will be
radiated, so in that manner it can be used for power distribution in the array.
Thisis especially the case with the linear scanning antennas.

Linear scanning antenna is designed with series feeding network (Fig. 1b)
that has some important advantages over the corporate feed in Fig. 1a.

In the case of corporate feed each radiating element has a direct link to the
source through the feeding network which is usually comprised of numerous T-
junctions or Wilkinson power dividers and impedance transformers [6]. Using
corporate feed it is very easy to achieve any power distribution in the array. But,
for the scanning antennas corporate feed can be quite an expensive solution. As
stated before, in order to have scanning the relative phase shift between
radiating elements should be equal, which means that the N elements of the
array requires n. phase shifters:

n=)6-9. @

Resulting network can be quite large and very expensive. On the other
hand, series feeding network is usualy quite simple and therefore a typical
choice for the linear scanning antennas. In this case the array of N elements
requires N-1 phase shifters. Phase shifter is placed between each radiating
element and thus enabling equal relative phase shift. On the other hand power
distribution in series feed array is harder to obtain due to the fact that typically
only the first element has a direct link to the power source and each consecutive
element has only a portion of that power at disposal. Impedance of the radiating
elements and losses in shifters determine the overall power distribution.
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Fig. 1 — Feeds of the antenna array: (a) Corporate feed; (b) Series feed.

2.2 Phase shifter design
As a phase shifter we use the structure designed with a single |eft-handed
unit cell which consists of four split-ring resonators (SRRs) coupled with the

balanced microstrip line and a metal via connecting top and bottom strip of the
balanced line, asitisshownin Fig. 2.

Fig. 2 — Layout of the phased shifter with four elongated split-ring resonators.

The shifter is designed on RT/duroid 5880 substrate with thickness of
0.508 mm. Impedance of the balanced microstrip lineis 100 Q and its length is
0.5% i.e. 15mm at 10 GHz. Two SRRs are placed at the top side of the
substrate, while the other two are on the bottom side. In order to achieve the
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desired S-parameters, we modified commonly used square SRR by elongating
them along the balanced microstrip line in order to increase the coupling
between the SRR and the balanced line. Dimension of SRRs are obtained
through the optimization with WIPL-D Pro [7], full-wave electromagnetic
solver based on the method of moments. Characteristics of the SRRs based
phase shifter are givenin Fig 3.

Fig. 3— Sparameters of the phase shifter.

SRR shifter exhibits band-pass filter characteristics, due to the presence of
SRRs and via, as can be seen in Fig. 3. Due to amost linear phase characte-
ristics of Sy, SRR shifter provides amost linear change of the scanning angle as
afunction of frequency. Frequency bandwidth of interest is from 10.02 GHz to
10.35 GHz, where we can see the maximum value of S, of —0.95dB, the
average value of —1.5 dB, and the minimum value of S;; —21 dB.

Similar antenna array design using this type of shifter is also applied in [8],
but with the classical dipoles operating at 6 GHz. Scanning antenna using
different pentagonal dipoles operating at 10 GHz is presented in [9]. Side lobe
suppression better than 18 dB for the beam scanning of 30 degreesis achieved.

2.3 Antenna array design

Antenna is designed as a linear scanning array with eight identica
pentagonal dipoles and a phase shifter placed between them (Fig. 4). One half
of the dipoles are printed on one side of substrate and the other half on the other
side. Distance between the dipoles in the array is 0.5 Ao, wWhere X4 is the free-
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space wavelength. The antenna array is positioned above the reflector plane at a
distance of a quarter wavelength in the air. Transition from balanced to
unbalanced microstrip line is achieved using continuous (taper) balun at the
power source side omitted in Fig. 4). Layouts of the dipoles for different
impedance values are given in Fig. 5.

Dipoles Top Side
1

—— Resistor
] -

Power Source Bottom Side

Fig. 4 — Layout of the antenna array.

@ (b) (©

Fig. 5 — Layout of the dipole connected to the balanced microstrip
line with impedance: (a) 500 Q; (b) 1000 Q; (c) 1500 Q.

Power source at the beginning of the array (Fig. 4) excites the dipoles
which radiate part of the power while significant part of it is attenuated due to
losses in shifters. Resistor of 100 Q is placed at the end of the array to prevent
power reflection from the end of the array. Without the resistor, the array would
act as it were excited with two power sources which would increase the side
lobes due to opposite flow of energy. In order to control power distribution in
the array we use radiating elements with different impedances. In Figs. 6-8 we
show the radiating patterns of the antennas comprised of pentagonal dipoles
with impedances of 500 Q, 1000 Q and 1500 Q.

It can be seen that antenna beam scanning occurs from 100° to 136° for a
frequency variation of 330 MHz and it does not depend on the dipole
impedance, but on the phase shifter. From Table 1 and Table 2 we can see that
only regarding the gain the array with radiating elements of 500 Q is dlightly
better, but considering the other characteristics, such as side lobe level and 3dB
beamwidth, array with 1000 Q radiating elements is better and the one with
1500 Q is the best. The main reason for this is the better power distribution
gained by using the elements with higher impedance. In that case each radiating

104



Frequency Scanning Antenna Arrays with Pentagonal Dipoles of Different Impedances

element will take a smaller portion of the available power, giving the successive
elements more power to use. The advantage of using high impedance dipolesin
the arrays with series feeding will be more pronounced in arrays with greater
number of elements.

Fig. 6 — Radiation pattern for the array with pentagonal dipoles of 500 Q.

Fig. 7 — Radiation pattern for the array with pentagonal dipoles of 1000 Q.
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Fig. 8 — Radiation pattern for the array with pentagonal dipoles of 1500 Q.

Comparison of gain and sidelobe I;ﬁl(eglJ_ for different dipole impedances).
Gain[dBi] SLL[dB]
Frequency[GHZz] 500 Q 1000 QQ | 1500 Q 500 Q 1000 Q2 | 1500 Q
10.02 10.9 9.7 82 85 9.2 9.2
10.05 12.2 111 9.8 9.5 10.9 11.3
10.10 129 12.2 111 9.3 10.7 111
10.15 13.0 12.6 11.6 8.7 10.4 11.0
10.20 129 12.7 12.0 8.1 9.9 10.7
10.25 12.6 125 12.0 74 94 104
10.30 12.0 12.2 11.9 6.5 85 9.7
10.35 10.6 11.2 11.2 6.3 7.0 8.2
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Table2
3dB- beamwidth comparison.
3dB beamwidth[°]
Frequency[GHZ] 500Q | 1000Q | 1500 Q
10.02 14.4 14.0 134
10.05 14.7 14.1 13.8
10.10 154 141 14.0
10.15 16.4 154 14.8
10.20 17.3 16.0 15.6
10.25 19.0 17.3 16.7
10.30 214 191 18.2
10.35 251 225 20.3

3 Conclusion

In this paper we compared the characteristics of three linear frequency
scanning antenna arrays designed with identical pentagonal dipoles having
different impedances. 500 €, 1000 Q and 1500 Q. It was shown that arrays with
high impedance dipoles exhibit lower side lobes and narrower 3 dB beamwidth
with respect to arrays comprised of low impedance dipoles. The main reason for
thisis the series feeding of the array in which the successive radiating elements
take smaller portions of the available power. Pentagonal dipoles are very
suitable for the design of series arrays since their impedances can cover the
range from 80 Q to over 1600 Q.
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Abstract—Millimeter wave multibeam antennas are a key
technology for enabling beamforming and massive multiple-
input multiple-output (MIMO) infrastructure for the fifth
generation wireless access (5G). They have attracted a great
research attention nowadays and have been intensively
investigated in order to achieve previously unattainable system
performances. Here we present an overview of the recent
advances in multibeam antenna designs based on reflectors,
lenses and beamforming networks. We have discussed their
principle of operation, design and implementation as well as
suitability for the future 5G massive MIMO systems.

Keywords—Multibeam antenna, Reflectarray, Rotman lens,
Beamforming network, Butler matrix.

I. INTRODUCTION

Wireless communications is one of the most successful
technologies nowadays, since an exponential growth rate in
wireless traffic has been continuing for over a century. Next
generation of mobile networks, 5G, is currently under
development, and it is expected to be implemented from 2020
and beyond. Although there is no official standard yet which
specifies the requirements for 5G, it is expected to
significantly surpass 4G in terms of data-rates (tens of Gbps),
capacity and latency (less than 1ms) [1]. The growth is driven
by emerging applications such as ultra HD video streaming,
virtual/augmented reality and Internet of Things (loT).
Considering the enabling technologies for 5G, millimeter
waves (mm-waves) are seen as a serious candidate, with huge
available bandwidths, capable of solving the spectrum crunch
occurring at lower frequencies where all current cellular
networks operate. Other promising technologies include
massive MIMO, network densification, cloud radio access
networks, etc. [2].

Recently, the International Telecommunication Union
(ITU) announced the following spectrum for 5G, which
includes the 24.25 — 27.5 GHz, 37 — 40.5 GHz, 66 — 76 GHz
bands, and the Federal Communications Commission (FCC)
has announced the spectrum of 27.5 — 28.35 GHz for the same
purposes [3]. However, at these high frequencies, the
electromagnetic wave suffers from greater free-space loss and
blockage due to less pronounced diffraction, and smaller
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penetration, which substantially degrades the signal-to-
interference-plus-noise ratio (SINR) when there is no direct
line-of-sight (NLoS). To overcome this shortcoming, high
gain antennas with directional beam can be deployed both at
transmitting and receiving ends [4]. However, the narrow
beam provides only limited spatial coverage, that is not
suitable for multi-user mobile streaming. Also, for non-line-
of-sight communications, the single directional beam needs to
be steered either electronically or mechanically in order to
find a reliable backup link between transmitter and receiver.
To overcome the single beam antennas deficiencies, the
multibeam antennas can be employed, which can generate
multiple concurrent but independent directive beams with
high angular selectivity that allow for significant frequency
reuse and increase of a system capacity. Therefore, the
multibeam antennas serve as the key hardware for enabling
massive MIMO, which utilizes a huge number of antennas
that operate fully coherently and adaptively [5].

Conventionally, MIMO transceivers use multiple antennas,
each having its own RF chain, consisting of mixers (for
up/down-conversion), A/D convertors and amplifiers. MIMO
processing, also known as precoding, is done by the baseband
DSP, the goal of which is to feed each antenna with the signal
of appropriate phase, so that the resulting beams points to
desired directions (Fig. 1a). From the theory of antenna
arrays, it is known that achievable gain is proportional to the
number of elements. To achieve sufficient gain to compensate
for higher mm-wave losses, hundreds of antennas may be
required, and if each were to have its own RF chain, power
consumption (considering typical requirements of individual
RF elements on mm frequencies) would be beyond practical
limits [6].

Alternatively, appropriate phase to each antenna can be
provided by analog means, using phase shifters or some type
of beamforming network, similarly to phased arrays. Then,
only one RF chain is required, but such approach is unable to
support multiple users with simultaneous parallel streams,
which is required for base stations (Fig. 1b). Therefore, hybrid
MIMO was proposed, where precoding is split over analog
and digital domains (Fig. 1c). In this scenario, there are many
RF chains (but much less than the number of antennas), which
pass signals to analog beamforming network, which provides
correct phase for each element. In this way, almost all
flexibility of fully digital MIMO is retained, while keeping
power consumption much lower [6]. There are many
challenges however, for example obtaining the channel state
information is much more difficult with hybrid approach.



Considering the analog precoding unit used for hybrid
MIMO, the most straightforward solution is to use multibeam
phased antenna arrays, however due to large number of phase
shifters required and complicated feeding network, they can
be expensive and complicated to fabricate [7].

Another option is to use beamforming network such as
Butler matrix, but they are not suitable for large number of
antennas required. Finally, quasi-optical beamformers such as
reflectors or lenses can be used, and we believe that they have
a great potential for application in mm-wave communications

(8].
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Fig. 1. Different MIMO implementations: (a) digital, (b) analog and (c)
hybrid, where p <n.

In this paper we present an overview of the recent advances
in multibeam antennas for the next generation wireless access.
Different types of multibeam antennas are compared in
respect to their principal of operation, performance and
suitability for 5G wireless communications.

Il. MULTIBEAM ANTENNAS

Multibeam antennas contain a finite number of isolated
input ports and can emit simultaneously multiple beams from
the same aperture for covering pre-defined angular range. The
resolution of multibeam antennas is limited by the beamwidth,
while the range of coverage is determined by the number of
beams. Many antenna configurations such as reflectors and
lenses have an inherent multibeam capabilities when the
single feed is replaced by a feed array, so that each array
element forms one of multiple beams.

Performance of multibeam antennas are characterized by
the scanning range, port isolation, bandwidth, gain and
sidelobe suppression. The relationship between the number of
active control elements (it can be for example a switch or a
phase shifter) and the number of beams, is taken as a measure
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of beamformer performance. It indicates for instance that, for
a limited number of active elements, high gain antennas with
narrow beams will have limited scan range whilst low gain
systems will have a wide angle capability [9]. Another
important performance factor is scan angle capability which is
limited by: array grating lobes, array blindness, pattern
degradation and spillover (in quasi-optic systems).

According to system architecture and principle of operation
multibeam antennas can be divided into three groups:

(a) multibeam antennas based on reflectors,
(b) multibeam antennas based on lenses,
(c) multibeam antenna based on beamforming circuits.

A. Multibeam Antenna with Parabolic Reflector

Operation of a reflector based multibeam antenna can be
understood from the ray-optics perspective. The basic
configuration of this type of antenna is shown in Fig. 2. It
consists of a dish reflector with focal length F and a diameter
D, and multiple feeding antennas separated by the distance d.
An array of horn antennas have primarily been used as
feeding antennas, which are located around the focal point of
the reflector. Depending on the position of activated feed
antennas, the multiple beams are generated directed at the
different angles in respect to broadside.

MULTIBEAM ANTENNAS BASED ON REFLECTORS

Fig. 2. Center-fed multibeam antenna with N beams.

Fig. 3. Multibeam antenna with offset-fed parabolic reflector.

In the antenna design a special attention should be paid to
optimization of the relative orientation and positioning
between the reflector and the feeds, since both influence the
beam separation, cross-coupling between adjacent beams and
also polarization degradation due to mutual couplings.



In order to reduce pattern distortion caused by the reflection
from the feeding antennas located in reflector center, the
offset-fed reflector antennas with multiple beams can be
employed as it is shown in Fig. 3.

Further improvement of the antenna characteristics is done
by using novel feeding antennas with printed radiating
elements [10], leaky-wave slot arrays [11] and so on, which
are able to reduce mutual couplings and cross-polarization
level and increase the aperture efficiency at the same time.

B. Multibeam Antenna with Folded Reflectarray

Planar reflectarrays based on printed technology are
developed with the aim to replace bulky conventional
reflectors enabling low-profile, low-cost and light-weight
multibeam antennas.

The principal operation and overall dimensions of a printed
folded reflectarray antenna [12] are shown in Fig. 4. The
antenna consists of three feeds, a printed reflectarray acting as
a principal reflector and a planar polarization filter acting as a
secondary reflector. The polarization filter is a resonant slot
array printed on a dielectric substrate acting as a radome at the
same time. It is designed to fully reflect the radiation of the
primary sources toward the main, principal reflector, but is
transparent for the orthogonal polarization reflected from the
reflectarray.

Fig. 4. Structure of the three-beam folded reflectarray antenna.

Fig. 5. Multibeam radiation pattern with three open-ended circular
waveguide at 77 GHz (after [13]).

In Fig. 5. three-beam radiation pattern obtained by
switching the primary feeds of the folded reflectarray at 77
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GHz is shown. That antenna is used for automotive radars
where compact and robust antennas are required. However,
the electrical disadvantage inherent to reflectarray antennas is
a narrow bandwidth.

IV. MULTIBEAM ANTENNAS BASED ON LENSES

A. Multibeam Antenna using Aielectric Alat Lens

Multibeam antennas with 2D electronic beam steering are
required for the next generation mobile communications,
where we can count with high mobility users. Unlike
expensive and bulky phased-array antenna concepts, one of
the promising solutions is the switched-beam array which has
multiple fixed beams that can be selected individually [14]. A
2D switched-beam antenna system is shown in Fig. 6. It
consists of a dielectric flat lens which serves to amplify and
steer radiation beam in a certain direction and a planar 2D
antenna array, positioned behind the lens, whose every single
element can be selectively switched ON/OFF. The focusing
beam direction depends on the position of the selected active
element, so the scan in both theta and phi directions is
possible. The total number of possible beams is equal to the
number of radiating elements of the array and for each beam
only one element of the array is activated.

Fig. 6. A 2D switched-beam antenna system with flat lens and 2D planar
antenna array (after [14]).

The dielectric flat lens can be designed using different
techniques, for instance, perforating a single dielectric layer
with holes having different diameter and mutual distance,
which will change the effective permittivity of the lens.
Dielectric permittivity is adjusted to be maximum at the
center of the lens and decreases to the outer edge, so the
maximum beam inclination is obtained by activating the
peripheral elements of the antenna array.

The prototype of the perforated flat lens is shown in Fig. 7.
It contains 1200 holes with diameters of 0.2 and 0.5 mm
drilled on TMM6 substrate. Measured H-plane radiation
patterns at 60 GHz for the different feeding positions, Rho
(from -8 mm to 8 mm in respect to the center of the lens) are
shown in Fig. 8. Overall scanning sector obtained in H-plane
is +48° gain variation is between 18.3 dBi at broadside and
13.7 dBi at the maximum scan angle, while the sidelobe level
changes from -18 dB at broadside to -7.9 dB at maximum
scan angle.

Recently, electromagnetic metamaterials have been used to
design planar microwave lenses using complementary split-
ring resonators or negative-refractive-index transmission
lines.



Fig. 7. Photograph of the fabricated flat lens for 60 GHz frequency range
(after [15]).

A very promising design of a low-profile planar lens, which
consists of miniature spatial phase shifters entirely composed
of sub-wavelength, non-resonant periodic structures is also
proposed [16]. Due to subwavelength dimensions of the unit
cells, the effective electromagnetic parameters of the
metamaterial lens can be determined by means of the
generalized approach given in [17].

Fig. 8. Measured H-plane radiation patterns at 60 GHz for the different
values of feeding positions, Rho (-8 mm to 8 mm) (after [15]).

B. Multibeam Antenna with Rotman Lens

Rotman lens has typically planar transmit and receive
arrays at two sides, which are connected with variable length
transmission lines to provide proper phasing (however other
solutions are possible, e.g. aperture coupling), also known as
constrained lens. The name constrained comes from the fact
that a wave incident on one face of the array is constrained to
follow the transmission line paths instead to obey Snell's law
when passing through the lens array [18].

Rotman lens is well known as an effective, simple for
design, low-cost and wide-band beamformer for generating
multiple beams. It can be realized in different technologies as
a printed, SIW and graded dielectric substrate Rotman lens.

Design parameters of printed Rotman lens are shown in
Fig. 9. Curves X1 and X2 denote places where the beamports
and array ports are arranged, respectively, and the Rotman
lens region is usually printed thin copper layer on the
dielectric substrate with permittivity &, that is enclosed by
curves X1 and X2. Hatched part of the lens in Fig. 9. contains
a discrete lens array in which N array element pairs connected
with microstrip lines, perform a Fourier transform operation
on the incoming wave front.
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Fig. 9. Design parameters of printed Rotman lens.

Here we present a multibeam antenna array which is
composed of a printed Rotman lens and an antipodal
elliptically tapered slot antenna array which are integrated on
the same dielectric substrate [19][20] as it is shown in Fig. 10.

Fig. 10. Multibeam antenna with Rotmans lens integrated with antipodal
elliptically tapered slot antenna array (after [19]).

@
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Fig. 11. Antipodal elliptically tapered slot antenna: (a) tapered slotline
radiator, (b) feeding transition to transform 50 Q- microstrip line to a parallel
offset strip line. Upper side (gray) and bottom side (black).

Antipodal elliptically tapered slot antenna radiator shown in
Fig. 11. comprises two main parts: tapered slotline radiator



and feeding transition, which are usually printed on the same
substrate. The tapered slotline radiator is configured by two
conducting arms which are placed symmetrically on the
opposite sides of a substrate. The lower frequency limit of this
type of antenna is determined by aperture W, that should be
Js/2, where s is the wavelength of the slotline.

Radiation pattern of the Rotman lens integrated with seven
antipodal tapered slot antennas is measured at 15 GHz and
shown in Fig. 12. Antenna scanning angle covers +30° with
gain variation between 7.8 and 10 dBi.

Fig. 12. Measured radiation pattern of the integrated unit at 15 GHz.

V. MULTIBEAM ANTENNAS BASED ON BEAMFORMING
CIRCUITS

Unlike the reflector and lens based beamformers, the circuit
beamformers can be fully integrated with an antenna array
into a single substrate. Beamforming circuits consist of
transmission lines, connecting power splitters and couplers,
which provide the required phase shifts for beam scanning,
while the aperture distribution is controlled by the power
splitter ratios.

There are various proposed beamforming circuit, which can
be classified into Butler [21] and Blass matrices [22]. The
Blass matrix is far more flexible than the Butler matrix and
allows for generating an arbitrary number of beams pointing
in arbitrary direction and even with different pattern shape.
Despite above mentioned flexibility, the Blass matrix has
limited applications compared to the Butler matrix because of
its inherent loss due to presence of line terminations.

Lossless version of Blass matrix is Nolen matrix [23] which
is limited to orthogonal set of output excitations that is not
case with Blass matrix. General form of a Nolen matrix is
shown in Fig. 13.

Typical N x M Butler matrix consisting of fixed phase
shifters, crossovers, and 90° hybrid couplers can produce N
orthogonal beams radiated from M uniform linear arrays.
Butler matrix performs a hardware fast Fourier transform
(FFT). It exhibits good port isolation, with beam crossover
level of -3.9 dB and side lobe level of -13 dB, but the main
limitation of a classical Butler matrix is that both N and M
have to be power of two.
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Fig. 13. Generalized form of a Nolen matrix (left) and detailed node (right).

A. Four-Beam Antenna Array at X-Band

Four-beam antenna array [24] is designed to operate at X-
band in frequency range 8.5-9.5 GHz. It consists of 32 printed
antiresonant dipoles which are coupled by coplanar strip line
(CPS) on the same side of the substrate. Dipoles are arranged
in four linear arrays that are divided into two subarrays
consisting of four radiating elements, as it is shown in Fig. 14.
Feeding network for each pair of subarrays is accomplished
with a symmetrical microstrip line on a different board, which
is mounted perpendicularly and soldered at the marked
positions of the antenna plate (see Fig. 15.). Four symmetrical
microstip lines from each antenna subarray penetrate through
the openings of the reflector plane and connect to 4 x 4 Butler
matrix at the ports A, B, C, D.

Fig. 14. Radiating dipoles arranged in 4 x 2 subarrays. Feeding networks
are soldered in marked points.

Fig. 15. Four-port antenna array mounted above the reflector plate at the
distance Ao/4.

In this design, the microstrip Butler matrix is applied as a
beamforming circuit operating in frequency range 8-10 GHz.
It is realized as an unfolded matrix to avoid microstrip
crossings. As the consequence of matrix unfolding, the input
and output ports are diagonally crossed as shown in Fig. 16.



Matrix consists of 3-way branch line couplers and Schiffman
phase shifters. Measured radiation patterns in both the H- and
E-planes are shown in Fig. 17. It can be seen that antenna
exhibits a four-beam radiation pattern in the E-plane, while in
the H-plane there is a very narrow, but fixed beam. E-plane
radiation pattern are positioned at around 10 and 30 degrees
left and right from broadside that is an excellent agreement
with theoretical prediction. The only deviation from the
theoretical prediction is somewhat greater sidelobe levels at
the beams 2L and 2R.

@
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Fig. 16. 4 x 4 Butler matrix: (a) block diagram (b) microstrip realization of
the matrix with the input and output ports diagonally crossed (after [22]).

Fig. 17. Measured four-beam E-plane radiation pattern (solid) and fixed H-
plane radiation pattern (dashed) at the center frequency f =9 GHz.
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Following measured antenna characteristics are obtained:
Antenna gain: 20 dBi,
Scan angle:
1L, 1R, 11°,10°
2L, 2R, 30° 30°
H-plane 3 dB-bandwidth: 8°
E-plane 3 dB-bandwidth:
1L, 1R, 18°
2L, 2R, 20°
H-plane sidelobe level lower than -12 dB
E-plane sidelobe level:
1L, 1R lower than -10 dB
2L, 2R lower than -5 dB.

In order to reduce antenna sidelobe levels a greater
number of linear arrays should be used, but it will increase the
complexity of Butler matrix, which is far more complex than
the antenna array. This problem can be solved with modified
4 x 8 Butler matrix [25] which contains four additional 180°
power dividers added at the outputs of the 4 x 4 Butler matrix.

B. Multbeam Antenna with Broadside Beam

A novel design of the switched-beam antenna array with
broadside beam for radar receiver applications is proposed
[26]. It is based on a modified Butler matrix which eliminates
all crossovers and allows therefore fully planar realization.
Modified Butler matrix consists of two 180° hybrid couplers,
one 90° branch line coupler and 180° fixed phase shifter, as it
is shown in Fig. 18. In order to remove crossings it was
necessary to place the power divider above the radiating
elements and to feed Patch 1 and Patch 3 from the opposite
side in respect to the Patch 2 and Patch 4. Such arrangement
implies constant 180° phase shift associated with one pair of
radiating elements, for example Patch 1 and Patch 3, and also
disrupted the radiating elements' order. The proposed concept
is verified by realizing a four-element antenna array operating
at the frequency 17.7 GHz as it is shown in Fig. 19. Measured
radiation pattern is shown in Fig. 20. The antenna features two
beams located at +30° and a broadside beam.

3.8 0°HB0" coupler

Fig. 18. Rearranged matrix network without any crossings suitable for planar
realization.

Proposed switched-beam antenna array has been applied in
a simple Doppler radar receiver where three orthogonal beams
are used to scan simultaneously three overlapping sectors. The
schematic diagram of the receiver is shown in Fig. 21.



Fig. 19. Photograph of the realized three-beam antenna array with modified
Butler matrix. (after [26]).

Fig. 20. Measured radiation pattern of the three-beam antenna array with
modified Butler matrix.

It can be seen that four downconverting MMIC mixers are
added at R and L ports, while the two remaining mixers are
placed in branches corresponding to the broadside port. In this
application power divider and phase shifter are replaced with
differential low-frequency amplifier which minimizes losses,
since microwave signal path becomes 15% shorter than in the
rearranged Butler matrix (Fig. 18.).

Fig. 21. Schematic diagram of a radar receiver with three-beam antenna
array.

VI.

Various multibeam antenna technologies have been
reviewed in this paper from the point of view of their
suitability for the fifth generation wireless access. Three types
of multibeam antennas have been considered: multbeam
antennas based of reflectors, antennas based on lenses and
beamforming networks. Reflector type multibeam antennas
are very suitable for satellite communications due to very high
gain, but not for 5G, because they are too bulky. From the
other side the antennas with beamforming circuits are suitable
for 5G due to their planar design, but shortcoming is a
relatively small number of beams, available with relatively
simple bemforming matrix. Greater number of beams is
followed by many transmission line crossings that require
multilayer technology and consequently increase overall

CONCLUSION
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losses, especially at mm-wave frequencies. However, those
antennas are suitable for short-range radar sensors and sensors
networks. The most promising antennas for 5G massive
MIMO systems are the multbeam antennas based on lenses,
both dielectric and planar. Although dielectric lenses are too
bulky at low frequencies, they are a very promising solution at
mm-waves, since are able to provide a huge number of
directive, high gain beams.
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Mikrostrip antena na 17 GHz sa reaktivno
opterecenim patch-evima

N. Boskovi¢, B. Jokanovi¢, Member, IEEE, N. Donéov, Member, IEEE

Apstrakt— U radu su prikazane karakteristike modifikovane,
reaktivno optereéene patch antene koja u odnosu na standardni
dizajn ima znacfajno Siri propusni opseg. KoriSéenjem
modifikovanih zrace¢ih elemenata projektovan je Sirokopojasni
antenski niz koji se sastoji od 16 x 2 elementa koji su napajani
serijski i paralelno sa eksponencijalnom raspodelom snage duz
napojnog voda. Projektovani antenski niz ima refleksiju manju
od -10dB i slabljenje lobova veée od 20 dB u opsegu od 16.6-
17.7 GHz.

Kljucne  reci — antenski niz, dijagram  zracenja,
eksponencijalna raspodela snage, modovi prostiranja, reaktivno
optereceni patch.

1. UvoD

PATCH antena je najéesce koriS¢eni element u Stampanim
antenskim nizovima jer se jednostavno integriSe u slozenija
kola, posto su kod nje i napojna mreza i zraceéi elementi na
istoj strani Stampane ploce. Najvea mana patch antena je
uskopojasnost, tj. relativni radni opseg od svega nekoliko
procenata, malo pojacanje i to §to su namenjene za rad sa
malim snagama. Mnogi drugi zrace¢i elementi kao §to su
dipoli ili slot antene su znatno Sirokopojasniji, ali se patch-evi
mnogo vise koriste zbog svoje kompaktnosti i jednostavnog
napajanja. Postoje brojne modifikacije pafch antena koje
omogucavaju prosirenje njenog radnog opsega, pri ¢emu se
kao glavni kriterijum Sirokopojasnosti uzima koeficijent
stojecih talasa (KST), koji treba da je manji od 2 u §to Sirem
opsegu. Sirokopojasnu antenu je vrlo jednostavno projektovati
vodeci racuna samo o tome da se dobije dobro prilagodenje,
medutim posti¢i pri tom i traZeni dijagram zracenja u Sirokom
opsegu i priblizno uniformno pojacanje je veoma tesko, posto
se elektricna duzina antene znacCajno menja sa velikom
promenom frekvencije. Uskopojasnost pafch antene potice
prevashodno od toga §to se ona ponasa kao rezonator koji ima
realnu impedansu na rezonansi, a van rezonantne ucestanosti
gubi prilagodenje. Modifikujuéi strukturu patch antene tako
da se dobije multirezonator moze dovesti do znacajnog
prosirenja radnog opsega. Posebno su interesantne patch
antene sa dve rezonanse koje omogucavaju da antena radi na
dva udaljena opsega. Ako se takve dve rezonantne ucestanosti
medusobno priblize moze se dobiti dobro prilagodenje u
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znacajno Sirem opsegu nego kod patch antena sa jednom
rezonansom.

Patch antene se po nacinu dobijanja vise rezonantnih
ucestanosti mogu podeliti na tri grupe [1]. U prvu grupu spada
koriS¢enje viSestrukih modova prostiranje talasa u jednom
patch-u. Tipi¢no se koriste ortogonalni modovi TMYj, i
TM%; [2], dakle koriste se prve rezonanse medusobno
ortogonalnih pobuda patch-a, tako da modovi imaju razliite
polarizacije §to je velika mana. Druga metoda se zasniva na
koriS¢enju visestrukih patch antena, pri emu se patch antena
sastoji od viSe delova razliCitth dimenzija gde svaki ima
razli¢itu rezonansu [3]. Ovde se cesto koriste viSeslojne
strukture sa jakom medusobnom spregom, a izborom tacke za
napajanje se najcesce reguliSu rezonantne ucestanosti. Ovakve
strukture su dosta komplikovane za teorijsko razmatranje tako
da je dizajn bez elektromagnetskih simulacija skoro nemoguc.
Takode su moguce i planarne Stamapane strukture koje dosta
podsecaju na fraktale.

Najpopularnija metoda za dobijanje viSestrukih rezonantnih
ucestanosti kod patch antena je reaktivno opterecen patch.
Kod ovih antena se u postoje¢i patch ubacuje reaktivno
opterecenje koje izaziva pojavu druge rezonantne ucestanosti.
Opterecenje moze biti ubaceno na mno$tvo nacina poput
slotova, pina, kondezatora [4]. Problemi koji se javljaju se ti¢u
uglavnom teskoca usled kontrolisanja medusobnog polozaja
rezonansi, tj. njihov odnos tesko da moze biti veéi od 1.2 bez
jake krospolarizacije.

Ponasanje reaktivno optereéene patch antene se moze
objasniti polaze¢i od obicnog patch-a. Prva tri moda koja
mogu biti pobudena su TMX()N), TMXOZO 1 TMX030A Svi ovi
modovi odgovaraju longitudalnim strujama duz patch-a sa
nulama na zrace¢im ivicama. Tipi¢no se uvek koristi TM"yy,
jer mod TM™5 ima nulu na broadside pravcu, a mod TM g3
stvara jake bocne lobove. Dodavanje uskih proreza blizu
zraCecih ivica patch-a ima minimalan uticaj na mod TMy ;o jer
su prorezi locirani blizu minimuma struja, ali na ovom mestu
struje moda TM" g3 su veoma jake, tako da je njihov uticaj na
ovaj mod znacajan. Posledica toga je da mod TM g3 postaje
slican modu TMYyo tj. njegova rezonantna udcestanost i
dijagram zraGenja postaju slicni modu TM¥y;o. Treba primetiti
da izmenjeno stanje moda TM" g3y veoma zavisi od dimenzija
proreza.

Glavni zadatak kod projektovanja antene sa dvostrukim
rezonansama je da se umetanjem razli¢itih modifikacija dobije
sli¢na raspodela struja na oba moda i na taj nacin postigne da
modovi imaju §to sli¢nije dijagrame zracenja.

cTp. MT1.4.1-4
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II. MODOVI PROSTIRANJA PATCH ANTENE

Na SIL. 1 dat je model klasiénog patch-a napajanog
mikrostrip vodom u istoj ravni. Ova antena se moze
ekvivalentirati sa dva zraceca proreza Sirine W i visine 4 koje
povezuje vod veoma male impedanse Z i duzine L [5].

S1. 1. Model klasi¢ne patch antene Sirine Wi duzine L, sa dva proreza na
mestu uvodnika.

SL. 2. Raspodela struje i napona duz patch-a.

Raspodela struje i napona duz patch-a tipicno izgleda kao
na Sl 2. Struja ima maksimum na centru patch-a, a
minimume na ivicama, dok je napon nula na centru patch-a, a
maksimalan na zrace¢im ivicama patch-a. Impedansa je
maksimalna na ivici patch-a, a najmanja na centru, tako da se
ubacivanjem dva procepa na mestu napajanja patch-a moze
dobiti Zeljena vrednost ulazne impedanse. Kako je & << 4, (4,
je talasna duzina u dielektriku) varijacije polja duz visine
patch-a (x-ose) mogu se smatrati konstantnim. Na patch
anteni se prostiru TM talasi, ¢ija je rezonanta ucestanost za
odgovaraju¢e modove data kao:

__ 1 ((mxY (nxY  (px)
row = (22) (2] (2] 0

gde m, n, p predstavljaju broj poluciklusa polja duz x, y, i z
ose. 1z izraza (1), za tipi€an patch dimenzija L > W > h,
dominantni mod tj. onaj sa najnizom frekvencijom je TM% g0,
ako je L > W> L/2 > h, sledeti je ortogonalni TM™yy1, ili ako
je L/2 > W> h, mod drugog reda TM*y,0. Ako je pak W > L >
h dominantni mod je TM™ggy, dok za W > L/2 > h mod drugog
reda je TM"og,. Izgled polja za neke modove dat je na Sl. 3 pri
¢emu se oznaka TM™ odnosi na transverzalno magnetno polje
u sistemu gde je x-osa normalna na ravan patch-a.

SI. 3. Raspodela polja odgovaraju¢ih TM* modova na patch anteni.

Modovi TM 101 TM™gg; su prvi modovi za pobude koje su
medusobno ortogonalne i njihovom istovremenom pobudom
se dobijaju cirkularno polarisane antene [2].

III. POREDENJE KLASICNOG I NOVOG PATCH-A

Glavni zadatak kod projektovanja antene sa viSestrukim
rezonansama je da se izvrSi odredena modifikacija pocetne
strukture sa jednom rezonansom radi dobijanja izmenjenih,
odnosno perturbiranih modova, koji treba da imaju istu
polarizaciju i dijagram zraCenja. Da bi se to ostvarilo klasi¢an
patch se moze modifikovati ubacivanjem dva simetricna
proreza na gornjem zracecem slotu kao na SI. 4.

S1. 4. Predlozeni model patch-a.

Dati patch pored osnovnog TM*y;o moda ima i dodatni mod
TM*os0 gde je 1 < & < 2 poput [6-7]. Ovaj mod se javlja
blizu osnovnog moda i omogucava znacajno §iri opseg rada u
odnosu na standardni patch, Sl. 5-6.
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SL. 6. Z-parametri standardnog i novog patch-a.

Za impedansu patch-a je izabrano 350 €, a ciljani opseg je
oko 17 GHz. Standardni patch ima jednu rezonansu podesenu
na 17.1 GHz dok novi patch ima dve rezonanse: na 16.6 GHz
i 17.6 GHz. Izborom bliskih rezonansi dobija se proSirenje
opsega od 374% u odnosu na standardni patch. Izgled struja
na rezonantnim ucestanostima za standardni i novi patch-a je
dat na Sl. 7. Supstrat koji se koristi ima debljinu /= 0.508
mm, g =22, tand =0.0009. Za proraCun strukture koristi se

8].

(@

® ©

S1. 7. Raspodela struja na rezonantnim ucestanostima kod: (a) standardnog
patch-ana 17.1 GHz, (b) novog patch-a na 16.8 GHz, (c) novog patch-a na
17.8 GHz.

S1. 8. Mikrostrip antena sa novim Sirokopojasnim patch-evima.

IV. ANTENSKINIZ SA NOVIM PATCH-EVIMA

Na Sl. 7 je prikazana raspodela struje kod standardnog i
novog patch-a, gde se vidi da je na obe rezonanse jaka struja
locirana u novim prorezima, tako da se na njima ne javlja
dodatno zracenje, a dosta je slabija na zrace¢im ivicama,
sli¢no kao kod standardnog patch-a.

Sa novim Sirokopojasnim patch-evima je formiran niz sa 16
x 2 elemenata koji ima nivo bo¢nih lobova ispod 20 dB u H-
ravni. Niz se sastoji od dva kombinovana niza od po 16
elementa sa eksponencijalnom raspodelom snage levo i desno
od tacke napajanja u centru niza. Niz iz [9] radi sa
zadovoljavajué¢im karakteristikama u opsegu od 17.1 - 17.6
GHz, dok su rezultati novog niza dobri u opsegu 16.6 - 17.7
GHz. Na Sl. 8 je prikazan izgled novog antenskog niza.
Razultati simulacije su dati na S1. 9 - 11 na kojima se vidi da
su bocni lobovi ispod 20 dB u opsegu 16.6-17.7 GHz, sa
dobrim prilagodenjem, a 3dB - Sirina snopa u H-ravni je oko

5.6°. Maksimalno pojacanje antene je oko 20.1 dBi, a
maksimalna varijacija gain-a u celom opsegu je oko 1.5 dB.
Takode na Sl. 9-11 dato je poredenje sa identicnom antenom
sa standardnim patch-evima iz [10]. Sa dijagrama na SL 11
vidi se da u pravcu glavnog snopa postoji razlika oko 3 dB u
kros-polarizaciji u korist antene sa standardnim patch-evima,
§to se moze znacajno poboljsati u oba sluc¢aja upotrebom
antifaznih nizova kao u [9].
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S1. 9. KST antenskog niza sa novim patch-evima.
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SL. 11. Dijagram zracenja i kros-polarizacije antenskog niza sa novim i
standardnim patch-evima na centralnoj ucestanosti.

V. ZAKLJUCAK

U ovom radu je prikazana nova reaktivno optereceni patch
antena koja ima znatno §iri radni opeg u odnosu na standardni
patch. Sirokopojasni patch je koriséen pri projektovanju
antenskog niza od 16 x 2 elementa koji radi u opsegu od 16.6
- 17.7 GHz sa nivoom bo¢nih lobova ispod 20 dB i
refleksijom manjom od -10 dB. Karakteristike ovog niza su
uporedene sa odgovarajuéim nizom sa standardnim patch-
evima i pokazano je da su kod novog niza zadrzane sve

karakteristike samo u duplo Sirem opsegu $to je i bio cilj ovog
istrazivanja.
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ABSTRACT

In this paper we present the characteristics of the modified,
reactively loaded patch antenna that has a significantly wider
bandwidth compared to the standard design. Using the modified
patch as radiating elements we designed wideband array antenna
consisting of 16 x 2 elements that are fed in series and parallel using
exponential power distribution along the feeding line. Simulated
antenna array exhibits reflection less than -10 dB and sidelobe
suppression greater than 20 dB in the frequency range 16.6 - 17.7
GHz.

Microstrip Antenna at 17 GHz with Reactively Loaded
Patches

Nikola Boskovic, Branka Jokanovic and Nebojsa Doncov



Stampani antenski niz za FMCW radar
na Ku opsegu

Nikola Boskovt, Branka Jokanodéj Member IEEEFranco Oliveri, Dario Tarchi

Nagrada za najbolji rad na sekciji

Apstrakt—U ovom radu je prikazan Stampani antenski niz sa U ovom radu je prikazano projektovanje mikrostrip antene
420 zratetih elemenata (patch antenng koji je namenjen za sa patch zréim elementima koja treba da ima veoma uzak
FMCW radar u opsegu od 17.1 GHz do 17.6 GHz. Projektovani glavni snop u od Sy azimutu i 18 u elevaciji i da radi u

niz ima 3 dB-Sirine snopa od 2° i 10° u H i E ravni respektivno, . . o
slabljenje batnih lobova bolje od 20 dB, poj&anje oko 30 dBi, opsegu od 500 _MHZ na_ oko 1_7 GHz. Pri prOJektoyanju e
KST maniji od 2 i efikasnost izm@u 60 i 70 % u celom opsegu. trebalo obezbediti da boi lobovi u odnosu na glavni budu

Veliko slablienje krospolarizacije je dobijeno zahvaljujuéi  potisnuti bar 20 dB.
protivfaznom napajanju gornje i donje polovine antene. Ukupne

dimenzije antene su 3%, x 7.54.
J 0 0 Il. PROJEKTOVANJE NIZA UH RAVNI

Kljuéne redi—Antenski niz, patch antene, raspodela snage,

. . Projektovanje antenskog niza se moze podeliti u tri faze:
dijagram zraéenja.

projektovanje niza u H ravni, projektovanje niza u E ravni i
dizajn mreZe za prilag@nje na ulaznom portu antene.
Najkriticniji zahtevi pri projektovanju antene se odnose na:
N _ o ) (a) 3 dB-Sirinu glavnog snopa u H ravni koja treba da bude 2
Stampani antenski nizovi se veomsto Koriste U gtepena, $to zahteva veliki broj #&ih elementa i (b) da
kompaktnim mikrotalasnim ud@jima koji nemaju veliku antena ima zahtevane karakteristike u opsegu od 500 MHz.
predajnu snagu kao $to su FMCW radari i mikrotalasni ;0 osnovni zréedi element je izabrana patch antefia
linkovi za fiksne i mobilne komunikacije. Kao 0SNOVNge impedansa optimizovana na 380 kori&enjem WIPL-D
zrateca struktura n@ee se javlja patch antena iako je njersgfivera [3]. Patch-evi su miesobno postavljeni na rastojanju
glavni nedostatak izraZzena uskopojasnost, tj. relativni rad%i na supstratu, = 2.17,g0=0.0009,h=0.508 mm. Da bi se
opseg od svega nekoliko procenata. Da bi se iskoristdfghio snop od 2u H ravni potrebno je da horizontalni
maksimalne mogtnosti patch antena potrebna je veom@ognizovi imaju po 42 ztméa elementa. Ovako veliki broj
velika paznja pri projektovanju napojne mreZe antenskog nizgemenata diktirao je i izbor napojne mreze koja je morala biti
Postoje razne modifikacije patch-a  radi  postizanjgerijskog tipa zbog manjih gubitaka u napojnim mikrostrip
Sirokopojasnosti [1], miitim one uglavnom uklguju  yodovima. Da bi se izbeglo skeniranje glavnog snopa pri
upotr_ebu viSeslojnih dielektrika |-I| pogtavljanje sondll N&romeni westanosti od 500 MHz, bilo je neophodno da se svi
specifino mesto kod patch-a, Sto je udslu antenskog niza horizontalni nizovi podele na po dva nezavisna podniza [4] sa
sa velikim brojem elemenata veoma komplikovano. 21 zr&ecim elementom. Na taj & je postignuto da glavni
Koriscenjem patch antene spetife impedanse Uz |op yyek bude usmeren ka broadside pravcu, bez obzira na
odgovarajdu napojnu mrezu moze se dobiti Zelieng, omeny frekvencije. Napajanje ovih podnizova nije u sredini,
karakteristika zréenja. Druga vazna karakteristika na kojye: ge prema krajevima antene nalazi 14 patch-eva, dok je
treba. Qpratiti pflﬁlnju pri projekt9vanju je zadovoljz?\wza]ﬂST prema sredini sedam patch-eva, tako da dve napogke ta
(koeficijent stojeih talasa), koji treba da bude ispod 2 Zge|e horizontalne nizove na tri dela od po 14 patch elemenata.
dobro prilagdenje. Meiutim, dijagram zréenja iKSTnisu U peg podniza koji je okrenut prema sredini antene se sastoji od
direktnoj vezi, tako da antena moze imati dok&Tu nekom 7 patch-eva spojenih 50 vodom, koji u paraleli daju 50,

opsegu, a los dijagram zemnja i obrnuto. __ dakle ovaj podniz se ponasa kao podniz sa uniformnom
Za napajanje Stampanih antena sa velikim brojereéita raspodelom i kao takav treba da doprinese 3Stéeme

elemenata n&gXe se Koristi serijsko napajanje jer ono unoshojasanju niza. Treba imati u vidu da kod ovog podniza nije

mi_nimalno slabljenje u podenju.sa paralelnim napajanjem, g\ 5ki patch prilagten na impedansu voda, &/epostoji

koje pak omogéava Siri propusni opseg antene. VeSO se yilagatenje samo na ulazu niza. Po svojoj prirodi uniformni

koriste i hibridne napojne mreze koje su kombinacijgi; spada u rezonantne nizove sa progresivnim talasom, Koji

paralelnog i serijskog napajanja [2]. imaju uzak propusni opseg. Drugi podniz, koji je okrenut
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Raspodela snage duz podniza je tako projektovana petrebno je 10 horizontalnih nizova da bi se formirao
obezbedi Sto W& potiskivanje bénih lobova i data je odgovarajdi dijagram zréenja. Napojna mreza u E ravni

izrazom: treba da obezbediti veliko slabljenje ¢bdh lobova uz
zadovoljavajdi gain. Izabrana je modifikovana Taylor-ova

Ui= q’-l+ qZN-l , q=6/7, i=1..N (1) raspodela koja omogava potiskivanje binih lobova od 30

dB na centralnoj testanosti. Pri protanu koeficijenata

gde odabranaj odratuje koji deo snage se predaje ax@m raspodele kori&en je program LINPLAN [6]. Amplitudski
koeficijenti raspodele za elemente antenskog niza su dati u

elementu i samim tim oddeje impedansu transformatora iza_l_ beli L. Korid ist ke k Sl 3
patch-a. Za patch-eve od 38D koji se napajaju vodom od abell 1. Rorisene su Iste oznake kao ha Si. 3.
50 Q vodom,g=1-50/350=6/7. Drugélan u relaciji (1) potie

8 . 9 . TABELA |
od toga Sto se niz zavrSava otvorenigi2-vodom, tako da se AMLITUDSKI KOEFICIJENTI RADSPODELE UE RAVNI
reflektovana snaga wa u kolo u fazi.
Treba naglasiti da se variranjem odnosa broja elemenata sa Ui | Uag Uz Us7 | Use
uniformnom i neuniformnom raspodelom u podnizovima 0.114| 0.295 0.614 0.909 1

moZe podeSavati gain, odnosno 3dB-Sirina glavnog snopa i

nivo banih lobova. Implementacija date raspodele se vrSi preko vodova

razlicitih impedansi, na slan n&in kao u [7]. Dakle, u
tackama grananja vodova je impedansa koja je dmfhr@ na
osnovu raspodele, duzina grana.&, a od njih se nastavlja
vod od 50Q duzine 344, tj. rastojanje izmiu H-podnizova
u E ravni je isto kao i u H ravni izrde zraecih elemenata i
iznosi)g. Kao Sto se vidi iz Tabele |, mreza za 10 elemenata je
podeljena na dve idetie podmreZe od po pet elemenata, jer
su naponi napajanja na prvom i desetom H-nizu idiengo
amplitudi.
i i Na Sl. 3, data je jedna polovina napojne mrezeigriu su
Sl. 1. Deo podniza u H ravni gde dva elementa sa leve straQg; geplji vodovi 500, a tanji imaju raztite vrednosti u
predstavijaju uniformni deo podniza, a druga dva su deo gyjaqy sa raspodelom. Svaki od pet portova se deli simetri
podniza sa neuniformnom raspodelom. da bi primio niz patch-eva u H ravni i to uniformni od 7
patch-eva prema sredini antene i neuniformni od 14 prema
104 ._._._._._._H\ :::ﬂi;g:ﬁg;?;i‘z"'z krajevima antene.
Vazno je napomenuti da se zbog anisimetrije gornje i donje
08 \ polovine antene, Sto podrazumeva da swetraelementi
\ postavljeni kao lik u ogledalu, dve polovine antene u E ravni
6. \ moraju napajati u protivfazi. Protivfazno napajanje sa istom
\, amplitudom i fazom koja je pomerena za 48@ora da se
. obezbedi u celom radnom opsegu antene, Sto je ovde

041 \\ ostvareno pomtu modifikovanog rat-race spreznika.

\\ Agld Ngl4 Agld ngld
L L | 1 |-

024

U1

Element niza
Sl. 2. Amplitudska raspodela napajanja duz podniza od 21 U2
elementa u H ravni.

Na Sl. 2. je data prethodno pomenuta raspodela. Dakle U3
neuniformni niz ima eksponencijalno opadajuaspodelu u
skladu sa izrazom (1).

U4
Ill.  PROJEKTOVANJE NIZA UE RAVNI

Da bi antenski niz imao odgovaraju Sirinu snopa u E
ravni potrebano je pogodno napajati nizove u H ravni zavisno us .
od trazene 3 dB-Sirine glavnog loba. Ovi horizontalni nizovi E pristup
moraju da se napajaju neuniformno, pémadgovarajte Sl. 3. Napojna mreza za E ravan.
napojne mreze da bi se ostvarilo Zeljeno slabljenjénibo
lobova u E ravni. Kako je zahtevana 3 dB-Sirina u E ravni 10°,

P5a




IV. DIZAIN MREZE ZA PRILAGCDENJE impedanse u ovim tkama se translira u radni opseg antene

Jedna od najvaznijih karakteristika antene je pritmgge POMcU nekoliko transformatora impedansi pre déemja na
0dnosndKST, i ako je ispod 2, odnosno ako je refleksija ispob"az modifikovanog rat-race §prezn|kq, ko%l _treba dg obezbedi
-10 dB smatra se dobrim. Fluktacije u prildgoju uzrokuju Jeédnaku podelu snage i fazni pomeraj od"l@fedu izlaza.
flukatacije u realnom gain-u antene, tako da on treba da bubfgi¢an rat-race spreznik imeetiri porta, meutim posto je
Sto je mogte ravniji u celom radnom opsegu. U &ju Cetvrti port izolovan u odnosu na pristupe jer je sinegi
velikog antenskog niza sa mnodtvo elemenata i napojfi@stavlien u odnosu na njih, to se signali na tom mestu
mreza, prilagdenje moze da bude veliki problem. Ovde je t@OniStavaju, pa se taj pristup moze izostaviti u relativno
narasito slugaj posto je osnovni zeaci element patch antena, Uskom frekvencijskom opsegu. Wkama R1 i R2 na izlazu
poznata po uskopojasnosti, tako da je njen rad u okvitf ratrace spreznika impedansa je(0tako da je uloga
500 MHz na 17.3 GHz, sama granica njenih néogsti. kontmualnog_ t_ransformatora impedance (tapgr)_da_lzvr5|
Takate treba imati na umu da dijagram &aja antene nije transformaciju impedanse sa 50 na £D@ napojnoj taki,
direktno povezan sa priladenjem. Kako se prilagenje 9de su dve mreze za prilagmje vezane u paralelu. _
moze podeSavati posebnim kolima, pri konstrukciji antene Od napojne ke postoji vise mogtnosti za izvdenje

prevashodno je bilo od interesa da dijagrantema bude glavnog napajanja. Naime, ako je antena nezavisna struktura,
zadovoljavaji u zadatom opsegu. u napojnu t&ku (SlI. 4a) se moZze dodati SMA konektor,

Dakle, uloga kola za prilagenje je da obezbedi medutim ako je antena deo komplikovanije strukture, kao u

prilagodjenje na ulaznom portu (SI. 4b), da izvrsi visestrukglwaju da se dodaje kolo balansnog cirkulatora, onda se to
podelu snage od centralnog napajanja, i da pri tome obezbB§2€ 1zvest tako Sto se na drugoj strani metalne podloge za

faznu razika od 180° izmde antisimetrénih polovina E ravni Koju jé antena vezana dodaje drugi supstrat, a zatim se te dve
tj. izmedu pristupa & i Ep na Sl. 4a. strukture povezu koaksijalnim kablom. Tadamo imati

dvostruki prelaz koaksijalni vod-mikrostrip, kao na Sl. 4b.
Kompenzacija prelaza i smanjenje refleksije na ulaznom portu
se moze posti pazljivim odabirom dimenzija kontakta
koaksijalnog kabla sa mikrostripom, na oba supstrata.

Uticaj mreze za prilagtenje se moze videti na na Sl. 5.
Refleksija na E pristupu mreZe za napajanje u E ravni je
prili¢cno visoka, jer je njen minimum iznad radnog opsega
antene, posto je napojna mreza podeSavana tako da dijagram
zraenja bude zadovoljavaju Na grafiku koji prikazuje ulaz
u rat-race u kama R1(R2) se vidi da je minimum refleksije
pomeren t&o na centar radnog opsega, ali nije

(@ zadovoljavajga u celom opsegu. Kriva koja predstavija
refleksiju na ulaznom portu (Sl. 4b) pokazuje znatno bolje
prilagadenje impedanse posle taper-a i kompenzovanih
prelaza mikrostrip-koaksijalni vod.

(b)
Sl. 4. Mreza za prilagtenje. (a) Pogled odozgo. (b) Pogled
sa strane na mestu spoja dva supstrata.

Na ulaze date mreze (Sl. 4a) koji su aam kao k& i Ep
(gornji i donji pristupi za napojnu mrezu u E ravni, N . . .
respektivno) vezane su idefte napojne mreze u E ravni kao S O-Surparametar na raziim mestima napojne mreze
Sto je prikazano na Sl. 3. Frekvencijska karakteristika ulazne na Sl. 4.



V. SIMULIRANI DIJAGRAMI ZRA CENJA

Dijagrami zr&enje antene u H i E ravni dati su na Sl. 6.
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Sl. 6. Dijagrami zr&enja: (a) H ravni, (b) E ravni.

Sto se tie lobova u H ravni jedino na 17.1 GHz su oko -
19 dB, dok su na ostalimé@stanostim znatno viSe potisnuti.
Gain je oko 30 dBi, sa varijacijom od 0.85 dB u celom
opsegu. 3dB-Sirina glavnog loba seda®ko 2.1°.

U E ravni stanje binih lobova je dosta bolje, pre svega
zbog mogudnosti fleksibilnije kontrole. Tako da je nivo
bo¢nih lobova potisnut viSe od 25 dB u odnosu na glavni lob,
dok se 3dB-Sirina snopa Ke=oko 10.4°.

Krospolarizacija antenskog niza u H ravni je prikazana na
SI. 7. i kréée se izméu 31 i 39 dB ispod nivoa glavnog loba.
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Sl. 7. Prikaz krospolarizacije u H ravni.

Layout antene je dat na Sl. 8. sa svim prethodno opisanim
elementima. Tokom svih simulacije u programu WIPL-D, pre
dodavanje mreze za priladEnje, simulirana jecetvrtina
antene uz kori&nje opcija Symmetry i Anti-Symmetry,
obelezena na Sl. 8. Kotrea simulacija cele antene je imala
138156 nepoznatih. Kori8na je mogénost GPU ubrzavanja
[3], Sto je desetostruko ubrzalo simulaciju.

Cetvrtina Antene

Sl. 8. Prikaz celog antenskog niza.



[3] www.wipl-d.com
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izuzetno dobru efikasnost koja je izue60 i 70 % u radnom In this paper we present the antenna array consisting of 420

opsegu. patch antennas that will be used in FMCW radar operating in
the range 17.1 GHz to 17.6 GHz. Antenna is designed to have 3
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High Gain Printed Antenna Array for FMCW
Radar at 17 GHz

Nikola Boskovic, Branka Jokanovic, Franco Oliveri, Dario Tarchi

Abstract - We are presenting the design of a high gain printed
antenna array consisting of 420 identical patch antennas
intended for FMCW radar at Ku band. The array exhibits 3 dB-
beamwidths of 2° and 10° in H and E plane, respectively, side
lobe suppression better than 20 dB, gain about 30 dBi and
VSWR less than 2 in the frequency range 17.1 - 17.6 GHz.
Excellent antenna efficiency that is between 60 and 70 % is
achieved by proper impedance matching throughout the array
and by using series feeding architecture with both resonant and
traveling-wave feed. Enhanced cross polarization suppression is
obtained by anti-phase feeding of the upper and the lower halves
of the antenna. Overall antenna dimensions are 31 1, x 7.5 4.

Keywords - Antenna array, Patch antenna, Feeding network,
Radiation pattern.

I. INTRODUCTION

Printed antenna arrays are often used in compact
microwave devices with low Tx power, like FMCW radars
and microwave links for fixed and mobile communications.
The patch antenna is frequently used as the basic radiating
element, in spite of its main drawback, the narrow bandwidth,
i.e. operating range of only few per cents. To make the most
of the patch antenna functionality, a great deal of care is
required in designing the array feeding network. Various
modifications of the patch antenna can be used to enhance the
bandwidth [1]. However, they often use multilayer dielectrics
or probes placed at specific places on the patch, which is very
complicated in the case of an antenna array with large number
of elements.

Using the patch antenna of specific impedance with an
appropriate  feeding network, the desired radiation
characteristics can be obtained. The other important parameter
that requires attention during design is VSWR, that should be
less than 2 for good matching. However, the radiation pattern
and VSWR are not directly related, so the antenna can have a
good VSWR and a bad radiation pattern in a certain frequency
range, and vice versa.

For feeding the printed antennas with a large number of
elements, series feed is the most frequently used, because it
introduces lower loss compared with corporate feed, which in
turn enables wider bandwidth. Hybrid feeding networks are
also used, which represent a combination of serial and a
corporate feeding [2].

Nikola Boskovic, Branka Jokanovic — Institute of Physics, University of
Belgrade,  Pregrevica 118, 11080 Belgrade, Serbia (e-mail:
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In this paper, we present the design of a high gain
microstrip antenna with patch radiators, which has a very
narrow beamwidth of 2° in azimuth and 10° in elevation, and
operates in the frequency range of 500 MHz at Ku-band.
Antenna is designed to have side lobe suppression better than
20 dB in H and E planes.

II. DESIGN OF THE LINEAR SUBARRAY IN H PLANE

Design of the antenna array can be divided into three
phases: design of the linear subarray in H plane, design of the
E plane feeding network and design of the input matching
network.

The most critical requirements are related to: (a) 3-dB
beamwidth in the H plane which is supposed to be 2 degrees,
which requires large number of radiators, and (b) meeting the
required characteristics in the frequency range of 500 MHz.

The patch antenna was chosen as a main radiating element
and its impedance is optimized to Z,,,;=350 Q using WIPL-D
software [3]. Identical square patches are periodically placed
at a distance 4, on the substrate having ¢,= 2.17, 1g6=0.0009,
h=0.508 mm. To obtain the 2°-beamwidth in H plane, it is
necessary to have 42 radiating elements in a linear subarray.
This very large number of elements requires the choice of a
series feeding network in order to reduce losses in feeding
lines. In a series fed array the input power comes to the
antenna from one end of the array and therefore the main
beam angle is very sensitive to the frequency change due to
the progressive phase change of the series fed elements. To
avoid scanning of the main beam while changing the
frequency within the 500 MHz band, it was necessary to split
horizontal subarray into two separate halves [4], with 21
radiating elements each. In this way it is achieved that the
main lobe is always pointed in the broadside direction,
regardless of frequency changes.

Feeding points of the subarray halves are not placed in their
centers, but moved towards the center of the subarray, so that
there are 2 x 7 central patches between the feeding points
while the rest of 2 x 14 patches are placed between the
feeding points and the antenna edges, as it is shown in Fig. 1.
Each of the two central parts of the subarray consists of 7
patches placed at distances 4, and connected in parallel to give
50 Q impedance at the feeding point. It explains why the
patch impedance was chosen to be 350 Q. So, the central part
of the subarray is acting like a subarray with uniform
distribution and therefore contributes to the increase of the
array gain. It should be noted that in this part of the subarray
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Fig. 1. Right half of the H-plane subarray with two types of series feeding

not every patch is matched to the line impedance, but there is
matching only at the array input. By its nature, the uniform
subarray is the resonant series fed array, which, in general, has
a narrower bandwidth with respect to the traveling-wave array
having matching at each element [5].

The part of the subarray between feeding points and the
antenna edges is the traveling-wave array, because the
impedance of the patches is not only matched to the line
impedance at the feeding point, but also at every point where
the patch is connected to the feeding line. Impedance of the
patch (Z,u=350 Q) in parallel to the 58 Q-impedance gives
exactly the impedance of 50 Q microstrip line. The 58 Q
impedance is obtained by transforming the feeding line
impedance of 50 Q through the quarter-wave transformer of
Z1=54 Q as shown in Fig. 2.

Amplitude distribution in this part of the subarray is
designed to provide the greatest possible side lobe suppression
and is given by the expression:

Ui = qi—l +q2N—l,

g=6/7, i=1..14 (1)

where the chosen ¢ determines the amount of power given to
the radiating element. For 350 Q-patches fed by the 50 Q line,
q=1-Zs0/Zuex=6/7. The second term in relation (1) comes
from the power reflected from the ends of the subarray
terminated with A,/2 open circuit stub, so that the reflected
signal returns to the feeding line in phase.

It should be noted that, by varying the ratio of the number
of elements with uniform and non-uniform distribution in the
subarrays, the trade-off between the gain and 3-dB beamwidth
on one side, and side lobe suppression on the other side, can
be adjusted.

Fig. 2. Detail of the H-plane subarray near the feeding point

III. DESIGN OF THE E PLANE FEEDING NETWORK

To obtain the required beamwidth of 10 degrees in the E
plane, it is necessary to use ten H plane subarrays: the top five
arrays contain patches placed on one side of the feeding line
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while the other five arrays have patches on the opposite side,
in order to reduce unwanted cross polarization radiation. Due
to anti-symmetry of lower and upper antenna halves, they
must be fed in anti-phase in the whole operating band, which
is here implemented by means of two modified rat-race
couplers.

Main purpose of the E plane feeding network is to provide
high side lobe suppression in the E plane with satisfactory
gain. Modified Taylor distribution was chosen, which enables
side lobe suppression of more than 30 dB at central frequency.
Amplitude distribution coefficients are calculated by means of
LINPLAN software [6]. The obtained relative amplitude
coefficients are given in Table I, with the same notation as in
Fig. 3. The given distribution was implemented by using
different line impedances of the microstrip line [7] i.e.
quarter-wave transformers.

TABLEI
AMPLITUDE COEFFICIENTS OF THE E PLANE DISTRIBUTION
U Uy Us Uy Us
1 10909 | 0.614 | 0.295 | 0.114

One of four identical E-plane feeding networks is shown in
Fig. 3. It can be seen that corresponding signal levels at the
left and right hand sides are identical, although they feed
different numbers of patches: 7 patches at the central part of
the array and 14 patches at the edge part. The impedance
values are given in Table II.

TABLEII
IMPEDANCES OF THE E-PLANE FEEDING NETWORK

Z, Z, Z, Zy4 Zs Z1y Zy3 Zs4,
Zys

115Q 100 89.8 79.2 70.7 63.6 86.8 134
Q Q Q Q Q Q Q

IV. DESIGN OF THE INPUT MATCHING NETWORK

One of the most important antenna characteristics is
matching, i.e. VSWR. It is usually considered as good if it is
below 2, i.e. if the reflection coefficient is below -10 dB.
Fluctuations in the antenna matching cause fluctuations in real
antenna gain, so it should be as flat as possible in the whole
operating band. In case of a large antenna array with a lot of
elements and a long feeding network, matching can be a
considerable problem. This is especially the case here, since
the basic radiating element is a patch antenna, well known for




its narrow bandwidth, so the operation in the 500 MHz band
at 17.3 GHz is the very limit of its possibilities. As the
matching can be adjusted with separate circuits, it was of
primary interest during the antenna design to have a
satisfactory radiation pattern in the given band.

Agl4

rgld

C
N

<

ngm 3hg/4 L

E-port
Fig. 3. One of four identical E-plane feeding networks

Hence, the role of the matching circuit is manifold: to
provide matching at the feeding point, to provide multiple
power divisions from the center feed, and while doing so, to
provide 180° phase difference between anti-symmetric halves
in E plane, i.e. between upper and lower E-ports in Fig. 4.

Fig. 4. Input matching network

The characteristic frequency of the input impedance at E-
ports is shifted into the antenna operating band using coupled
impedance transformers at the input of the modified rat-race
coupler, which should provide an equal power division and
180° phase shift between its outputs. A typical rat-race
coupler has four ports; however, since the fourth port is
isolated from the inputs by being placed symmetrically
between them, the signals at that point cancel each other out,
so that port can be omitted in a relatively narrow bandwidth.
Impedance at the RR port is about 50 Q, so the role of the
continuous impedance transformer (taper) is to transform that
impedance into 100 Q at the feeding point, where two parts of
matching networks are connected in parallel.
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The influence of the matching network can be followed in
Fig. 5., which shows the reflection coefficient at different
points of the matching network. Since the E-plane feeding
network is primarily designed to provide a satisfactory
radiation pattern, the reflection at E port is relatively high,
because its minimum appears above the operating band. At
RR port that reflection minimum is shifted exactly to the
middle of the operating band. However, the values are not
satisfactory in the whole range. The curve which represents
reflection at the feeding point shows much better matching
after impedance transformation by means of the taper.

Fig. 5. Reflection coefficient at the characteristic points of the
matching network

V. SIMULATED ANTENNA CHARACTERISTICS

Antenna radiation patterns at H and E planes are given in
Fig. 6. Considering the side lobes in H plane, they are about
19 dB only at 17.1 GHz, while they are notably more
suppressed at other frequencies. Gain is about 30 dBi, with a
variation of 0.85 dB in the whole band. 3dB beamwidth is
around 2.1°.

The side lobe levels in E plane are considerably lower, first
of all due to the possibility of more flexible control. Hence the
side lobe level is suppressed more than 25 dB in respect to the
main lobe, while the 3-dB beamwidth is around 10.4°. Cross
polarization of the array in H plane is between 31 and 39 dB
below the main lobe.

The complete antenna layout is given in Fig. 7., with all
previously described elements. The antenna is firstly
simulated using WIPL-D software, without the input matching
network. Using the options Symmetry and Anti-Symmetry
available in the WIPL simulator, only a quarter of the antenna
is simulated. For the complete antenna simulation, the number
of unknown variables was 138156. Antenna simulation is
accelerated tenfold by using GPU card TESLA K40C, but the
duration of the simulation is 120 minutes at each frequency,
which is still rather long.
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Fig. 6. Radiation patterns at: (a) H plane, (b) E plane

VI. CONCLUSION

This paper presents the detailed design procedure of the
high gain microstrip antenna array containing 420 patches,
and operating in the frequency range of 500 MHz at 17 GHz.
The array is extremely directive in H-plane, with the 3-dB
beamwidth of just 2°, and therefore is more difficult for
controlling the H-plane side lobe levels, while it is easy to

achieve a very high side lobe suppression of more than 20 dB
in the E- plane. The matching network provides the reflection
at the feeding port lower than -10 dB in the whole range. The
antenna exhibits an extremely good efficiency, between 60
and 70% in the operating band, due to the series feeding that
is applied along the H-plane subarray.
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Abstract — In this paper we present a novel design of frequency-scanning antenna array consisting of eight
different pentagonal dipoles fed by balanced microstrip lines. Impedances of the dipoles are calculated to
obtain high side lobes suppression. Feeding network between radiating elements contains four elongated
split-ring resonators (SRRs) loaded balanced microstrip linein order to increase the frequency dependant
phase difference between radiating elements. Scanning antenna exhibits gain around 11.5 dBi, SLL better
than 18 dB for the beam scanning of 30 degreesin frequency range 10.02 to 10.27 GHz.

I. INTRODUCTION

In frequency-scanning antenna a beam-scanning occurs by changing the frequency of the input signal which
causes a phase-shifting on transmission line between radiating elements of the array. In the design of frequency-
scanning antennas the most important issues are: the required frequency bandwidth for the certain scan angle as
well asthe losses in the travelling-wave structure which are very critical to the antenna gain.

In many antenna applications SLL (side lobes level) reduction is a very important issue and there are different
techniques to achieve it. Basic principle for obtaining a better SLL of uniform array is the amplitude tapering
where amplitudes of the array elements usually decrease with the distance from the center of the array. Many
amplitude distributions are available and can be implemented depending on the specification and achievable
amplitude pedestal level. However the main consequences of the SLL reduction are lowering the gain and
widening the beamwidth in regard to the uniform distribution.

In case of corporate-fed antenna array [1], each radiating element has a separate feeding line. The desired
amplitude distribution can be achieved by the use of unequal power dividers. In that way a very high amplitude
pedestal can be obtained and hence very high side lobes suppression [2]. Drawbacks of the parallel fed isthat is
usually much larger, more complex and with significant losses comparing a travelling-wave array. In this work
we present the travelling-wave array with a serial feeding network in which power travels from one side of the
array to its end, which gives a non-uniform power distribution even in case of identical radiating elements. Each
element will typically have a different power distribution, because only the first element of the array will get a
full power at the disposal, the second will receive a power reduced for the amount that is captured by the first
element and the last one will get the smallest amount of power that is left after al previous radiating elements.
Impedance of each radiating element determines how much power will be radiated and how much will be
transferred further along the array, hence by determine the specific impedance of each radiating element, a
required amplitude distribution can be accomplished.

Il. ANTENNA DESIGN

Antenna array is designed at Rogers RT/duroid 5880 (¢,=2.17, tgo=0.001, h=0.508 mm). SRR shifter is
designed with single left-handed unit cell which comprises four SRRs coupled with balanced microstrip line and
metal via connecting the upper and the bottom strip of the balanced line, similar to [3]. Layout of the phase
shifter with relevant dimensions are shown in Fig. 1. Two SRRs are placed at the upper side of dielectric
substrate, while the other two are on the bottom side. Phase shifters used in array are identical and designed
independently as two-port network, i.e. without dipoles. The lenght of the balanced line correspond to the
distance between dipoles which is 0.5}, i.e. 15 mm at 10 GHz. Dimension of the SRR shifters and the dipoles
are calculated with WIPL-D Pro, [4]. Antenna structure is placed above reflector at distance of 0.25)

978-1-4799-3452-2/14/$31.00 ©2014 IEEE 67
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Characterisics of the shifters are given at the Fig. 2. Insertion loss of the shifter varies from 0.95dB to 2.5 dB

in the working range from 10.02 GHz to 10.27 GHz. Shifter provides amost linear change of the scanning angle
as afunction of frequency.

Fig. 1. SRR shifter structure. (L=15 mm, [,=4.8 mm,
w;=0.75 mm)

Fig 2. Magnitude and phase characteristic of phase shifter.
(Antennaworking range is shadowed.)

Dolph—Chebyshev distribution with side lobe suppression of 21 dB is chosen as amplitude tapering function.
Power distribution is proportional to square of amplitude distribution and impedance is reciprocal to power.
Also, the presence of extra losses from the shifters should be taken into account in order to preserve the desired

amplitude distribution. It is done by using the fixed progressive power losses of 1.5 dB from each shifter,
yielding impedance values of radiating elements given in Table 1.

Table 1. Calculated impedances values of the dipoles.

Z1

Z2

Z3

Z4

Z5

Z6

z7

Z8

1073.31Q

517.76 Q

208.78 Q

112.55 Q

79.68 O

74.08 Q

92.07 Q

95.66 Q

We used pentagonal dipoles to obtain the required impedance ratio according to Table 1, which is more than
14, since the pentagona dipoles are able to cover a very large range of different impedances, Fina dipole
dimensions are obtained by the optimization in order to take into account mutual couplings of the dipolesin the
array. Antenna array with pentagonal dipolesis shown in Fig. 3. First two dipoles looking from the source have
very unusual shape due to very high impedances of around 1100Q and 5009.

Fig. 3. Antenna array with pentagonal dipoles and resistor termination.

Side lobes levd is greatly influenced by reflected power, mostly from the end of array, which acts as a virtual
power source and yileds a significant side lobes level. In order to prevent the reflection we placed 100Q resistor
at the end of the array. We compare in Fig. 4a. and 4b. the radiation patterns of the scanning antenna with
identical pentagonal dipoles with 500Q impedance and the antenna array shown in Fig 3., respectively.
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Fig. 4.(a) Radiation patterns for identical dipoles (H-plane). Fig. 4.(b) Radiation patterns for nonuniform dipoles (H-
plane).

It can be seen that we achieved minimum 11 dB greater side lobes suppression in the whole scanning range in
respect to the array with identical dipoles. Nonuniform array presented in this work has SLL varying from -
22 dB to -18 dB, VSWR bellow 2 and gain from 10 to 12 dBi in operating frequency range. M easurements of the
fabricated prototype will be presented at the congress.

I11. CONCLUSION

In this paper we present the frequency scanning antenna array with different pentagonal dipoles and enhanced
side lobes suppression. By using specific form of the dipoles we manage to design an extreme variation of their
impedances from 74 Q to 1073 Q, despite strong mutual coupling between radiating elements. We achieve the
beam scanning of 30 degrees by changing frequency for 2.5% (250 MHz) at 10GHz. Side lobes level
suppression is better than 18 dB, with gain around 11.5 dBi and maximal variation around 2dB.
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Abstract — We present a new design of frequency-scanning array antenna which consists of eight
antiresonant dipoles fed by symmetrical microstrip line. Feeding network between dipoles is designed
using left-handed unit cell that increases the frequency dependant phase difference between antenna
elements. Left-handed unit cell consists of four split-ring resonators (SRRs) coupled with balanced
microstrip line and via which short-circuits the feeding line. The beam scanning is found to be A§=34°
with frequency variation in the range from 5.85GHz to 6.05GHz (£1.5% of the central frequency) and
gain of 12dBi.

I. INTRODUCTION

The frequency-scanning antenna is a special case of a phased array antenna and also kind of travelling-wave
antenna. The beam-scanning occurs by changing the frequency of the input signal which causes a phase-shifting
on transmission line between radiating elements of the array. In the design of frequency-scanning antennas the
most important issues are: the range of scan angle, the required frequency bandwidth and the loss in the
travelling-wave structure which is very critical to the antenna gain.

Frequency scanning antenna fed at the center frequency of 6GHz by 2 A4 long meander balanced microstrip
line is presented in [1]. The antenna array exhibits a wide scanning range of about 50°, but requires frequency
variation in the range of 20%, that is usually unavailable at lower frequency bands. Similar approach of using
low loss transmission line for phase shifting is proposed in [2]. Antenna is realized on 3-layer substrate and
exhibits a wide beam scanning of 73° with rather pour frequency sensitivity of 43.24°%GHz. Narrowband
frequency scanning antenna with considerably improved frequency sensitivity of 1.64°/MHz is presented in [3].
Proposed scanning antenna exploits band-pass filters between individual antenna elements to provide additional
phase shift, but disadvantage is a pretty high insertion loss in feeding network that considerably reduced antenna
gain. So, the scanning antenna of 11 elements exhibits gain of -6dBi.

In this paper we propose a frequency scanning antenna array with increased frequency sensitivity in respect to
[1] due to application of left-handed unit cell based on four SRRs coupled with balanced microstrip line.
Proposed shifter provides a high phase shift in a small frequency range, while maintaining the insertion and
reflection losses relatively low. Maximum gain is 12.9dBi with variation of 2dB within scanning bandwidth.

1. ANTENNA DESIGN

Antenna array consists of eight identical antiresonant dipoles fed by balanced microstrip line asit isshown in
Fig. 1. One half of the dipoles are printed on one side of dielectric substrate and the other half on the other side.
Structure is made on dielectric Rogers 4003 (g, = 3.55, h=1 mm, tan & = 0.0027). Dimensions of the dipole are
optimized to be around 400 Q with WIPL-D Pro [4], full-wave electromagnetic simulations based on the method
of moments. Distance between dipoles in array is 0.5 A, i.e. 25 mm at 6GHz. Transition from balanced to
unbalanced microstrip is performing with the balun. The antenna array is positioned above the reflector plane at
distance of a quarter wavelength in the air.

SRR shifter is designed with single left-handed unit cell which comprises four SRRs coupled with balanced
microstrip line and metal via connecting upper and bottom strip of balanced line, as it is shown in Fig. 2. Two
SRRs are placed at the upper side of dielectric substrate, while the other two are on the bottom side.

978-1-4799-1232-2/13/$31.00 ©2013 IEEE 118
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Coupling between SRR and balanced line is proved to have a great influence on overall shifter characteristics,
so it was essential to maximize that effect. It is done by changing the shape of SRRs, so instead of often used

square SRR structure we apply here SRRs elongated along microstrip line. Characteristics of optimized SRR
phase shifter are shown in Fig. 3.

Fig. 1. Printed antenna array with phase shifters.
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Fig. 2. SRR phase shifter between two dipoles (I; =
6.8 =0.4 L=25 .

mm, W mm. mm) Fig.3. Simulated S-parameters of
proposed shifter. Rectangular
bar denotes frequency range of
scanning.

1. RESULTS

Proposed shifter has 3dB-bandwidth in frequency range from 5.9GHz to 6.1GHz, with reflection loss of
17.17dB and transmission loss of 1.43dB at the central frequency. SRR shifter is basically a band-pass filter, due
to presence of SRRs and via, as can be seen as can be seen in Fig. 3. According to the phase characteristics of
S, that islinear from 5.9 to 6.1GHz, SRR shifter provides almost linear change of scanning angle as a function
of frequency. Shifters are designed independently as two-port network. Red markers in Fig. 2. show the
excitation ports of the shifters. The shifter simulation is done without dipoles.

Radiation patterns of the proposed antenna array with reflector planeisgivenin Fig. 4. Structureisworking in
frequency range from 5.85GHz to 6.05 GHz, which is around 50 MHz lower than operating range of the shifter.
This can be explained by the influence of dipoles added at the end of shifters, which practically increase the
length of feeding line. We obtain the scanning range between 102.2° and 136.4° for frequency range of 5.85-
6.05GHz. Frequency sensitivity is 17.2° per 100 MHz. Maximum gain is 12.9 dBi, and it decreasesto 10.3 dBi at

the lower edge of working bandwidth, but most of the main beams have gain above 12dBi. The first sidelobe
level variesfrom 8.78 dB in the best case to 7 dB in the worst one.
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Fig. 4. Simulated radiation patterns for different Fig. 5. Antenna VSWR versus Frequency.

frequencies (H-plane).

Fig. 5. depicts VSWR of the antenna at the end of the balun at input impedance of 50 Q (unbalanced). The
VSWR can be adjusted at desired value by inserting impedance transformer between antenna and balun. VSWR
shown in the picture has the worst value at 5.85 GHz which is 2.25, and in the rest of the range its characteristics
are much better.

Fabrication, experimenta verification and validation of proposed structure are in progress and will be
presented at the conference.

V. CONCLUSION

In this paper we present the frequency scanning array antenna with eight printed antiresonant dipoles and
feeding structure consisting of left-handed unit cell as a phase shifter. Phase shifter comprises four SRRs coupled
with transmission line and via connecting both strips of balanced microstrip line. Proposed structure is very
simple compared to the similar frequency scanning antennas published so far, since both, antenna elements and
feeding structure are integrated on the same dielectric substrate. We achieve the beam scanning of 34 degreesin
200 MHz frequency range with gain mostly over 12 dBi. Scanning sector is 30° shifted from broadside direction,
but can be changed adding one more left-handed cell.
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Abstract — We present a novel design of frequency-scanning
array antenna which consists of eight antiresonant dipoles fed by
balanced microstrip line. Feeding network contains four
elongated split-ring resonators (SRRs) placed between dipoles to
increase the frequency dependant phase difference between
radiating elements. Split-ring resonators are with gap parallel
and far from microstrip line that provides better matching in a
wider frequency range in comparison to the similar SRRs with
gap close to microstrip line. The beam scanning is found to be
AB=36" with frequency variation in the range from 5.7GHz to
6.1GHz and a very flat gain between 12.5 and 13.6dBi.

Keywords — Frequency scanning antenna, Phase shifter, Split-
ring resonator.

I. INTRODUCTION

The frequency-scanning antenna is a special case of a
phased array antenna and also kind of travelling-wave
antenna. The beam-scanning occurs by changing the
frequency of the input signal which causes a phase-shifting on
transmission line between radiating elements of the array. In
the design of frequency-scanning antennas the most important
issues are: the range of scan angle, the required frequency
bandwidth and the loss in the travelling-wave structure which
is very critical to the antenna gain.

Frequency scanning antenna fed at the center frequency of
6GHz by 2k, long meander balanced microstrip line is
presented in [1]. The antenna array exhibits a wide scanning
range of about 50° but requires frequency variation in the
range of 20%, that is usually unavailable at lower frequency
bands. Similar approach of using low loss transmission line
for phase shifting is proposed in [2]. Antenna is realized on 3-
layer substrate and exhibits a wide beam scanning of 73° with
rather pour frequency sensitivity of 43.24°/GHz. Narrowband
frequency scanning antenna with considerably improved
frequency sensitivity of 1.64°/MHz is presented in [3]. That
antenna exploits band-pass filters between individual antenna
elements to provide additional phase shift, but disadvantage is
a pretty high insertion loss in feeding network that
considerably reduced antenna gain. So, the scanning antenna
of 11 radiating elements exhibits the gain of -6dBi. In our
previous work [4] we proposed scanning antenna array with
phase shifter that consists of SRRs with gaps parallel and
close to microstrip line. Although the obtained frequency
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sensitivity of 0.17°/MHz is a pretty good, the main drawback
is the gain variation of 2.5dB during the frequency scan.

In this paper we propose a frequency scanning antenna
array with the increased gain, scanning range and a
considerably better gain flatness and reduced sidelobe levels
in respect to our previous design. It is achieved with different
position of the gap in split-ring resonator that improves
antenna matching in a wider frequency range. Maximum gain
is 13.6dBi with variation of 1dB within the scanning
bandwidth.

Il. ANTENNA DESIGN

Antenna array consists of eight identical antiresonant
dipoles fed by balanced microstrip line as it is shown in Fig.
1. One half of the dipoles are printed on one side of dielectric
substrate and the other half on the other side. Structure is
designed for dielectric substrate Rogers 4003 (g = 3.55,
h=1mm, tand=0.0027). Dimensions of the dipole are
optimized to be around 400 Q with WIPL-D Pro [5], full-
wave electromagnetic simulations based on the method of
moments. Distance between dipoles in array is 0.5, i.e.
25 mm at 6GHz. Transition from the balanced to unbalanced
microstrip line is performing with the balun. The antenna
array is positioned above the reflector plane at distance of a
quarter wavelength in the air.

SRR shifter is designed with single left-handed unit cell
which comprises four SRRs coupled with balanced microstrip
line and metal via connecting the upper and the bottom strip
of balanced line, as it is shown in Fig. 2. Two SRRs are
placed at the upper side of dielectric substrate, while the other
two are on the bottom side.

The coupling between SRR and balanced line is proved to
have a great influence on overall shifter characteristics, so it
was essential to maximize that effect. It is done by changing
the shape of SRRs, so instead of mostly used square SRR
structure we apply here SRRs which are elongated along
microstrip line. Characteristics of optimized SRR phase
shifter are shown in Fig. 3.

I1l. RESULTS

Proposed shifter has 3dB-bandwidth in frequency range
from 5.8GHz to 6.3GHz, with reflection loss of 24.5dB and
transmission loss of 0.6dB at the central frequency. SRR
shifter is basically a band-pass filter, due to presence of both
SRRs and via, as can be seen in Fig. 3. According to the phase
characteristics of Sy, that is linear from 5.7 to 6.1GHz, SRR
shifter provides almost linear change of the scanning angle as
a function of frequency. Phase shifters are designed



independently as two-port network, i.e. without dipoles. The
arrows in the Fig. 2. mark the excitation ports of the shifters
used in simulation.

Dipoles

Via

Balun

Fig. 1. Printed antenna array with phase shifters

Dipole

Fig. 2. Layout of SRR phase shifter with relevant dimensions:
I, =7.2mm, w; =0.4mm, L =25 mm
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Fig. 3. Simulated S-parameters of proposed shifter

Radiation patterns of the proposed antenna array with
reflector plane are given in Fig. 4. To demonstrate the
influence of phase shifters to the antenna scanning range we
added in the same diagram the scanning beams of the antenna
when SRRs and vias are moved, i.e. without shifters. It can be
seen that scanning range is very narrow about 8.5° in respect
to 36° when shifters are added. Antenna is working in the
frequency range from 5.7GHz to 6.1GHz, and center of the
bandwidth is shifted down for about 50MHz in respect to the
center of shifter operating bandwidth of 6.05GHz. This can be
explained by the influence of the dipoles added at the end of
shifters which effectively increase the length of feeding line.
We obtain the scanning range between 105° and 141.2° for
the frequency range of 5.7-6.1GHz. Frequency sensitivity is
0.09°/MHz that is almost half of the sensitivity of the antenna
array in [4]. Maximum gain is 13.6dBi, and it decreases to
12.5dBi at the edges of the working bandwidth, but the most
of the main beams have the gain around 13.5dBi. The first
sidelobe level varies from 9-10dB in the most cases except at
6.1GHz when increases up to 6.8dB.

Fig. 4. Comparison of the radiation patterns for the scanning
antenna array with and without phase shifters (H-plane)
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Fig. 5. Antenna VSWR versus frequency at the end of balun

VSWR of the antenna array with balun is shown in Fig. 5.
It can be seen that VSWR is bellow 1.5 in the frequency range
5.8-6.1GHz and exhibits the worst value of 2.5 at 5.7GHz.
The VSWR can be adjusted additionally to the desired value
by inserting the impedance transformer between the antenna
and balun.

I1l. CONCLUSION

In this paper we present the compact frequency scanning
array antenna which consists of eight antiresonant dipoles and
feeding structure with left-handed unit cell as a phase shifter.
Phase shifter comprises four elongated SRRs coupled with
transmission line and via connecting both strips of the
balanced microstrip line. Proposed antenna is very simple
compared to the similar frequency scanning antennas
published so far, since both, antenna elements and feeding
structure are integrated on the same dielectric substrate.

Proposed antenna exhibits considerably  improved
characteristics in respect to our previous design based on a
similar concept. It is shown that antenna has the increased
gain (about 13.5dBi), scanning range of 36° and a
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considerably better gain flatness within 1dB and reduced
sidelobe levels (mostly between 9 and 10dB) in respect to our
previous design.

Frequency sensitivity is reduced to 0.09°/MHz that is
almost the half of the sensitivity of our previous antenna
array, but due to a good matching, the antenna characteristics
are not degraded. Scanning sector is 35° shifted from
broadside direction, but it can be changed adding one more
left-handed cell or using substrate with lower dielectric
permittivity. Fabrication of the antenna and experimental
verification of the proposed design are in progress and will be
presented at the conference.

Fabrication, experimental verification and validation of
proposed structure are in progress and will be presented at the
conference.
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MojenoBame BUIIIECIOJHUX CTPYKTypa
nporpamoM WIPL-D AW Modeler

Hukoma M. bomkosuh, /lejar B. Tommh n Munka M. [Torpebuh

Cadpacaj — OBaj pan mpeacraB/ba Ha4YMH 3a epuKacHo
Mo/ieJIOBame CI0KeHe eJJeKTPOMarHeTcke CTPyKType nmomohy
asata AW Modeler, koju je cacraBuu aeo copreepa WIPL-D
Microwave Pro. HMcrakHyTe cy HpeIHOCTH Y OIHOCY Ha
JUPeKTHO MonedoBame y ajgatry WIPL-D 3D EM Solver.

IIpukazan  je  npumep MOJEJIOBAalba  OKJIOIULEHOT
MHKPOTAJACHOT BHIIECIOjHOT (PUITPA.
Kwvyune peuu — AW Modeler, ejexTpoMarnercka

anaausa, puarap, CAD, WIPL-D 3D EM Solver.

1. YBOA

A3BOJ pauyHapcke TexHuKe oMOTyhHo je 1a ce CKopo

CBM KOpallM y TOKY paJia Ha HEKOM IIPOjeKTy MOry
UCIIPATUTHU TIPEKO KOMIYTEPCKHX CUMYJIAlIMOHUX MOJIENa.
CAD (Computer Aided Design) je mocrao CHHOHMM 3a
Halpe[Hy HMHXEHEePCKy IMpakcy. Ymnorpeba mnpaBor
COo(TBEepCKOr IaKeTa MOXE Hac JHUIOIMTH IHoTpede 3a
U3paZioM CKYIHUX J1JabOpaTOPHjCKUX MPOTOTHUIIOBA, KOJU CY
HeKaJl OWJIM HEONXOJHU 3a BepU(PHUKAIHjy CBAKOT KOpaka
MIPOjeKTOBAMKA.

Pax cBakor codTBepa Ha TOJBY EJIEKTPOMAarHeTCKe
aHAJIIM3e ce TeMeJbH Ha 1Ba Kopaka. [IpBu je MmoryhHOCT na
ce reomMerpuja GU3MIKOT 00jeKTa eUKACHO NMPEICTABH Y
00NMKY CHUMYJIAIMOHOT Mojena. JIpyru je ma ce W3BpIIn
yCIeNIHa TPOJMMEH3HOHAIHA €JICKTPOMarHeTcKa aHain3a
CUMYyJIaloHOTr Mojiesia. CUMyNIaTopH 10Jba Ce TeMeJbe Ha
HYMEpUYKHM MeToJaMa 3a pellaBame MaKCBelOBHX
jeaHaumHa. Y 3aBUCHOCTH OJi NpPHCTyna mnpolbiiemy, Tj.
HyMEpHYKe METOJIe Koja ce IPUMEYje, UMaMo Pa3InInuTe
CHMYJIaTOpe, CBaKM ca CBOJUM MPEAHOCTHMAa M MaHama.
I'enepanHo cMO 3aMHTEpeCOBaHHU 3a 100Hjambe napamerapa
pacejama (S-mapamerapa) WIM CKBUBAJICHTHOT MOJENa
KoJla 3a Jary CTPYKTypy, aiu uMmamMo MoryhHocT na
BUJIMMO PpACIOJIeNly MAarHeTCKOT M eJIEKTPHYHOT I10Jba,
pacroey HOBPIIMHCKHX CTPYyja CTPYKTYpe U Ia BHAUMO
Kako y CYIITHHH JaTa CTPYKTypa (YHKIHOHHIIE.

HcrpaxkuBame Yy OBOM paxy je (UHAHCHpPaHO Of
MuHucTapCcTBa MPOCBETE M HAayKe y OKBUPY Hpojekta TR-32005.

Hukona M. bomkosuh, Enekrporexnudxu ¢axyarer, YHUBEP3UTET y
Beorpany, ByneBap kpasba Anekcanapa 73, 11120 Beorpax, Cpouja
(e-mail: nikola.m.boskovic@gmail.com).

cTpaHe

CodrBepcka onTHMH3ALKja MOXE JOBECTH IO M3MEHa
CTPYKTYpa Yy TpaBly KOjU C€ paHHMje HHje MOrao
3aMHCIUTH. [la OM HEKH eJeKTPOMAarHeTCKH CHMYJIaTop
Jla0 TpenusHe pesyiaTare oH (pakTHYKM Mopa Ja y3Me y
003Up CBE TEOPHjCKE MPETIIOCTABKE, CKaJIUpaHe 0
onpehene taunoctu. [IpenmsHuju Momen nmaje MoryhHOCT
3a noOujame O0JBHX pe3yiTara, ajgu Takohe U moTpedy 3a
BehMM padyHapckuM pecypcMMa U peJaTHBHO JIyro
Tpajame cumyiaimje. Tako 1a je KOHa4YaH pe3ynaTaT yBeK
KoMITpoMucC u3Mely oBux (akropa.

II. AW MODELER

[lwb oBor pasa je Ja NpUKaXe NPUHIMO paja u
MoryhHoctn amata AW Modeler, koju je cactaBHH [e0
coprepa WIPL-D Microwave Pro, y3 ymopenun npukas
MozenoBama y amary WIPL-D 3D EM Solver, umja je
IpUMapHa CBpXa H3BPIIABAKE  EJIEKTPOMAarHETCKHX
cumynanuja. [Ipukasanu cy nmpobieMu Koju ce MpH ToMe
jaBibajy, 300T KOjUX je TPOjeKTOBamE BHIIECIOjHUX

CTPYKTypa  TOTOAHHWje  M3BPIIUTH Yy  HOporpamy
AW Modeler. Ha «xpajy cy mpuKa3aHH pe3ynTaTH
CUMYyIaImje.

WIPL-D 3D EM Solver, koju je y ckiony WIPL-D
Microwave Pro makera, je Bpjo mMohaH M CBeoOyXBaTaH
CHUMYJIATOP EJIEKTPOMArHETCKUX CTPYKTYpa. Y HeMy je

ocuM  cuMyjanuje, Moryhe aMpekTHO (opMmupame
NPaKTHYHO OWJI0O KOje eNIeKTPOMAarHeTcKe CTPYKTYpE,
KOMOWHAIMjOM  IUIoYa,  JKHMIA  WIH  CJIOXKEHHX

TEOMETPHjCKIX O0jekara M TO OOMYHO Ha BHIIEC HAYUHA.
Moryha je cuMynanuja MeETaTHUX W OUEICKTPUIHUX
CTpyKTypa, IITO oOTBapa MoryhHocTH ymoTpebe 3a
MPOjeKTOBalkE¢  aHTeHa,  pacejaya,  MHUKPOTAJaCHHUX
nacuBHUX Koyia. Kao wu3masHM pesyirath MOTy ce
NpUKa3aTd: pachojena CcTpyja Ha JaToj CTPYKTYpH,
3payera y JaleKoM I0JbY, pachojese y OJMCKOM IoJbY,
UMIeIaHca, aJMuTaHca, S-mapametpu. Moryha je
HMIUICMCHTAIlMja OIIKja KOje MOJENIyjy pasHe BpCTe
ryouraka. Ilpucyran je nobap mHTepdejc 3a AeTEeKUHjy
rpemraka y nusajay. Moryhie cy passe ommuje 3a mosehame
NPEeUU3HOCTH cuMmyianuje. KOpUCHUK y CBaKOM TPEHYTKY
MOKE U3BPIIMTH LEJIOKYNHY HHCHEKIHjy MOJea.
Pesynratn cBake wuTepauuje He INpHKasyjy ce oxMax
rpadpuakn. OHH ce CKIAIMINTE y CUCTEMCKHAM (hajioBIMa
anara, ma je Moryha HemocpeIgHa MHCHEKIHja TPEHYTHHX

Hejan B. Tomwmh, EnextporexHuuku ¢akynrer, YHHUBEP3UTET Yy pesyiiTara.
Beorpany, ByneBap kpasba Anekcanapa 73, 11120 Beorpax, Cpbuja,
(e-mail: tosic@etf.rs).
Munka M. Ilorpebuh, Enexrporexnuuku ¢axynareT, YHUBEP3UTET y
Beorpany, ByneBap xpama Anexcanngpa 73, 11120 Beorpan, Cp6uja,
(e-mail: milka potrebic@etf.rs).
978-1-4577-1500-6/11/$26.00 ©2011 IEEE 1360



MokeMO MOCTaBUTH NHTame NOTpede 3a KopuinhemeM
amata AW Modeler. Ogmroop  MoxeMo  IoOHTH
aHamM3Mpajyhu mpocTy CTPYKTYPY MUKPOTPAKACTE aHTCHE,
y 0OnmMKy KBajapaTHe 3akprie, moxaenoBane y WIPL-D
3D EM Solver, ciuka 1.

(a) ©) (®)
Cnuxka 1. KopucHHYKa cerMeHTaIlja aHTeHE Y 00INKY
kBagpaTHe 3akpne y anaty WIPL-D 3D EM Solver

(a) HerpaBwiHa, (0) MpaBHITHA, (B) OITHMAITHA.

Objekar  mpencTaBjbaMO  IMPEKO  oxarosapajyhmx
IpajMBHUX  €JE€MEHaTa, Tj. BPIIUMO KOPHCHHYKY
CerMeHTaIjy aaror o0jeKkTa, Ha OCHOBY KOTa C€ BPIIH
CeTMEHTaIlja OX CcTpaHe codTBepa 3a CHMYJIALH]y.
OcHoBuu rpamuau Oiok 'y WIPL-D 3D EM Solver je
KBaJIpUJIaTepajHd IMOJNMroH. CBH NPUCYTHH TI'paJvBHH
6110K0BHU Tpeba Ja Oyay YKIIOIIJBEHH Tako J1a ce MelycoOHo
He mpecenajy. Ako gohe mo Tora, Owhe cUTHaIM3UpaHa
rpelika, Ha CJIMIM la je mpHKa3aH TakaB ciiy4aj. Y CBUM
YIJIOBUMA LIEHTPAIHOT TMOJHMIOHA MPUCYTHA je rpelika y
TI3ajHY.

Ja 6u ce To M30erio MOryhHOCT je Ja ce CBaKu €HTHTET
KOjU je MpHUCYTaH y MOJENy OKPYXH TOJHWTOHMMa KOjH
TayHO HaJIe)Xy Ha HETOBE CTPaHE U MOKJIAMNajy ce ca HhHIMa,
ciuka 10. IIpasHune m3Mel)y BHX MONMyHBEHE Cy MambUM
KBaJIpaTHUM NoyuroHuMa. OBakBa CTPYKTypa je KOpEeKTHa
U MOXe ce cuMynupaTH. MehyTuM, MOZen MOKeMo
HAIpaBUTH M Kao Ha cimIM |B, Tae je Opoj moIMronHa
MHUHHMaJIaH, Tj. CTPYKTYpa je ONTHMAaJIHO HallpaBJbeHa.

Bpoj monmrona koju OKpyXyjy HEHTpadHH je 8§ 3a
ciydaj o 16 u 4 3a ciryuaj oz 1B. 3a OpKy cuMynanujy
O]l WHTEpeca HaM je Ja CTpyKTypa Oyle ONTHUMAaJHO
KOHIIMIHpAaHa. 3a OBy CTPYKTYpPY, pa3inKa oX 4 MOJIMIOHa,
He yTH4e 3HauajHO Ha Tpajame CUMyJanuje, MehyTuM ako
MpaBUMO BEOMa KOMIUIMKOBaH BHUIICCIOJHH MOJIEI,
ONTUMANHY KOPUCHHYKY CErMEHTalWjy je TOTOBO
Hemoryhe py4yHo HampaBuTH. [IpaBibeme CTPYKType IO
MPUHIMITYy OHE ca ciuke 10 je jormyaH Kopak. bpoj
MOJIMTOHA Taja MoOXe OWUTH OrpoMaH, M BHIIE XWIbaja.
Camo pyuHo moBesuBame monurona y WIPL-D 3D EM
Solver Moxe OWTH BeoMa BPEMEHCKH 3aXTEBHO,
UCLPIUbYjyhie U CKJIOHO YeCTHM Tpelikama, HapO4UuTO aKo
ce MpaBH BeNMKA Opoj IOJMrOHA Ha BEOMa MajoM
pacrojamy.

Pememe 3a oBe mnpobiemMe HyIu yHpaBo Iporpam
AW Modeler, xoju je cacraBuum neo codprBepa WIPL-D
Microwave Pro. KopucHuk nma moryhHocT aa (axkTudxu
Op30 ¥ jemHOCTaBHO (hopMHUpa OMIIO KOjy MHKPOTPAKacTy
CTPYKTYpY, a Jja HIOTOM MoJeJ JupekTHO u3Bese y WIPL-D
3D EM Solver.

CBH NONUIOHM CYy TAaKO HACANHO YKJIOIJbeHH. Moryhu
Cy pa3HH HayMHH cerMeHTanmje. [IpucTyn MonenoBamy y
AW Modeler je naenrtnuan texuuuu imaging y WIPL-D
3D EM Solver. TlpBo je morpebHO (opMmHpaTH Mpexy
(Grid), koja he mpakTHYHO OKPYKMBAaTH CBE CHTUTETE Yy
momeny. Ilpe Tora cBe AMMEH3Hje KOje C€ jaBibajy y
MOJZeNTy TIOTOAHO je HPEeACcTaBUTH mpeko cumboma. Cae
muMmeHsuje gate cy y jemununama (Units), koje ce
KoH(puUTypHITy mocedGHOM onmujoM. Moryh je yruc u3pasa,
4ymja ce BPEOHOCT mpumucyje oxapeheHom cumboiry.
IMoapxaHu cy CBM CTaHAApJHM pPadyHCKU OIEPaTOPH.
Hajmakmie je mohm on jemne mBmie, onromapajyhe oce, a
3aTUM CYKIECHBHO momepatu cienchy numensujy 3a
MeljycoOHO pacTojame Of MPEeTXOAHe, JIOK ce He Johe 1o
cynpotHe uBHie. Ha oBaj HaunH 1o6ujamo cBe JUMEH3H]e,
KOje Cy HaM MoTpeOHe 3a GopMUpPamEe MpeEKe.

IMocMaTpajMo Kao mpuUMep CTPYKTYypy Koja je MoJeln
MHUKPOTAJIACHOT BUIIIECJIOJHOT (pruiiTpa ocTBapeHor nomohy
IBe IUIOYMIE ca MHKPOTPAKacTHM BOAOBHUMa Koje Cy
cnojere mpeko maca. Punrep je oknomseH. JumeHsuje
00e TuIouwmIle Aate Cy Ha CIUIH 2.

Cruxka 2. [Tnounne ¢untapa ca quMeH3ujama y mm.

Ca cimke 2 ce MOXe BHJIETH JIa Ce CTPYKTYpa CacToju
O BHWIIEC pa3IMIATHX CHTUTETa, KOjH MOpajy Outh
MoJiesioBaHn Bojehu mpu ToMe padyyHa O YKIamnamwy
cermenara. [IpBo BpmmMO HM300p paBHU y KOjOj JKEIUMO
na ¢opmupamo HeyHHDOPMHY Mpexy, m3abpaHa je Z
paBaH. Mpexa Moxe OuTH YHH(POpPMHA, Kaga HMamo
MOJjeTHAK paclopen JuHHja Mpexe usMely oxpehenmx
pacrojamba. Heynudopmua, kama 3agajeMo JUHHjE Y
3a[aToj paBHH YMjH Tpecenn (popMupajy 4BOpoBe KOjH ce
MOTy yrpamutu y oxarosapajyhm enrurer. Kommpame
MIPETX0AHO (opMHpaHEe MpeXke je MOrOAHO aKo je HOoBa
MpeXa BpIO CIMYHA CTapoj, pa3jiuKyje ce camo 3a
BpenHoct Z koopauHate. [la 6u Mpexa Ouila BUIJbMBA Ha
pamHoM ekpany AW Modeler HEONMXOqHO je KIUKHYTH y
moJbe Visible. AKO CMO 3aBPIIIIIH pajl ca jeJJHOM MPEKOM,
OBOM OINIKjOM Ta MOXXeMO YkJIoHuTH. OBa ommuja je
BeoMma OWTHa KaJ ce Bpimu Tun cermeHTanuje Along Grid
Lines, koju Ha o0Baj Ha4YMH MOXXEMO JAUPEKTHO Jia
KOHTPOJIUIIEMO.
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[MpoctM ToOBe3MBambeM YBOpOBa, Momohy oxapeheHux
MeHHja, (opMHpaMO MHKpPOTpakacTe BOJOBE KOjH
caunmanajy (QUITap TOpHE IUIOYUIE Ca YBOAHHMIMMA, Ha
BucuHM d = 1,575 mm. JfonesbyjeMo UM ocoOMHE MeTana u
Metamuzanujy on = 0,018 mm, npexo moceOHe ormmmje.
3a cmyyaj WIPL-D 3D EM Solver 6u wmopamu na
(dbopMupaMoO CTPYKTYpy KoOja IpEAcTaBJba METalIHM3aIH]jy
MHUKpPOTPaKacTor BOJA, YWjH C€ TPAJAUBHU EIEMEHTH
MOpajy yKIIanaTy ca CTpyKTypOM MHUKPOTPAKacTOT BOAA.

[Monuronn cy W OBIEe OCHOBHHM T'DaJMBHU €JIEMEHT,
MehyTum oBlie je MOTpeOHO jeIMHO OOpaTUTH MaXy Ja
OHH He OyIy KOHBEKCHH, U Ja ce He (hOpMHPajy TPOyraoHe
CTPYKTYpe, /10K je 3a paznuky o WIPL-D 3D EM Solver,
oBae Moryhe WHXOBO INpeKianame. TakBU MOJIUTOHH CE
MIPEACTaBJbajy Kao jelaH EHTUTET ca OocoOMHaMa 3a/mber
(hopMHUpaHOT MOJIUTOHA.

JlueneKTpyK Ha KOMe ce HaJla3i MHKPOTPaKacTH BOJ ce
MOJKE HAIpaBUTH MPEKO MPO30pa ca YIUTOM, MPEKO Kora
YHOCHMO FberoBe JWMEH3HWje U (QU3UYKe OCOOMHE:
penaTuBHA eNEKTPUYHA IIEPMUTUBHOCT &= 4.4; mUMeH3Hje
X =31 mm, Y =37 mm; Bucuna d = 1.575 mm, u Gupamo
na Oyne uneHtpupan y pgaroj paBHH (X =0, Y =0).
JuenexTpuk ce ¢opMupa on IeT MOJUIOHa MPH YeMy je
JOla CTpaHa OTBOpEHa M 1O MpaBWIy IOKPUBEHA
OeckoHavyHOM caBpieHo npoBoaHoM paBaH, PEC (Perfect
Electric Conductor) cumerpuja. [lomro ce oBne
y3eMJbCHE MPEJCTaB/ba METAJTHOM IUIOYHMIIOM Ha JHY
IUeTIeKTpHKa moTpeOHO je na ce uckibyan PEC cumerpuja.

AKO MMaMo BHIIIE Pa3JIMYUTUX MOJIUTOHA Y UCTO] PaBHU
(TpakacTd BOJ Ha IUENCKTPHUKY), aKo TPBO (HopmMHpamo
JUENEKTPUK, Ia 3aTUM T[IOJMIOHE KOJU HPEACTaBIbajy
TpakacTH BoJ, Hehe OuTh mpobnema, MehyTuMm y oOpHYyTOM
Cllydajy TpakacTd Box he OWTH HEBHIJBHB TIOCIE
dbopMmupama TUEICKTPUKA, 3aTO je Tajga MOTPEOHO
n3a0paTH MOJHMIOHE TPAKACTOT BOAA M MOAECHTH UM
penocnen (Order), na Oyny U3HaA ANENEKTPHKA.

Ha Om ce obe3bemmma Beza u3Mel)ly MHKpOTpakacThx
BOJIOBA W y3eMJbCHa MOTPEOHO je ¢opmuparu Buje. Taj
nocTynak Moxe ce edukacHo ypaautu y AW Modeler.
Kpo3 onmmjy 3a nu3ajH BHja TOjaBJbyje Cce€ YIUT y KOME
YHOCHMO TI0JIOXKa] BHje Kpo3 KoopanHate X u Y, YHOCH ce
neOJpiHa AMeNeKTpHKa Kpo3 KOju BHja Tpeba jJa mpojasi,
Kao ¥ BENIMYMHA WBUIA BUje. Buja je popmupana y oOmuky
HeT NPaBOYraOHMX IIOJIMTOHA, YETHUPU Cy OJ MeTajia U
(dopmupajy 3ua0Be 07 BpXa 10 IHA AWUCICKTPHKA, JIOK je
MIeTH [Iynajb ¥ GopMHUpa PyIly Ha BpXY JHEIEKTPHUKA.

Jla 6u ce o006e30enno wHTEpPEjc ca MUKPOTPAKACTHM
BOJIOBHMA MOTPEOHO je GopMUpATH TOJJIOTY BHje, Koja je
Ha/J0BE3aHa Ha MUKpOTpakacTH Boja. To je ypaheHo Tako
mTo ¢y GopmMHpaHe JBe KOHUECHTPUYHE BHjE Pa3IMYUTHX
BeiauynHa uBHIA: d;=1 mm, d,=0.6 mm. 3aTuM cy Ha
MOBPIIMHYU JIMEJIEKTPUKA, HAa MecTy BHja, (opmupaHu
MOJIMTOHM M3Mely BHja, Tako aa GopMmupajy momiory (via
pad), cimka 3. [lonuroHnMa Koju YHHE TOJJIOTY J0JaTa je
MeTann3anmnja, Kao KO MHUKPOTPAKAaCTHX BOJOBA. 3MIOBH
KOji YHHE BHjy Ca HBHIOM d|, Cy 3aTUM OIaOpaHH H
YKIIOESHH, 0CTaBJhajyhun BHjy ca MBHIIOM d, U TIO/IJIOTOM.
Cse BHje ce hopMupajy Ha UCTH HAYWH.

Cnuxka 3. [Togmora Buje (via pad).

ITo 3aBpmieTky paza Ha TOPHO] IUIOYHIHN, WIACHTHYAH
[OCTyIIaK ~ NpHUMEkYjeMO  Ha  JOHO] IJI0YULIH.
MuxkpoTpakacte BoJOBe (HOPMHPAMO IO MPEXKH 33 JOHbY
IUIOYMILy KOja Ce TOoCTaBba Ha BHCUHY —d =—1.575 mm.
Jonajy ce Buje, MeTanu3almja, a jeJuHa pasjivKa je IITO
CBE BHCHHE Y3UMajy HeratuBaH npen3Hak. KonauaH
n3ries GopMHUpaHUX IUIOYHUNA JIAT je Ha CIIUIH 4.

Cnuka 4. Mojen ca 00¢ MpeKIIobeHE TUIOYHIIE.

Cazma je moTpeOHO W3BPIUUTH OKJIAName MOJENa, MPU
4YeMy je OKJION Ha BHCHHH dp=3.15 mm, OIHOCHO
—dy=-3.15mm, ca apyre crpane Mmiounie. IIpBo je
noTpedHo GopMHpaTH MpEKy Ha BHCHHHU OKJIONa, U TO Y
OBOM CIy4ajy MOTpeOHO je ¢(opMHUpaTH camo jemHy
MPaBOYraoHy CTPYKTYPY KOja OMBHYAaBa IUIOYHMILYy Ha JATOj

BUCUHU. OmabmpamMo  CBe  TONWIOHE  IUIOYHIE
(MUKpOTpakacTe BOIOBE, IIOCTOJbAa BHja, JAUCICKTPHK
n3melly) ¥ T1OCEOHOM ONLMjOM O3HAYUMO BEKTOP

KONMpama 0]l MPEXe IIIOYUIIE O MPEXE OKJIONa. 3aTHM,
CBe KOIMpaHe Iulounne mnpedaryjemMo y Mmetan. Ha oBaj
HAYMH UMaMO MJICHTHYaH pacrope]] IOJMroHa Ha MIOYHIH
U Ha OKJIONy HM3HAJ e, ITO MOXe OWTHO 1a yTH4e Ha
cuMmynaiujy, 300or pacmogene crpyja. [lomTo je
IIMEINEKTPUK OKJIONJECH, FHETOBUM OOYHMM CTpaHaMa
MEHaMO JOMEH Yy MeTaJHU. WJeHTH4Hy npouenypy
BpIIMMO U Ha JIOHK0]j TUIOYHIIH, TAKO J1a JOOHjaMO KOHAYHY

CTPYKTYpY, CIHKa 5.

Crnuxka 5. Usrnen konauHor mojena u 3D mpeceka,
u3Be3eHor u npukazador y WIPL-D 3D EM Solver.

Hajseha mpemmoct amara AW Modeler, mopen
MoryhHocTn 3a 6p30 popmupame mMozena, je epukacHo U
eJIEraHTHO KOHTpOJIMCame Tpoleca cermenrtanyje. [lomro
ce M3BpLIM 0a3WyHa MoJena CTPYKType, CEerMeHTaluja,
BpIIK Ce Mpoleaypa MmoboJblama 00JnKa, nehHUHUCAHA
moceOHUM (akTopoM KBamurera obmmka. I[lpomenypa
noGoJblIama 3JpyXKyje HeKe IOJUIOHE Y LIeCTOYrao, Koju
Ce 3aTHM JICJIN Y YETBOPOYTJIOBE.
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Ja nu je Heku oOJIMK MOBOJHHHjU OJ] APYror Oupa ce Ha
OCHOBY IIPOCEYHE WJIM MHHHMAJHE BPEIHOCTH (aKTopa
obinka. 3acTymbeHa cy Tpu Thna cermenranuje. Ordinary
koju (hakTHUKK (opMHpa TOJAENy ca HajMamUM OpojeM
YETBOPOYIJIOBA, CAMHM THM aHAJIM3a CE MOXE HM3BPIIUTH
HajOpoke. 300r yera je u uzabpan y oBoM panay. Along Grid
Lines he HaM nmaTw cerMeHTanujy OyX BHIJBHBHX JIMHH]a
Mpexe, IITO MOXKE JaTH OJJIMYHY CerMEeHTalujy, aiu 0poj
eleMeHaTa Moke OMTH Benmmku. Ha oBaj HauWH MOXKEMO
(dbopMupaTH MOIEN CKOpO HICHTUYaH OHOME KOju Ou
¢dopmupanu y WIPL-D 3D EM Solver 1o mpuHIMITY CIIUKE
16. Konauno, Total Imaging he mati cermeHTranmjy koja
he ucehn matu mMozen y3umajyhu y 003up CBe mapajeiiHe
monmurone. OBaj Tunm OM OHO HajmoromHUjH, aiu Opoj
eJleMeHaTa KOju BhUME HAcTajy je orpomMaH. 3a MoJel ca
ciuKe 4, NaTu THIIOBU CETMEHTAIMje Jajy CTPYKTYpe Koje
ce penom cactoje ox: 489, 941 u 1509 enemenara.

Ja 6u mMozen morao na Oyne CUMyJIHpaH MOTPeOHO My
je dopmuparu na mpuctyma. ¥ AW Modeler mocroju
mmpo3op 3a ayromarcko (opmupame npucryma. OHH ce
NIpeACTaBibajy y OONMKY Tpamne3ouIHe CTPYKType Koja
kpehe on yBomHMKa OO0 Yy3eMJbeHa y HOAHOX]Y
nuenexTpuka. 3 merosor cpeaumTa kpehe xxuma, koja ce
Cy)XaBa /10 HyJTOT IIPEYHHKA Ka y3eMJbembY, ofakie kpehe
reaeparop. OBakas npuctym he OUTH QYHKIMOHATIAH caMO
3a Cydaj Jla je y3eMJbeHhe¢ MOJEIOBaHO Kao OECKOHAYHO
Benuka nposoaaa pasaH (PEC cumerpmja). Kako To oBne
HHje choy4aj, Beh je y3eMJpeme MeTalHa IUIOYHIA
KOHAYHHUX JUMEH3Hja, MOTpeOHa je CTPYKTypa MPHUCTYIa
Ol JIBC TpATe30MJHE IUIOYHUIlC ca *kuioM u3Mely, ma je
3aT0 mpuctyne norogHo ypaautu y WIPL-D 3D EM
Solver. 11 oBaj mocao ce MOXE OJIaKIIATH NPUMEHOM
AW Modeler. Ha MecTy y3emibema e HaJleKe Tpares3
mpuctyna Tpeba  GOpMHUpAaTH  METalIHY KBaapaTHY
CTPYKTYpY YMja Ce MBHIA MOKJIANa ca MBUIOM INPHCTYTIA.
Ibena jemuna yiora je ma 00e30equ TaKBy CEerMEHTALH]Y
koja omoryhaBa noOpo yKiamame Tpame3a IpHCTYIa,
ciKa 6.

Cnuxka 6. U3rien npuctyna opMHpaHOT HAKHAIHO Y
WIPL-D 3D EM Solver.

Bumimo 1a je ropma miouniia GopMHpaHa U3 JBa JIena,
jep ce YBOJHHUK Ha KOjU ce HaJaoBe3yje Takolje cactoju u3
JBa Jena, ma je moTpeOHO ykianawe. Jlomu Tpames ce
cacToju W3 jemHor xena 300rT NpeTxonHo (opMupaHe
KBaJpaTHE IUIOYUIIE HA Y3eMJbCHY. 3aTHM, BpIIUMO
bopMmupame Kulle, NPEYHHKA [OE HBHULE Tparesa.
Honajemo reHeparop pedepeHTHOr cMepa O y3eMJbCHa
Ka YBOIHUKY, U crojeBe (Junctions). CriojeBu omoryhasajy
MpoToK cTpyje m3Mehy xwmme u tmwmounma. Cama je
moTpeOHO TOAECUTH TapaMeTpe CUMYIIaIlHje.

Oncer anamuse je on 0,3 GHz mo 3 GHz, uBuyna
cermenTanja je 50% u 0,3975 mm, y3er je y 003up
epekar xpamaBocTH. ['yOWIM, KOju Cy JaTH IIPeKo
TaHrenca yria ryburtaka tand =0.002, ce mojeuiaBajy
IIPEKO HMarvHapHOT Jejla KOMIUICKCHE eJEeKTpUYHE

MIEPMHUTUBHOCTH &, U3pa3 1.
C £
g =& +je, tand=—,
& (1)

£ =—¢, -tand = —4.4-0.002 = —0.0088.

MuHyc ce cTaBjba y CaMOM CHMYJIaTopy, jep cy y
nutatby ryounu. Jla Om ce moBehanma mnpernuzHOCT
pacmozene cTpyja kopuctu ce ommuja Current expansion
enhanced 3.

III. PE3VJITATU

[Mpuka3z pesyarara cumynamuje y WIPL-D 3D EM
Solver je nat Ha couum 7.

/ | \
-24.00 / i {
-32.00

-40.00 | ! ! | |
0.00 0.60 1.20 1.80 2.40 3.00

Crnmka 7. Pesynratn cumynanuje nooujean y WIPL-D
3D EM Solver.

Ca cimke ce BUIM 1a je IIEHTPaJHA y4YECTaHOCT OKO
1,83 GHz u nma mocroju onpelhena nepopmanuja nodujene
kapaktepuctuke mmehy 1,40GHz wu 1,66 GHz.
KBanureTHnja cermeHTamnuja, OXHOCHO KOMIUICKCHHjH
MOJIell HECYMJBHBO OH JTao 00Jbe KapaKTEPHCTHKE.
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ABSTRACT

In this paper we present a method for efficient modeling
of complex electromagnetic structures by using
AW Modeler, which is an integral part of the software
WIPL-D Microwave Pro. Featured are the advantages over
direct modeling in WIPL-D 3D EM Solver.

In addition, we present an example of modeling an
encapsulated multilayer microwave filter.

MODELING OF MULTILAYER STRUCTURES
WITH WIPL-D AW MODELER
Nikola M. Boskovi¢, Dejan. V. Tosi¢ & Milka M. Potrebié
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Highly Directive Patch Antenna Array for FMCW
Radar at Ku Band

Nikola Boskovi¢, Branka Jokanovi¢, Franco Oliveri, Dario Tarchi

Abstract—We are presenting the design of a highly directive
printed antenna array consisting of 420 identical patch antennas
intended for FMCW radar at Ku band. The array exhibits 3 dB-
beamwidths of 2° and 10° in H- and E-plane, respectively, side
lobe suppression better than 20 dB and gain about 30 dBi in the
frequency range 16.9 - 17.3 GHz. Excellent antenna efficiency
that is between 60 and 70 % is achieved by using optimized series
feeding architecture in the H-plane with both resonant and
traveling-wave feed. Enhanced cross polarization suppression is
obtained by anti-phase feeding of the upper and the lower halves
of the antenna. Overall antenna dimensions are 31 4 X 7.5 4.

Keywords—Antenna array, patch antenna, series feeding
network, radiation pattern.

I. INTRODUCTION

Printed antenna arrays are often used in compact
microwave devices with low Tx power, like FMCW radars
and microwave links for fixed and mobile communications.
The patch antenna is frequently used as the basic radiating
element, in spite of its main drawback, the narrow bandwidth,
i.e. operating range of only few per cents. To make the most
of the patch antenna functionality, a great deal of care is
required in designing the array feeding network. Various
modifications of the patch antenna can be used to enhance the
bandwidth [1]. However, they often use multilayer dielectrics
or probes placed at specific places on the patch, which is very
complicated in the case of an antenna array with large number
of elements.

Using the patch antenna of specific impedance with an
appropriate  feeding network, the desired radiation
characteristics can be obtained.

For feeding the printed antennas with a large number of
elements, series feed is the most frequently used, because it
introduces lower loss compared with corporate feed, which in
turn enables wider bandwidth. Hybrid feeding networks are
also used, which represent a combination of serial and a
corporate feeding [2].

In this paper, we present the design of a high gain
microstrip antenna with patch radiators, which has a very
narrow beamwidth of 2° in azimuth and 10° in elevation, and
operates in the frequency range of 400 MHz at Ku-band.
Antenna is designed to have side lobe suppression better than
20 dB in H and E planes.

Nikola Boskovi¢, Branka Jokanovi¢ are with Institute of Physics,
University of Belgrade, Pregrevica 118, 11080 Beograde, Serbia, E-
mail: nikolab@ipb.ac.rs

Franco Oliveri, Dario Tarchi are with European Commission, DG
Joint Research Centre (JRC), Unit Meritime Affairs, E. Fermi 2749,
Ispra, Italy.

Il. DESIGN OF THE LINEAR SUBARRAY IN H PLANE

Design of the antenna array can be essentially divided into
two phases: design of the linear subarray in H-plane and
design of the E-plane feeding network which combines the H-
plane arrays.

The most critical requirements are related to: (a) 3-dB
beamwidth in the H plane which is supposed to be 2 degrees,
which requires large number of radiators, and (b) meeting the
required characteristics in the frequency range of 400 MHz.

The patch antenna was chosen as a main radiating element

and its impedance is optimized t0 Zp.,=350 Q using WIPL-D
software [3]. Identical square patches are periodically placed
at a distance 44 on the substrate having & = 2.17, tg6=0.0009,
h=0.508 mm. To obtain the 2°-beamwidth in H plane, it is
necessary to have 42 radiating elements in a linear subarray.
This very large number of elements requires the choice of a
series feeding network in order to reduce losses in feeding
lines. In a series fed array the input power comes to the
antenna from one end of the array and therefore the main
beam angle is very sensitive to the frequency change due to
the progressive phase change of the series fed elements. To
avoid scanning of the main beam while changing the
frequency within the 400 MHz band, it was necessary to split
horizontal subarray into two separate halves [4], with 21
radiating elements each. In this way it is achieved that the
main lobe is always pointed in the broadside direction,
regardless of frequency changes.
Feeding points of the subarray halves are not placed in their
centers, but moved towards the center of the subarray, so that
there are 2 x 7 central patches between the feeding points
while the rest of 2 x 14 patches are placed between the
feeding points and the antenna edges, as it is shown in Fig. 1.
Each of the two central parts of the subarray consists of 7
patches placed at distances 44 and connected in parallel to give
50 Q impedance at the feeding point. It explains why the
patch impedance was chosen to be 350 Q. So, the central part
of the subarray is acting like a subarray with uniform
distribution and therefore contributes to the increase of the
array gain. It should be noted that in this part of the subarray
not every patch is matched to the line impedance, but there is
matching only at the array input. By its nature, the uniform
subarray is the resonant series fed array, which, in general, has
a narrower bandwidth with respect to the traveling-wave array
having matching at each element [5].
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Feeding point — [———‘ 1/2 g open circiuit stub %

Resonant feed

Traveling-wave feed

Fig. 1. Right half of the H-plane subarray with two types of series feeding

The part of the subarray between feeding points and the
antenna edges is the traveling-wave array, because the
impedance of the patches is not only matched to the line
impedance at the feeding point, but also at every point where
the patch is connected to the feeding line. Impedance of the
patch (Zyacn=350 Q) in parallel to the 58 Q-impedance gives
exactly the impedance of 50 Q microstrip line. The 58 Q
impedance is obtained by transforming the feeding line
impedance of 50 Q through the quarter-wave transformer of
Z1=54 Q as shown in Fig. 2.

Amplitude distribution in this part of the subarray has an
exponential form which is designed to provide the greatest
possible side lobe suppression and is given by the expression:

Ui=g™*+g™*, q=6/7, i=1..14 (1)
where the chosen g determines the amount of power given to
the radiating element. For 350 Q-patches fed by the 50 Q line,
0=1-Zso/Zpa1cn=6/7. The second term in relation (1) comes
from the power reflected from the ends of the subarray
terminated with A4/2 open circuit stub, so that the reflected
signal returns to the feeding line in phase. From (1) we can
see that distribution in this subarray is exponential.

g rg/4

Zv Zo

|

Fig. 2. Detail of the H-plane subarray near the feeding point

Feeding point

It should be noted that, by varying the ratio of the number
of elements with uniform and non-uniform distribution in the
subarrays, the trade-off between the gain and 3-dB beamwidth
on one side, and side lobe suppression on the other side, can
be adjusted. We have examinated three different amplitude
distributions shown in Fig. 3. which contain different number
of uniformly fed (5, 7, 10) and exponentially fed (16, 14, 11)
elements, respectively. Each distribution is denoted with the
fraction which numerator is equal to the number of elements
with uniform amplitude distribution, while denominator
indicates the number of elements having the exponential
amplitude distribution.

1.0 __WWTT_._.\
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g 0.8 \ \. \_\
= NN
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Fig 3. Different amplitude distributions for H-plane array

Simulated radiation patterns for different amplitude
distributions are given in Fig. 4. It can be seen that the 10/11-
distribution which contains 10 elements with uniform
distribution exhibits very poor side lobe suppression of about
15 dB in the whole frequency band, while the 5/16-
distribution has very good side lobe suppression of about 25
dB, but 3dB-beamwidth is 2.3° that is much wider than
requested 2°.

(@)
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Fig. 4. Simulated H-plane radiation patterns obtained using
different amplitude distributions at: (a) 17.1 GHz, (b) 17.1 GHz,
(c) 17.4 GHz

The 5/16-distribution is clearly the best of three concerning
the side lobe suppression, because of the largest exponential
subarray containing 16 elements. The 10/11-distribution is the
best considering 3dB-beamwidth that is 1.9°, but it exhibits
the worst side lobe suppression. As a compromise the 7/14-
distribution is chosen for the design of H-plane subarray
because it satisfies both requirements. The side lobe
suppression is around 20 dB and 3-dB beamwidth is 2.1° in
the whole frequency range.

I11. DESIGN OF THE E PLANE FEEDING NETWORK

To obtain the required beamwidth of 10 degrees in the E
plane, it is necessary to use ten H plane subarrays: the top five
arrays contain patches placed on one side of the feeding line
while the other five arrays have patches on the opposite side,
in order to reduce unwanted cross polarization radiation. Due

to anti-symmetry of lower and upper antenna halves, they
must be fed in anti-phase in the whole operating band.

Main purpose of the E plane feeding network is to provide
high side lobe suppression in the E plane with satisfactory
gain. Modified Taylor distribution was chosen, which enables
side lobe suppression of more than 30 dB at central frequency.
Amplitude distribution coefficients are calculated by means of
LINPLAN software [6]. The obtained relative amplitude
coefficients are given in Table I, with the same notation as in
Fig. 3. The given distribution was implemented by using
different line impedances of the microstrip line [7] i.e.
quarter-wave transformers.

TABLE|
AMPLITUDE COEFFICIENTS OF THE E PLANE DISTRIBUTION
Uz Uy U3 Uy Us
1 ]0.909 | 0.614 | 0.295 | 0.114

One of four identical E-plane feeding networks is shown in
Fig. 5. It can be seen that corresponding signal levels at the
left and right hand sides are identical, although they feed
different numbers of patches: 7 patches at the central part of
the array and 14 patches at the edge part. The impedance
values are given in Table I1.

TABLE I
IMPEDANCES OF THE E-PLANE FEEDING NETWORK IN ©
Z Z; Z3 Zy Zs Zy, Zy Zas,
Zss
115 100 89.8 79.2 | 70.7 | 63.6 | 86.8 134
rgld rgl4
Us
U4
Us
w—t
=
=4
=
U1*‘{<

E-port

Fig. 5. One of four identical E-plane feeding networks
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IVV. MEASURED ANTENNA CHARACTERISTICS

The antenna is designed using WIPL-D software. Using the
options Symmetry and Anti-Symmetry available in the WIPL
simulator, only a quarter of the antenna is simulated. For the
complete antenna simulation, the number of unknown
variables was 138156. Antenna simulation is accelerated
tenfold by using GPU card TESLA K40C, but the duration of
the simulation is 120 minutes at each frequency, which is still
rather long.

Antenna array is manufactured using photo lithographic
procedure with tolerances of £20 microns that is very good
result since the overall antenna length is about 600 mm.
Antenna is mounted on 6 mm-thick aluminum honeycomb
panel which is low weight (3.2 kg/m? in order to keep
antenna weight at minimum. On the opposite side of
aluminum panel the printed circuit of the Tx/Rx canceller

which provides simultaneous transmitting and receiving
antenna operation. Antenna is connected with the canceller by
6 mm long coaxial cable.

Photograph of the manufactured antenna array is given in
Fig. 6. Overall antenna dimensions are 600 mm x 170 mm and
weight is around 0.5 kg.

Measured normalized antenna radiation patterns at H- and
E-planes are given in Fig. 7. Measured antenna gain is about
30 dBi, with a variation of 0.85 dB in the whole band.
Average 3dB-beamwidth in H-plane is 2.2°and side lobe
suppression is around 20 dB in the whole band. The side lobe
levels in E- plane are considerably lower, first of all due to the
possibility of more flexible control. Hence the side lobe level
is suppressed more than 25 dB in respect to the main lobe,
while the 3-dB beamwidth is around 10.4°. Measured cross
polarization of the array in H- plane is between 31 and 39 dB
below the main lobe.

Fig. 6. Photograph of the manufactured patch antenna array. The antenna footprint is 31 /o X 7.5 Ao
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Fig. 7. Measured radiation patterns for H- and E-plane at:

(a) 16.9 GHz, (b) 17.1 GHz, (c) 17.3 GHz

V. CONCLUSION

This paper presents the detailed design procedure of the
high gain microstrip antenna array containing 420 patches,
and operating in the frequency range of 400 MHz at 17 GHz.
The array is extremely directive in H-plane, with the 3-dB
beamwidth of just 2°, and therefore is more difficult for
controlling the H-plane side lobe levels, while it is easy to
achieve a very high side lobe suppression of more than 25 dB
in the E-plane. The antenna exhibits an extremely good
efficiency, between 60 and 70% in the operating band, due to
the series feeding that is applied along the H-plane subarray.
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Prikupljanje 1 konverzija RF energije u Sirokom
frekvencijskom opsegu

Branka Milo$evi¢, Branka Jokanovi¢, Member, IEEE, Milo§ Radovanovié¢, Nikola Boskovié¢

Apstrakt—U ovom radu je opisano projektovanje osnovnih
elemenata sistema za prikupljanje i konverziju RF energije (RF
energy harvesting) koji radi u opsegu frekvencija od 1 do 16 GHz.
Sistem se sastoji od antene i ispravljackog kola sa detektorskom
diodom. Kori$éenjem nelinearne analize (harmonic balance)
odreden je opseg optimalnih ulaznih impedansi detektorske
diode na osnovu Spice modela proizvodata. Nakon toga,
projektovan je niz koji se sastoji od dve Sirokopojasne
pentagonalne dipol antene, koje su povezane koplanarnim
vodom (CPS). Detektorska dioda se postavlja na CPS vod na
sredini izmedu dipola. Pri optimizaciji antenskog niza se vodilo
racuna da ulazna impedansa antene, na mestu gde se prikljucuje
dioda, bude priblizno jednaka njenoj optimalnoj ulaznoj
impedansi, bar u nekom delu Zeljenog radnog opsega. Na taj
nacin, izbegava se kolo za prilagodenje impedanse izmedu antene
i detektora, koje dodatno komplikuje sistem i unosi slabljenje.

Kljuéne redi—Prikupljanje i konverzija RF
nelinearna analiza, pentagonalni dipoli.

energije,

I. UvoD

Prikupljanje energije iz okolne sredine i njeno koris¢enje za
napajanje elektronskih sistema niske potrosnje koji ne bi
koristili dodatne baterije, danas je veoma aktuelna tema,
posebno za bezicne mreze pete generacije (5G) gde se oc¢ekuje
da ogroman broj senzora bude povezan na mrezu, formirajuci
takozvani Internet stvari (IoT-Internet of Things) [1]. Na ovaj
na¢in se moze iskoristiti solarna energija, energija vetra,
termalna energija, energija elektromagnetnog zracenja,
kineti¢ka energija, itd. Prednost prikupljanja i konverzije RF
energije u odnosu na druge metode je u tome §to je energija
elektromagnetnih talasa u radio frekvencijskom opsegu danas
veoma dostupna, posebno zbog razvoja  mobilnih
komunikacija, kao i bezi¢nih Internet mreza, nezavisno od
doba dana, godi$njeg doba ili sredine u kojoj se energija
prikuplja [2].

Osnovni elementi sistema za prikupljanje i konverziju RF
energije su prikazani na SI. 1. Najpre se elektromagnetno
zraenje prikuplja pomoc¢u antene, zatim se vr$§i RF-DC
konverzija. Kombinacija antene, RF-DC konvertora, tj.
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ispravljaca, i, ukoliko postoji, kola za prilagodenje impedanse,
Cesto se u literaturi naziva zajedni¢kim imenom rektena. DC
snaga dobijena na izlazu ispravljaca se potom skladisti i
koristi za napajanje uredaja niske potrosnje, kao Sto su, na
primer, senzorski ¢vorovi u beziénim mreZzama senzora.
Najvazniji parametri ovakvog sistema su frekvencijski opseg
antene, efikasnost RF-DC konverzije, osetljivost i izlazna
snaga [2].

Kolo za Ispravijatko kolo
prilagodenje

impedanse —Dl—

Upravijanje
prikuplienom
energijom

Aplikacija

Sl. 1. Elementi sistema za prikupljanje i konverziju RF energije.

Ukoliko je poznat polozaj izvora RF zracenja, pozeljno je
da projektovana antena ima veliko pojacanje (usmerenost),
dok je u suprotnom pozeljno da pojacanje antene bude Sto
manje, odnosno da 3dB-§irina antenskog snopa bude $to veca,
da bi se moglo prikupljati zracenje sa svih strana. Antene se
mogu projektovati kao Sirokopojasne [3], ili tako da rade u
jednom [4], ili vige frekvencijskih opsega [5]. Sirokopojasne i
antene koje rade u vise frekvencijskih opsega mogu prikupiti
viSe snage iz okolnih RF talasa, ali najées¢e imaju manju
efikasnost u odnosu na antene koje rade u jednom propusnom
opsegul.

U Tabeli I su date gustine snaga razliCitth javnih
telekomunikacionih  opsega. Ovim  gustinama  snage
odgovaraju relativno mali nivoi snage do maksimalno -15
dBm [6].

TABELAI
GUSTINE SNAGA RAZLICITIH JAVNIH TELEKOMUNIKACIONIH OPSEGA
Opseg Frekvencija Gustina snage
(MH2Z) (uW/m?)
GSM-900 925-960 23.8-256.7
GSM-1800 1805-1880 143.9 - 1560.6
UMTS- 2110-2170 196.6 — 2079.2
2100

Sa obzirom da RF zracenje ima malu gustinu snage,
potrebno je odabrati ispravljacki element sa malim naponom
praga. U dostupnoj literaturi se najéeS¢e koriste zero-bias
Shottky diode [2, 3, 5].

Ovaj rad je organizovan na slede¢i nacin. U drugom
poglavlju je opisan metod kojim se doslo do optimalnih
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ulaznih impedansi ispravljacke diode, i procenjena je promena
izlazne snage u slucaju da ulazna impedansa odstupa od
optimalne. Trece poglavlje opisuje karakteristike antene i
odredivanje opsega ucCestanosti u kome impedansa antene
priblizno odgovara optimalnoj ulaznoj impedansi diode. Na
kraju rada je dat zakljucak.

1. OPTIMALNA IMPEDANSA ISPRAVLJACKE DIODE

Za odredivanje optimalne impedanse diode koris¢ena je
Harmonic Balance analiza u softverskom paketu AWR [7].
Optimalna kompleksna impedansa kojom bi trebalo opteretiti
ulaz ispravljackog elementa zavisi od frekvencije i ulazne RF
snage. Za odredivanje impedanse diode pri kojoj je efikasnost
RF-DC konverzije najveca, potrebno je ta¢no odrediti i
izlaznu otpornost, za koju je u ovom slucaju usvojeno da
iznosi 600 Q.

Harmonic Balance je analiza u frekvencijskom domenu
koja se koristi za racunanje odziva nelinearnih kola u
ustaljenom rezimu rada. U ovoj analizi se odvojeno
posmatraju linearni i nelinearni deo kola. Linearni deo kola
obuhvata naponski izvor, kao i ulaznu i izlaznu impedansu
kola, i najceS¢e se modeluje matricnim Y parametrima.
Pomocu ovih parametara se moze izraziti vrednost struje na
interkonekcijama izmedu linearnog i nelinearnog dela kola.
Nelinearni deo kola, koji u ovom slucaju predstavlja dioda,
modeluje se njenom strujno naponskom karakteristikom.
Simulacija se smatra zavrSenom kada su dobijene struje na
interkonekcijama jednake i pri analizi linearnog, i pri analizi
nelinearnog dela kola, za svaku zadatu vrednost harmonika. U
ovom slu¢aju, razmatrano je prvih pet harmonika. Prednost
koriS¢enja ove analize je u tome $to uzima u obzir efekte koje
analize u vremenskom domenu zanemaruju, kao Sto su
nelinearna kapacitivnost dioda na ucestanostima veéim od
nekoliko GHz, i uticaj reflektovanih harmonika na napon na
diodi [3].

Simulacije su radene na Spice modelu Alpha SMS 7630
diode. Ova dioda je odabrana zbog toga $to se pokazalo da
ima najvecu efikasnost u aplikacijama male snage [3]. Radi
izraCunavanja optimalne ulazne impedanse, izvrSen je veci
broj simulacija na frekvencijama u opsegu od 1 GHz do 16
GHz, i za ulazne snage u opsegu od -30 dBm do 3 dBm. Sema
za koju su radene simulacije prikazana je na Sl. 1. Parametri
koris¢enog Spice modela diode su prikazani u Tabeli 11 [8].

DC Blok
| | RF Priguénica

RF lzvar %5”‘5?530 % R = 6000

Sl. 2. Elektri¢na $ema koriS¢ena pri nelinearnoj analizi Shottky diode SMS
7630.

Z=R+jX
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TABELAII
SPICE PARAMETRI DIODE ALPHA SMS 7630
Parametar Jedinica Vrednost
Is A 5E-06
Rs Q 20
N 1.05
TT S 1E-11
CJO pF 0.14
M 0.40
Ec eV 0.69
XTI 2
Fc 0.5
Bv Vv 2
lgv A 1E-4
V; Vv 0.34

Definicija parametara: Is-struja zasi¢enja, Rs-serijska otpornost, N-
Faktor idealnosti, TT -vreme skladiStenja, Cio-kapacitivnost pri
nultom naponu, M-koeficijent profilisanja, Ec -energetski procep,
XTI-koeficijent temperaturnog skaliranja, Fc-parametar linearizacije
osiroma$enja kapacitivnosti, Bv-napon proboja, lsv-vrednost struje
pri naponu proboja, V; -ugraden napon.

Optimalne ulazne impedanse diode su odabrane tako da se
na izlaznom otporniku R_ dobije maksimalna snaga, za
konstantnu snagu na ulazu. Opseg dobijenih impedansi je
prikazan na Sl. 2. Primecuje se da su dobijene impedanse
pretezno induktivne, i da se njihova induktivnost smanjuje sa
porastom frekvencije.

——-30dBm
——-20dBm
——-10dBm
—— 0dBm
—— 3dBm

-1.0

Sl. 3. Opseg optimalnih impedansi diode SMS7630, dobijen ve¢im brojem
simulacija u softverskom paketu AWR. Simulacije su radene u
frekvencijskom opsegu od 1 do 16 GHz, i za ulazne snage izmedu -30 dBm i
3 dBm. Smitov dijagram je normalizovan na 50€Q.

IzvrSene simulacije su takode pokazale da na nizim
ucestanostima maksimalna vrednost izlazne snaga opada dosta
sporo sa promenom ulazne impedanse u odnosu na optimalnu
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vrednost. Na Sl. 4. su dati grafici promene izlazne snage u
zavisnosti od realnog, dok je imaginarni deo ulazne
impedanse konstantan i odgovara imaginarnom delu
optimalne ulazne impedanse, i od imaginarnog, dok je realni
deo ulazne impedanse konstantan i odgovara realnom delu
optimalne ulazne impedanse za datu ulaznu snagu. Grafici su
dati na frekvencijama od 4 GHz i od 10 GHz, dok je u oba
slu¢aja ulazna snaga -10 dBm. Na frekvenciji od 4 GHz,
izlazna snaga ¢e biti iznad granice od 5% od maksimalne
vrednosti u opsegu od otprilike 80 Q za realni deo ulazne
impedanse, i 70 Q za imaginarni deo. U slucaju kada je
frekvencija 10 GHz, ovaj opseg iznosi oko 25 Q i za realni, i
za imaginarni deo impedanse.

—— Pload(Rin), za Xin=279 Ohm, f=4 GHz i Pin=0.1 mW
—— Pload(Rin), za Xin=116 Ohm, f=10 GHz i Pin=0.1 mW

40
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2
./
=
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®©
o
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an
10 / t
5 \
/ — |
0
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(@)
—— Pload(Xin), za Rin=97 Ohm, f=4 GHz i Pin=0.1 mW
—— Pload(Xin), za Rin=34 Ohm, f=10 GHz i Pin=0.1 mW
40
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=
=
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Sl. 4. Promena izlazne snage u zavisnosti od promene ulazne impedanse: (a)
promena realnog dela impedanse pri ¢emu je imaginarni deo fiksan, (b)
promena imaginarnog dela impedanse pri ¢emu je realni deo fiksan.

I1l. PROJEKTOVANJE ANTENE

Projektovan je antenski niz koji se sastoji od dva
Sirokopojasna  pentagonalna dipola koji su povezani
koplanarnim vodom-CPS (Coplanar Stripline) kao S$to je
prikazano na Sl. 5. CPS je balansni vod koji predstavlja
Stampanu verziju dvoZi¢nog voda i veoma je pogodan za
povrSinsku montazu poluprovodni¢kih komponenata. CPS

ISBN 978-86-7466-752-1

vod ima veoma malo poduzno slabljenje i malu disperziju, a
njegova impedansa veoma malo zavisi od debljine dielektrika,
ve¢ je prevashodno odredena $irinom voda i procepa izmedu
njih, i naravno dielektriénom konstantom supstrata, koji je u
ovom sluéaju Rogers 5008, diclektri¢ne konstante £=2.17 i
debljine 0.508 mm. Pentagonalni dipoli su povezani CPS
vodom impedanse 250 €, koja je dobijena tako Sto je Sirina
vodova 1 mm, dok je za procep izabrana $irina od 1.75 mm,
zbog dimenzija diode SMS 7630. Na Sl. 6. je Smitov dijagram
na kome su prikazane optimalne ulazne impedanse diode, kao
i impedansa antene. Vidi se da postoji opseg impedansi antene
od 8-10 GHz koji je veoma sli¢an impedansama diode, ali je
trend promene impedansi sa frekvencijom razlicit: tako da se
kod antene sa smanjenjem ucestanosti smanjuje imaginarni
deo dok se kod diode povecava. Ipak, postoji zona oko 9 GHz
gde su impedanse antene i diode bliske pri ulaznoj snazi od
oko 0 dBm.

v 15.5mm

SI. 5. Antenski niz sa dva Sirokopojasna pentagonalna dipola i sa
ispravljackom diodom.

1.0j

—— 0dBm
—— 3dBm

—— =30 dBm
—«— -20 dBm
—=—-10dBm

-1.0

Sl. 6. Poredenje optimalnih impedansi diode sa impedansom projektovane
antene. Smitov dijagram je normalizovan na 50€Q.

IV. ZAKLJUCAK

Projektovana je rektena, to jest sistem za prikupljanje i
konverziju RF energije, za rad u Sirokom frekvencijskom
opsegu. Na osnovu Harmonic Balance simulacije Spice
modela Shottky diode SMS 7630, doslo se do optimalnih
ulaznih impedansi diode za koje se na izlazu detektora dobija
maksimalna snhaga, Pioad. Antena je projektovana tako da njena
ulazna impedansa bude priblizno jednaka optimalnoj
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impedansi diode u nekom delu radnog opsega i za odredene
snage gde je to moguce. Na ovaj nacin se otklanja potreba za
kori$¢enjem kola za prilagodenje impedanse izmedu antene i
detektorske diode.

Jo§ neke od prednosti projektovane rektene, u odnosu na
ve¢ postojeca reSenja, su Sirok frekvencijski opseg i male
dimenzije. Takode, od rektena se ¢esto projektuju antenski
nizovi sa ve¢im brojem elemenata, a sa opisanim elementom
bi bilo vrlo jednostavno formirati jedan takav niz.
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ABSTRACT

This paper describes the design of the basic elements of the RF
energy harvesting system that operates in the frequency range from 1
to 16 GHz. The system consists of an antenna and a rectifier circuit
with a detector diode. Using the non-linear analysis (harmonic
balance) and Spice model of the manufacturer, the scope of the
optimum input impedance of the detector diode is determined. After
that, a series consisting of two broadband pentagonal dipole
antennas, which are connected by coplanar stripline (CPS), is
designed. The detector diode is placed on the CPS line between the
dipoles. When optimizing the antenna array, it was considered that
the input impedance of the antenna, at the point where the diode is
connected, is approximately equal to optimal input impedance of the
diode, at least in some part of the desired operating range. In this
way, the design of impedance matching circuit between the antenna
and the detector, which further complicates the system and enters the
attenuation, is avoided.

Broadband RF Energy Harvesting

Branka MiloSevi¢, Branka Jokanovi¢, Milo§ Radovanovic,
Nikola Boskovié¢



Modifikovana peC antena sa proSirenim
opsegom rada

Nikola Boskovi¢, Branka Jokanovi¢, Member, IEEE, Vera Markovi¢, Member, IEEE

Apstrakt—U ovom radu data je analiza modifikovane pec
antene sa bliskim viSestrukim rezonansama Kkoja se moZe
upotrebiti kao osnovni element u nizovima sa proSirenim
frekvencijskim opsegom u odnosu na one sa klasi¢énim pecom.
Modifikovani pe¢ je znatno fleksibilniji za podeSavanje u odnosu
na standardni pe¢, narocito u pogledu prilagodenja.

Kljuéne reéi—Modifikovana pe¢ antena, viSestruki modovi
prostiranja, planarna struktura.

I. Uvob

UPOTREBA stampanih antenskih struktura je dominantna
u svetu prevashodno zbog male cene 1 moguénosti
postavljanja na bilo koju povrSinu. U zavisnosti od specifi¢ne
potrebe prisutna su mnogobrojna reSenja pa se tako kao
zraceéi elementi mogu koristiti peCevi, slotovi, dipoli, kao i
slozenije strukture pefa sa procepom u ground sloju,
kratkospojeni pe¢ sa vijom itd. Najfleksibilnija i
najkompaktnija struktura je svakako pe¢ antena u raznim
varijantama [1], jer kod nje nema potrebe za odvojenim
reflektorom. U najjednostavnijem obliku ona se sastoji se od
metalne strukture raznog oblika (kvadratnog, pravougaonog,
kruznog ili bilo kojeg drugog) koja je nastampana na gornjem
sloju supstrata i ground sloja, odnosno uzemljenja na donjem
sloju koji predstavlja metalnu povrSinu koja se prostire celom
donjom povrsinom supstrata. Ucestanost na kojem ¢e dati pec
raditi je odredena rezonansom Stampane strukture.

Rezonansa se javlja na ucestanosti na kojoj je impedansa
antene Cisto realna tj. gde je imaginarni deo nula. Ova
definicija je presiroka, jer se mogu razlikovati dva slucaja ove
pojave [2]. Stanje kad je realni deo veoma visok i zatim
imamo nagli pad i to je prava rezonansa i stanje kada je realni
deo veoma nizak i zatim postepeno raste i to je antirezonansa,
u oba slucaja imaginarni deo je nula. Antirezonansa i
rezonansa se javljaju u parovima, tj. svaka rezonansa ima
svoju antirezonansu.

Pod radnim opsegom antene se uglavnhom podrazumeva
Sirina frekvencijskog opsega u kome je KST (koeficijent
stoje¢ih talasa) manji od dva, odnosno koeficijent refleksije
antene S1; manji od -10 dB. Raspodeljujué¢i antirezonanse i
rezonanse na odredenim medusobno bliskim frekvencijama
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moze se posti¢i znacajno proSirenje opsega koje u slucaju
klasi¢nog peca iznosi oko 3%.

U slucaju jednostavnih pravilnih oblika peca poput
jednakostrani¢nog trougla, kruga, pravougaonika ili kvadrata,
postoje analiticki izrazi koji povezuju geometrijske parametre
i rezonantne ucestanosti [3]. InaCe svaka rezonantna
ucestanost odnosno par rezonansa i antirezonansa su povezeni
sa odgovaraju¢im modom prostiranja, analiziraju¢i pe¢ antenu
modelom rezonantne Supljine. Mod prostiranja talasa na pec
anteni je TM (transverzalno magnetni), prva tri dominantna
moda pravougaonog peca tipi¢no su TMoio, TMo20, TMo30, ali
to ne mora biti slucaj s obzirom da je dominantnost, odnosno
frekvencija od koje se neki mod moze prostirati odredena
odnosom duzine 1 Sirine pe¢ antene. Sa stanoviSta
prilagodenja postojanje vise modova zna¢i moguénost za
bolje prilagodenje i rad na viSe opsega, medutim sa stanovista
dijagrama zracenja nisu svi podjednako pozeljni, jer u slucaju
pravougaonog peca mod TMoyo daje nulu u broadside pravcu
dijagrama zraCenja, tako da se mora izbegavati. Raznim
modifikacijama na pe¢ anteni mogu se stvoriti i prelazni
modovi tj. modovi koji nemaju ceo broj poluciklusa
prostiranja talasa poput TMoso, gde je 0 < & < 1, koji takode
mogu izazvati pojavu rezonanse. Kao Sto je reCeno u [3] na
pec anteni se prostiru TM talasi, ¢ija je rezonanta ucestanost
za odgovaraju¢e modove data kao:

1 mnY (nmY pr ’ |

D5 ) (2] (F) O
gde m, n, p predstavljaju broj poluciklusa polja duz x, y, i z
ose. Iz izraza (1), za tipian pe¢ dimenzija L > W > h,
dominantni mod tj. onaj sa najnizom frekvencijom je TM¥oio,
ako je L > W > L/2 > h, slede¢i je ortogonalni TM*o, ili ako
je L/2> W > h, mod drugog reda TM*p20. Ako je pak W> L >
h dominantni mod je TM*o1, dok za W > L/2 > h mod drugog
reda je TMX*pp2. Izgled polja za neke modove dat je na Sl. 1 pri
¢emu se oznaka TM* odnosi na transverzalno magnetno polje
u sistemu gde je x-osa normalna na ravan peca.

Kada se radi o planarnom antenskom nizu broj pozeljnih
Stampanih struktura kao osnovnog gradivnog elementa se
znatno smanjuje [4]-[6]. ViSeslojne i pe¢ strukture sa vijama
su obi¢no neprihvatljive, a bilo kakvi useci u ground sloju
tipi¢no otezavaju integraciju, tako da je najpozeljnija struktura
ona koja je najslicnija standardnom jednoslojnom pecu sa
zadovoljavaju¢im osobinama.
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S1. 1. Raspodela polja osnovnih TM modova na patch anteni.

II. MODIFIKOVANA PEC ANTENA

Pec antena sa manjim modifikacijama u odnosu na klasi¢nu
data je na Sl. 2. Moze se videti da je glavna razlika u odnosu
na klasi¢ni pe¢ to Sto postoje dva proreza na zracecoj ivici,
koji su oznaceni na datoj slici. Oni omogucavaju kontrolu
druge rezonanse i njeno spustanje blizu prve rezonanse $to
omogucava Sirokopojasne karakteristike. Glavne dimenzije
samog peca se mogu izvesti po¢ev od nesto modifikovanih
dimenzija za klasi¢an pe¢ koje su izvedene na osnovu
teorijskog TLM modela [3], a date su slede¢im izrazom:

W= 4c 1 6= sr2+1 N srz—l 1

T %

T for - 1+12[hj @

2 w
(e +0.3)(VZ+0.264]
L=%—0.824h =
€
Jo\E e —0.258)(h+0.8)

U datom izrazu parametri 4, €, ¢, fo su redom visina supstrata,
relativna dielektricna konstanta, brzina svetlosti u vakuumu,
centralna ucestanost. U ovom konkretnom slucaju 4, €, fo su
redom 0.508 mm, 2.17, 17 GHz $to na osnovu izraza (1) daje
vrednosti za Wi L kao 8 mm i 5.7 mm. Drzeci ove parametre
fiksne i menjajuéi neki od preostalih parametara datog peca,
mogu se dobiti Zeljene karakteristike.

Sl. 3 prikazuje uticaj parametra Wg (koji se menja u opsegu
od 1.85 mm do 2.25 mm) na impedansu antene. Kao $to se
vidi ovaj parametar se moze Koristiti za nezavisnu kontrolu
polozaja gornje rezonanse, jer se donja znatno manje menja.
Vidi se da se sa povecavanjem Wg gornja rezonansa pomera
ka nizim uéestanostima, takode se procepi smanjuju, tako da
za odredenu vrednost Wg potpuno iS€ezavaju, a sa njima i
druga rezonansa. Zavisnost je odredena koris¢enjem [7].

W

Prorezi

Wg
N Ot
—
L —_—

LW_d)‘

Zin

Sl. 2. Izgled modifikovanog peca sa karakteristicnim dimenzijama.
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Sl. 3. Zavisnost impedanse datog pec¢a u odnosu na parametar Wg. (Sivi
pravougaonici predstavljaju mesta gde imaginarni deo impedanse prolazi kroz
nulu).

[ [ 1
—=— Zreal, Wd=2.55 mm
300 Zimag, Wd = 2.55 mm
Py —A&— Zreal, Wd=2.75 mm
€ —— Zimag, Wd'=2.75 mm
S —o— Zreal, Wd' = 2.95 mm
< 200 —— Zimag, Wd'= 2.95 mm
8 \
c
3
o 100 ~
Q
0 7
-100 + + r } r .
15 16 17 18 19 20

Frekvencija (GHz)

Sl. 4. Zavisnost impedanse datog peca u odnosu na parametar Wd. (Sivi
pravougaonici predstavljaju mesta gde imaginarni deo impedanse prolazi kroz
nulu).



400

ﬁ Zreal,u=3.2 mm

300 Zimag,uv = 3.2 mm|

—o— Zreal,u=4.2 mm
—— Zimag,v = 4.2 mm
—=—Zreal,u=5.2 mm

AN
A"
7|

15 16 17 18 19 20
Frekvencija (GHz)

Impedansa (Ohm)

N

o
o )
/

-100

SL. 5. Zavisnost impedanse datog pe¢a u odnosu na parametar Lu. (Sivi
pravougaonici predstavljaju mesta gde imaginarni deo impedanse prolazi kroz
nulu).

Sl. 4 prikazuje zavisnost impedanse antene od parametra
Wd. Ovde je situacija prakticno obrnuta u odnosu na
prethodnu, tj. prva rezonansa se znatno viSe menja u odnosu
na drugu, mada se u sustini rastom Wd rezonanse medusobno
priblizavaju. Na prvi pogled moze izgledati da ¢e prva
rezonansa i$¢eznuti na ra¢un druge, ali to se ne deSava, posto
je ona dominantna i postoji nezavisno od procepa. Ono do
Cega ¢e doci jeste da se prva rezonansa spoji u izrazeniju
drugu rezonansu $to u principu ne donosi nikakvu prednost,
jer se onda opet dobija antena sa jednom rezonansom.

Kontrola realnog dela impedanse, a da pri tome razmak
izmedu rezonansi ostane konstantan moze se postici
promenom parametra Lu, kao na Sl. 5. Vidi se da se njegovim
povecanjem smanjuje realni deo naroCito onaj izmedu dve
rezonanse, §to je veoma znacajno za Kkontrolisanje
prilagodenja u Zeljenom opsegu.

III. RASPODELA POLJA NA IZABRANOM PECU

Rezonanse izabranog peca se nalaze na 15.8 GHz i 17.8
GHz i njegova impedansa je data Sl. 3 i Sl. 4 za vrednosti
Wg=2.05 mm i Wd= 2.75 mm. Vrednost Lu je 4.9 mm.
Izgled polja i struja je dat na Sl. 6. Izgled polja za mod TM*y10
je dat na Sl. 1a, dok je izgled polja za mod TM*y;» dat na Sl
6e. Posmatranjem Sl. 6b vidi se jasno postojanje jednog
poluciklusa na vrhu antene duz W Sirine, $to odgovara
osnovnom modu sa Sl. la. Na SI. 6d vidi se situacija koja
podseca na onu sa Sl. 6e, tj. vidi se postojanje dva poluciklusa
na vrhu antene duz W S§irine, dok duz ivice L duZine vidi se
postojanje jednog poluciklusa. Sto na osnovu prethodnog
znaci da osnovna rezonansa je posledica moda TM¥p;o dok je
druga rezonansa posledica moda TM¥y,. Kako druga
rezonansa potice od moda koji ima u sebi i ortogonalnu
komponentu u dijagramu zracenja moze se ocekivati
postojanje jace kros-polarizacije u odnosu na standardni
patch. Ovaj nedostatak se moze izbe¢i koriste¢i dva para
peceva u antifaznoj konfiguraciji.

Sl. 7 prikazuje poredenje dijagrama zracenja standardnog
peca na 17 GHz i modifikovanog u ovom radu na 17 GHz.
Vidi se da modifikovani pe¢ ima nesto veéi dobitak i uzi snop
u ko-polarizacionoj H-ravni 1 ocekivano ve¢i nivo

(@

(b)

©

(d)

™ %012
(O]

S1 6. (a) raspodela struja i (b) polja za prvu rezonansu, (c) raspodela struja i
(d) polja za drugu rezonansu, (e) raspodela polja za mod TM%;,,
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Sl. 8. S; parametar osnovne celije niza sa datom pe¢ antenom.

kros-polarizacije, koji u zavisnosti od broja elemenata u nizu i
njihove konfiguracije moze biti manje ili viSe izraZen u zoni
glavnog snopa ko-polarizacione komponente. Vidi se da su u
ko-polarizacionoj E-ravni dijagrami takode dosta slicni, dok
kros-polarizaciona E-ravan za obe antene nije prikazana zbog
dosta niskog nivoa.

IV. KARAKTERISTIKE PATCH ANTENE

Dati model pe¢ antene nije prevashodno predviden da se
upotrebljava kao samostalna antena ve¢ kao deo niza, shodno
tome Si; osnovne éelije niza je dat na Sl 8. Celija je
koncipirana kao sastavni deo linearnog niza kao u [8]. Ulazni
vod je 50 Q, dok izmedu samog peca i izlaznog voda od 50 Q
je vod veée impedanse kojim se moze kontrolisati dinamika
raspodele snage u kolu, samim tim nivo bo¢nih lobova i Sirina
glavnog snopa.

Data antena radi u opsegu oko 17 GHz mada se dimenzije
lako mogu skalirati tako da antena radi i na viS§im i na nizim
ucestanostima. Antena u obliku niza se moze upotrebiti u
antikoalizacionim radarima, point-to-point komunikaciji u
uslovima povecanog ometanja itd.

V. ZAKLJUCAK

U ovom radu data je modalna i parametarska analiza pec¢
antene sa viSestrukim rezonansama. Njena mala razlika u
odnosu na standardnu pec¢ antenu je njena velika prednost, jer
se moze upotrebiti u svim antenskim nizovima sa standardnim
pecem bez nekih ve¢ih modifikacija. Kros-polarizacija je
loSija u odnosu na standardni pec, S§to se moze reSiti
koris¢enjem para modifikovanih peceva u antifaznoj
konfiguraciji. U zavisnosti od konkretnih uslova moguce je
ostvariti viSestruko veéi opseg rada u odnosu na standardni
pec.
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ABSTRACT

In this paper we present the characteristics of the modified patch
antennas with close multiple resonances that can be used as a basic
element in the antenna arrays with extended frequency range than
those with classic patch antennas. Modified patch is much more
flexible, particularly in terms of the matching.

Modified Patch Antenna with an Extended Working
Range

Nikola Boskovic, Branka Jokanovic, Vera Markovic



Antenski niz sa cirkularnom polarizacijom za
radarske sisteme na 24 GHz

Jelena MiSi¢, Nikola Boskovi¢, Branka Jokanovi¢, Member, IEEE, Vera Markovi¢, Member, IEEE

Apstrakt—U ovom radu predstavljen je antenski niz sa
cirkularnom polarizacijom namenjen radarskim sistemima
koji rade u ISM opsegu 24-24.25 GHz, na centralnoj
frekvenciji od 24.15 GHz. PredloZeni antenski niz sastoji se 24
zaseCene pe¢ antene sa cirkularnom polarizacijom. PredloZeni
antenski niz projektovan je i testiran u WIPL-D softverskom
okruZenju. Rezultati su pokazali da predloZeni niz ima dobre
performanse, naime, elipticitet na Zeljenom opsegu je manji od
2 dB, pojacanje je iznad 17 dB, dok je 3-dB Sirina glavnog
snopa zracenja u H-ravni 5.2°.

Kljucne reci—antenski niz; cirkularna polarizacija; ISM
opseg; pe¢ antena; radarski sistemi.

I. UvoDp

Antene su jedne od najvaznijih komponenti u
komunikacionim sistemima. U skorije vreme mikrostrip pe¢
antene su postale veoma zastupljene u razliitim
aplikacijama zbog brojnih pogodnosti, kao Sto su mala
tezine 1 volumen, lako prilagodiva konfiguracija i
mogucnosti integracije u integrisanim kolima [1]. Takode,
ono §to odlikuje ovu vrstu antena je laka realizacije napojnih
vodova i mreza za prilagodenje, koje se mogu realizovati na
zajednickom supstratu sa antenskom strukturom.

Jedna od vrlo bitnih podklasa mikrostrip pe¢ antena su
mikrostrip pe¢ antene sa cirkularnom polarizacijom, koje
imaju Siroki spektar primene u bezicnim sistemima i
satelitskim komunikacijama. Osnovni razlog za ovo je $to se
kod cirkularne polarizacije signal prenosi u svim ravnima,
pa je otporniji na uticaj prepreka i ostalih spoljasnjih uslova.
Takode veoma bitna karakteristika antena sa cirkularnom
polarizacijom je to $to daju odredeni stepen slobode u
orijentaciji prijemne i predajne antene, koji kod linearno
polarizovanih talasa ne postoji. Poslednje navedena
karakteristika je veoma znaajna za radarske, i mobilne i
satelitske komunikacione sisteme u kojima je vrlo tesko
odrzati konstantnu orijentaciju antena, pogotovu prijemnih.
U skorije vreme predloZen je veliki broj razli¢itih pe¢ antena
sa cirkularnom polarizacijom namenjen bezi¢nim sistemima.
U [2] predstavljena je koplanarna slot antena sa cirkularnom
polarizacijom, koja se napaja vode¢im talasom, namenjena
navigacionim i bezi¢nim sitemima koji rade u opsegu 2.2-
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5.2 GHz. Jos jedan tip antene sa cirkularnom polarizacijom
namenjen bezi¢nim sistemima, tacnije RFID i WiMAX
sistemima predstavljen je u [3]. Naime, predlozen je
antenski niz koji se sastoji od dve zaseCene mikrostrip pec¢
antene sa dodatnim slotom. U [3] je pokazano da zasecCeni
tip mikrostrip pe¢ antene proSiruje frekvencijski opseg
antene 1 redukuje koeficijent stojeeg talasa. Jedna od
modifikacija zaseCene pe¢ antene, odnosno pe¢ antena koja
je zaseCena samo na jednoj strani, umesto na dve suprotne
strane, predstavljena je u [4]. Takode, u [4] je pokazano da
mikrostip zaseCena pe¢ antena sa cirkularnom polarizacijom
ima za oko 24.6% manje dimenzije od konvencionalne
pravougaone pec antene.

Antene sa cirkularnom polarizacijom se retko koriste
pojedinacno, zbog malog pojac¢anja. Naime, mnogo se ¢esce
primenjuju antenski nizovi sa cirkularnom polarizacijom,
koji su najcesée realizovani tako da je broj elemenata po
svakoj od dve ose jednak. Ovakav nadin organizacije
antenskih nizova uslovljene je zahtevom za elipticitetom,
koji predstavlja odnos komponenti elektricnog polja po
osama prostiranja. Naime, dodavanjem antenskih elemenata
po nekoj od osa favorizuje se komponenta polja po toj osi i
degradira elipticitet. Bas iz tog razloga skoro svi do sada
predstavljeni antenski nizovi su kvadratnog tipa. Antenski
nizovi kvadratnog oblika od Cetiri i Sezdeset i Cetiri antene
sa cirkularnom polarizacijom koji rade u Ka opsegu
predstavljeni su u [5]. Jo§ jedan antenski niz od Sezdeset i
Cetiri zaseCene mikrostip pe¢ antene sa cirkularnom
polarizacijom kvadratnog oblika, namenjen aplikacijama u
ISM (Industrial, Scientific and Medical) opsegu na 2.4 GHz
predlozen je u [6]. Pored karakteristika predlozenog niza, u
[6] dat je detaljan opis projektovanja mikrostrip pe¢ antena
sa cirkularnom polarizacijom.

Mikrostrip pe¢ antena sa cirkularnom polarizacijom
namenjena radarskim sistemima predstavljena je u [7].
Takodje, 8x8 antenski niz namenjen radarskim i satelitskim
sistemima koji rade na 29 GHz, safinjen od mikrostip
antena sa cirkularnom polarizacijom, predstavljen je u [8].

lako predstavljeni kvadratni nizovi imaju dobre
performance, danas se akcenat stavlja na linijske nizove sa
cirkularnom polarizacijom, koji su kompaktniji od
kvadratnih nizova. Medutim, linijski raspored antenskih
elemenata dovodi do degradacije elipticiteta. Zbog toga je
vrlo mali broj studija odraden na temu linijskih antenskih
nizova sa cirkularnom polarizacijom. Jedan od takvih nizova
namenjen je aplikacijama u Ku frekvencijskom opsegu, ali
sa samo 4 antenskih elemenata dat je u [9]

U ovom radu predstavljen je nov nacin poboljSanja
elipticiteta linijskih antenskih nizova sa cirkularnom
polarizacijom baziran na dodavanju antenskih elemenata
suprotne  cirkularne  polarizacije.  Predlozeni  nacin
verifikovan je na antenskom niz od 24 zasecene mikrostrip
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pe¢ antene sa cirkularnom polarizacijom koji radi u ISM
frekvencijskom opsegu B tipa namenjenom
radiokomunikacijama, tacnije u opsegu 24-24.25 GHz, na
centralnoj frekvenciji od 24.15 GHz. Po saznanju autora ovo
je prvi linijski antenski niz sa veéim brojem antenskih
elemenata sa cirkularnom polarizacijom.

Rad je organizovan na sledec¢i nacin. U Sekciji 11, date su
opste karakteristike i najc¢eSce koriS¢ene mikrostrip pec
antene sa cirkularnom polarizacijom. U Sekciji 111, dat je
detaljan opis predloZzenog antenskog niza sa cirkularnom
polarizacijom. U Sekciji IV, predstavljeni su rezultati
simulacija antenskog niza. Konacno, zakljucak i smernice za
bududi rad izloZeni su u Sekciji V.

II. MIKROSTIP PEC ANTENE SA CIRKULARNOM
POLARIZACIIOM

Mikrostip pe¢ antena je najce$Ce dizajnirana tako da
generiSe linearnu polarizaciju. Medutim, mikrostip pec
antene sa cirkularnom polarizacijom imaju mnogo prednosti
u odnosu na mikrostrip pe¢ anene sa linearnom
polarizacijom, bilo vertikalnom ili horizontalnom. Naime,
ove antene su mnogo otpornije na interferenciju usled
multipath prostiranja i fedinga.

Da bi mikrostip pe¢ antena zracila cirkularno polarizovan
talas, pe¢ treba da podrzava dva ortogonalna moda koja
imaju jednake amplitude i faznu razliku od +90°, gde
predznak definiSe smer rotacije elektricnog polja, odnosno
vrstu cirkularne polarizacije. Ukoliko je smer rotacije
elektricnog polja, gledano od strane predajnika ka
prijemniku, u smeru kazaljke na satu antena je desno
polarisana, u suprotnom je levo polarisana.

A. Projektovanje mikrostip pec antena sa cirkularnom
polarizacijom

Konvencionalne mikrostip pe¢ antene se generalno
sastoje od metalizacije koja se nalazi na supstratu odredene
debljine i odgovarajucih karakteristika.

Postizanje cirkularne polarizacije kod mikrostrip peé
antena se moze posti¢i na vise nacina. Jedan od njih je da se
pe¢ antena pobuduje na odgovaraju¢i nacin, odnosno
primena dualno-ortogonalno napajanja, koje podrazumeva
koris¢enje eksternog delitelja snage. Medutim ovaj nacin
zahteva prili¢no slozenu mrezu za napajanje tako da se retko
koristi. Mnogo prakti¢niji
polarizacije kod mikrostrip pe¢ antena je napajanje u jednoj
tacki uz izbor odgovarajuceg oblika pec¢ antene. Takode,
retko kada se koristi samo jedna antena sa cirkularnom
polarizacijom, i1 najce$¢i oblik primene peC antena sa
cirkularnom polarizacijom je realizacija kvadratnog
antenskog niza sa odgovarajué¢im faziranjem.
cirkularnom polarizacijom ukljucuju minijaturizaciju antena,
rad u viSe frekvencijskih opsega, Sirokopojasnost, veliko
pojacanje, rekonfigurabilnost, moguénost promene pravca
glavnog snopa (beam steering) itd. Potrebno je napomenuti
da, kada govorimo o propusnom opsegu antena sa
cirkularnom polarizacijom, moramo praviti razliku izmedu
propusnog opsega impedanse i propusnog opsega
elipticiteta. Elipticitet (Axial Ratio - AR) predstavlja odnos
komponenti elektricnog polja po osama prostiranja i najcece
se izrazava u decibelima:

AR[dB]=201log Z“: , )

y

Propusni opseg elipticiteta predstavlja frekvencijski opseg
u kome je cirkularna polarizacija idealna, i definiSe kao
opseg frekvencija u okviru kog je elipticitet manji od 3 dB.
Dok je kod linearno polarizovanih antena ulazna impedansa

""" parametar, kod antena sa cirkularnom
polarizacijom  dobro  prilagodenje = impedanse ne
podrazumeva nuzno i nizak elipticitet ili dobro pojacanje
antene, tako da se pri projektovanju mora voditi racuna o
specifi¢cnim zahtevima. No, kako nije moguce ispuniti sve
zahteve u potpusnosti, projektovanje mikrostrip pec¢ antene
sa cirkularnom polarizacijom predstavlja kompromis izmedu
navedenih parametara antene.

Generalno, glavni nedostaci svih vrsta pe¢ antena su uzak
propusni opseg 1 potencijalno manja efikasnost zracenja u
poredenju sa drugim tipovima antena. Kod antena sa
cirkularnom polarizacijom ovaj opseg je jo§ uzi usled
dodatnog zahteva za odgovarajuéim elipticitetom. Medutim,
opSte je poznato da propusni opseg raste s povecanjem
debljine supstrata i smanjenjem permitivnosti (dielektricne
konstante), pa se koriS¢enjem debljih supstrata moze
obezbediti $iri propusni opseg.

B. Najcesce koriscene mikrostrip pec antene sa
cirkularnom polarizacijom

U literaturi se susrecu razliciti oblici antenskih elemenata
pogodnih za realizaciju cirkularne polarizacije — kvadratni,
pravougaoni, kruzni, elipti¢ni, trougaoni, petougaoni, itd.
Medutim, u praksi se najvise koriste kvadratni i kruzni pec.

NajéeCe koriséene kvadratne mikrostrip pe¢ antene sa
cirkularnom polarizacijom sa napajanjem u jednoj tacki su
romboidna pe¢ antena, koja je priblizno kvadratnog oblika,
Sl. 1(a), kvadratna pe¢ antena sa prorezom u sredini,
Sl. 1(b), i kvadratna zasecCena pec¢ antena, Sl. 1(c).

III. ANTENSKINIZ

Detaljnom analizom najcesce koris¢enih kvadratnih pec
antena sa cirkularnom polarizacijom ustanovljeno je da je
zaseCena peC antena najpogodnija jer je propusni opseg
elipticiteta najsiri.

Antenski niz projektovan je u WIPL-D softveru [10] na
substratu od teflona debljine A=0.508 mm i dielektri¢ne
konstante ¢=2.2. Niz se sastoji od 24 antenskih elemenata,
medu kojima se nalaze antenski elementi leve cirkularne
polarizacije (LHCP) i desne cirkularne polarizacije (RHCP).

Rastojanje antenski elemenata u nizu je podjednako i
jednako je talasnoj duzini u dielektriku, odnosno d=0.76A.
Na krajevima niza nalazi se otvorena linija duzine A/2 koja
ima funkciju reflektora preostale snage posle poslednjeg
antenskog elementa u nizu, i dodata je sa ciljem iskoris¢enja
celokupne snage.

Impedansa svih antena je ista i iznosi 440 Q. Kao napojni
vod koris¢en je vod impedance od 100 Q. Impedansa
napojnog voda je izabrana tako da se dobije Sto
jednostavnija mreza za napajanje i Sto uzi vod ispod pec
antena kako bi se smanjila sprega izmedu voda i antenskih
elemenata. U slucaju da se za napajanje pe¢ antena koristi
napojni vod od 50 Q, bila bi potrebna jo§ najmanje dva



transformatora impedance koji bi 50-Q ulazni napojni vod
prilagodili na drugi 50-Q vod. Takode, 100-Q napojni vod je
oko tri puta uzi, tako da je sprega sa antenskim elementima
znatno manja nego kada bi koristili 50-Q napojni vod. Dalje,
kako bi se pe¢ antene prilagodile na 100-Q napojni vod
koriS¢en je Ay/4 transformator, SI. 2.

(2

(b)

()

SL. 1. Najéece koris¢ene pe¢ antene sa cirkularnom polarizacijom i
napajanjem u jednoj tacki: (a) romboidna patch antena, (b) kvadratna patch
antena sa slotom u sredini, levo RHCP, i desno LHCP, i (¢) kvadratna
zaseCena patch antena, 1-RHCP, 3-LHCP.

Dobro je poznato da je jedan od bitnih faktora prilikom
projektovanja antenskog niza izbor najpogodnije raspodele
snage medu antenskim elementima. Kao §to je ve¢ receno u
ovom radu antenski niz se sastoji od identi¢nih pe¢ antena,
koje se razlikuju samo po polarizaciji dok su fizicke
dimenzije iste, tako da je raspodela snage definisana na
slede¢i nacin:

4,]=¢""+4"", @

gde je n=1, 2, ..., N/2, pri ¢emu je N ukupan broj antenskih
elemenata u nizu, a koeficijent ¢ definiSe intenzitet pobude
antenskih elemenata u nizu i definisan je kao:

q:l— ) (3)

gde je Zo impedansa napojnog voda, a Zyach impedansa pec
antene.

Woatch=Lypatch

/4

(@)

W Woatch=Lpatch

A

A4

(b
Sl. 2. ZaseCena pe¢ antena: (a) LHCP, i (b) RHCP.

——

Svi antenski elementi su istih dimenzija, pri ¢emu je
duzina odnosno Sirina pe¢ antene Wpacch=Lpach=3.66 mm,
zaseceni deo je pomeren za a= Wpaen/S od ivice peca, slot
oko linije za napajanje pe¢ antene je dimenzija 5#=0.6 mm i
¢=0.2 mm, a §irina linije za napajanje je #=0.2 mm, SI. 2.

A. Antenski niz bez napojnog voda

Projektovanje  antenskog niza sa  cirkularnom
polarizacijom je vrlo slozen postupak i treba voditi racuna o
nizu parametara, medu kojima su pojacanje, potiskivanje
bocnih lobova i elipticitet.

Potiskivanje bocnih lobova postize se povecanjem
impedance antene, odnoso odabirom odredenog koeficijenta
g. U nasem sli¢aju g=4/5, §to je sasvim dovoljna vrednost za
potiskivanje bo¢nih lobova od 15 dB.

Sto se ti¢e zahteva za elipticitet, elipticitet bi trebao da
bude manji od 3 dB na Zeljenom opsegu. Na Sl. 3 prikazan
je elipticitet antenskih elemenata LHCP i RHCP tipa. Na
istoj slici prikazan je i elipticitet kvadratne pe¢ antene sa
slotom.

—=— antena sa slotom
—e— zasecena LHCP
—— zasecena RHCP

Elipticitet (dB)

T T T
239 24.0 241 242 243 244
Frekvencija (GHz)

Sl. 3. Elipticitet LHCP i RHCP zasecene pe€ antene i antene sa slotom.

Kao $to se na Sl. 3 moze videti, elipticitet za LHCP i



RHCP antene je apsolutno isti §to se moglo i o¢ekivati jer su
fizicke dimenzije ovih antena identi¢ne, dok je elipticitet
kvadratne pe¢ antene sa slotom dosta lo$iji. Takode,
elipticitet LHCP i RHCP antena u Zeljenom opsegu (24-
24.25 GHz) je manji od 1.5 dB §to se moZe smatrati vrlo
dobrim rezultatom.

Detaljnom analizom elipticiteta za razli€it broj antenskih
elemenata rasporedenih samo po jednoj osi, ustanovili smo
da se elipticitet pogorSava sa povecanjem broja elemenata.
Na SI. 4 dat je prikaz elipticiteta za nizove sa razli¢itim
brojem elemenata sa unofrmnom raspodelom snage bez
napojne mreze. Kao $to se na Sl. 4 moze videti, elipticitet se
znatno pogorSava ve¢ dodavanjem drugog elementa u niz.
Daljim dodavanjem elemenata elipticitet se sve vise
pogorsava, tj. njegov propusni opseg se sve vise smanjuje, a
donji nivo podize. Jos jedna pravilnost koja se moze uociti
na Sl. 4 je to da se nakon Sestog elementa, dodavanjem
novih elementa u niz elipticitet znatno slabije pogorsava, tj.
dolazi do grupisanja krivih. Takode, elipticitet niza od vise
od 3 elemenata je nezadovoljavaju¢i na Zzeljenom ISM
opsegu, bez obzira na Cinjenicu da je elipticitet osnovnog
antenskog elementa u tom frekvencijskom opsegu veoma
dobar.

5.0

4.5+

4.0

—=— 1 LHCP
Ao 2LHCP
—&— 3 LHCP
—v—4 LHCP
——6 LHCP
—<4— 8 LHCP
—»— 10 LHCP
—e— 12 LHCP
—&— 20 LHCP

3.5

3.0 4

Elipticitet (dB)

0.0 T T T T
23.9 24.0 24.1 24.2 24.3 24.4

Frekvencija (GHz)

Sl. 4. Zavisnost elipticiteta od broja antenskih elemenata u nizu sa
uniformnom raspodelom snage.

B. Antenski niz sa napojnom mrezom

Prilikom projektovanja antenskog niza ispitano je viSe
modifikacija zarad poboljsanja elipticiteta. Medutim, veéina
modifikacija ili nije ili je vrlo malo poboljsala elipticitet.
Jedina modifikacija osnovnog niza koja je znatno uticala na
poboljsanje elipticiteta je dodavanje antenskih elemenata
suprotne polarizacije. Naime, ispitane su sve mogucnosti u
pogledu broja i polozaja elemenata suprotne polarizacije, I
ustanovljeno je da ukoliko je broj antenskih elemenata
suprotne polarizacije veliki dolazi do naruSavanja
elipticiteta. Takode, utvrdeno je da se dodavanjem svaka
dva elementa suprotne polarizacije pojacanje pri uniformnoj
raspodeli snage smanji za 1 dB, tako da se poboljsanje
elipticiteta mora platiti smanjenjem pojacanja antenskog
niza. U cilju jasnijeg predstavljanja poboljSanja elipticiteta
predlozenom metodom koja se ogleda u dodavanju
antenskih elemenata suprotne polarizacije na odgovaraju¢em
mestu u nizu na Sl. 5 prikazan je elipticitet niza od 24 istih
antenskih elemenata i modifikovanog niza od 24 elemenata.

5.0

451 —e— 24 modifikovan niz

a0 —a— 24 LHCP
35 /
30 -\

254 \‘\‘\‘/A/(

2.0

Elipticitet (dB)

0.5

0.0 T T T T
23.9 24.0 24.1 24.2 24.3 24.4

Frekvencija (GHz)

S1. 5. Elipticitet antenskih nizova sa istim i meSovitim antenskim
elementima sa uniformnom raspodelom snage.

Kao §to se na Sl. 5 moze videti elipticitet za niz sa
mesovitom elementima je zadovoljavajuci na celom opsegu
od interesa. Takode, moze se videti da je poboljsanje
elipticiteta viSe nego ocito. Jo§ jedan od zakljucaka koji je
proistekao iz svih analiza je da se pri uniformnoj raspodeli
snage, dodavanjem antenskih elemenata iste polarizacije
kriva elipticiteta pomera ka visim frekvencijama, tako da je
potrebno pomeriti frekvenciju osnovnog elementa ka nizim
ucestanostima kako bi krajnji niz imao zadovoljavajuci
elipticitet na Zeljenoj centralnoj frekvenciji. Medutim,
dodavanjem elemenata suprotne polarizacije ovaj efekat se
poniStava, tako da nije potrebna nikakva modifikacija
osnovnog antenskog elementa.

IV. REZULTATI

Verifikacija predlozenog antenskog niza odradena je u
WIPL-D softverskom okruzenju.

Elipticitet za modifikovani antenski niz od 24 antenska
elemenata pri ¢emu su dva sa suprotnom cirkularnom
polarizacijom prikazan je na Sl. 6.
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Sl. 6. Elipticitet modifikovanog antenskog niza sa eksponencijalnom
raspodelom g=4/5.

Kao sto se na Sl. 6 moze videti, elipticitet za
modifikovani antenski niz je manji od 2 dB na celom opsegu
od interesa, §to se moZe smatrati vrlo dobrim rezultatom. Sta
vise, elipticitet je manji od 3 dB i na Sirem frekvencijskom
opsegu od posmatranog.

Dijagram zracenja modifikovanog niza sa mrezom za



napajanje u H ravni na centralnoj frekvenciji od 24.15 GHz
prikazan je na SI. 7.

—=—24.15 GHz

[CREN
1 1
- ——

s

Dijagram zra¢enja (dBi)
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0

Sl. 7. Dijagram zracenja na centralnoj ucestanosti modifikovanog
antenskog niza sa esponencijalnom raspodelom snage ¢g=4/5.

Dijagram zracenja modifikovanog antenskog niza u H
ravni ispunjava unapred zadate kriterijume u pogledu
pojacanja i potiskivanja boénih lobova. Naime, ostavreno je
potiskivanje bo¢nih lobova od 15 dB, $to nam je i bio cilj.
Takode 3-dB Sirina glavnog snopa zracenja je u H ravni je
5.2°.

V. ZAKLJUCAK

U ovom radu predstavljen je linijski antenski niz sa
cirkularnom polarizacijom namenjen radarskim sistemima
koji rade u ISM frekvencijskom opsegu 24-24.25 GHz, na
centralnoj frekvenciji od 24.15 GHz. Predstavljen antenski
niz se sastoji od dve vrste antena, zaseCene mikrostrip pe¢
antene sa levom cirkularnom polarizacijom 1 zaseCene
mikrostrip pe¢ antene sa desnom cirkularnom polarizacijom.
Svi antenski elementi su istih fizi¢kih dimenzija i razlikuju
se samo po tipu polarizacije. Antenski niz je projektovan i
testiran u WIPL-D softveru. Rezultati testiranja su pokazali
da projektovani niz ima dobre karakteristike u pogledu
pojacanja, potiskivanja bocnih lobova i elipticiteta, naime
elipticitet je manji od 2 dB na Zeljenom opsegu, pojacanje je
iznad 17 dB, a 3-dB Sirina glavnog snopa zra¢enja u H-ravni
je 5.2°. Na osnovu navedenog moze se zakljuiti da je
predlozeni antenski niz vrlo pogodan za radarske sisteme.

Nase buduce istrazivanje bi¢e usmereno ka poboljSanju
karakteristika i optimizaciji predstavljenog antenskog niza.
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ABSTRACT

This paper presents a circularly polarized antenna array intended
for radar systems that work in ISM frequency band, 24-24.25 GHz,
at the central frequency of 24.15 GHz. The proposed antenna array
consists of 24 truncated circularly polarized patch antennas. The
proposed antenna array is designed and tested in WIPL-D software
environment. The proposed array exibits good performances,
namely, the ellipticity is less than 2 dB in the frequency band of
interest, the gain is greater than 17 dB and the 3-dB width of main
lobe is 5.2°

Circularly Polarized Antenna Array Intended for Radar
Systems at 24 GHz

Jelena Misi¢, Nikola Boskovi¢, Branka Jokanovi¢, Vera
Markovié¢



Frekvencijski skenirani antenski nizovi sa
neuniformnom amplitudskom raspodelom

Nikola Boskovié¢, Branka Jokanovi¢ i Aleksandar Nesi¢

Haj6oosmu pax mutajgor ucrpaxuBaya Ha cekuuju AP

Apstrakt—U radu je prikazan novi dizajn frekvencijski
skeniranog antenskog niza koji se sastoji od osam pentagonalnih
dipola razli¢ite impedanse. Neuniformna amplitudska raspodela
je ostvarena promenom impedansi dipola u odnosu 1:11 tako da
je dobijeno slabljenje bo¢nih lobova veée od 18 dB u celom
opsegu skeniranja. Napojna mreZza izmedu dipola je
projektovana pomoéu left-handed celija koje povecavaju
frekvencijsku zavisnost faznog pomeraja izmedu antenskih
elemenata. Left-handed Celija se sastoji od etiri SRR-a (split-ring
resonators) koji su spregnuti sa simetri¢nim mikrostrip vodom.
Dobijen je ugao skeniranja antene od 30 stepena promenom
frekvencije u opsegu od 10 GHz do 10.25 GHz (oko 2.5% u
odnosu na centralnu ucestanost), dok je gain antene 11.5 dBi.

Klju¢ne redi—Stampani antenski niz; pentagonalni dipoli;
SRR fazni Sifter; frekvencijsko skeniranje.

I. UvoD

ANTENE sa frekvencijskim skeniranjem su specijalan
slucaj faznih antenskih nizova. Antenski snop se skenira
promenom frekvencije ulaznog signala tako $to se stvara fazni
pomeraj na napojnom vodu koji je postavljen izmedu zrace¢ih
elemenata antenskog niza. Pri projektovanju frekvencijski
skeniranih antena najvazniji faktori su: ugao skeniranja,
potreban opseg promene frekvencije i gubici u napojnom
vodu koji su veoma kriti¢ni za antenski gain.

Antena sa frekvencijskim skeniranjem napajana na
centralnoj frekvenciji od 6 GHz sa meandrom duzine 2A, u
tehnici balansnog mikrotrakastog voda je predstavljena u [1].
Antena poseduje mogucénost skeniranja velikog sektora od
oko 50 stepeni, ali zahteva frekvencijski opseg od 20% koji je
obi¢no nedostupan na nizim frekvencijama. Slican pristup sa
faznim Sifterima realizovanim pomodu transmisionih vodova
predlozen je u [2]. Antena je realizovana na troslojnom
dielektriku i ima veliki ugao skeniranja od 73 stepena, ali sa
veoma slabom frekvencijskom osetljivoséu od 43.24°/ GHz,
Sto znaci da zateva veoma veliku promenu frekvencije od oko
1.7 GHz. Uskopojasno frekvencijsko skeniranje sa znacajnim
poboljsanjem u frekvencijskoj osetljivosti od 1.64°/ MHz je
izlozeno u [3]. PredloZena skeniraju¢a antena Kkoristi filtar
propusnik opsega izmedu antenskih elementa koji obezbeduje
dodatni fazni pomeraj, ali nedostatak je prilino veliko
uneseno slabljenje u napojnoj mrezi $to znacajno redukuje
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gain antene. Tako, da skeniraju¢a antena od 11 zracecih
elemenata poseduje gain od svega -6 dBi. Jednostavan
Stampani antenski niz koji koristi fazne Siftere sa split-ring
rezonatorima i identi¢nim dipolima prikazan je u [4]. Ugao
skeniranja ovog niza je 32° za relativno malu promenu
ucestanosti od 300 MHz, ali su mu boc¢ni lobovi oslabljeni
samo 7-8 dB u odnosu na glavni snop, §to za veéinu primena
nije dovoljno.

U ovom radu je prikazan antenski niz sa frekvencijskim
skeniranjem i sa neuniformnom amplitudskom raspodelom
koja je ostvarena promenom impedanse pentagonalnih dipola
[5]. Zahvaljujuéi velikom opsegu promene ovih impedansi od
1:11 dobijeno je potiskivanje bo¢nih lobova veée od 18 dB u
celom opsegu skeniranja. Frekvencijsko skeniranje se vrsi
pomocu faznih Siftera koji su integrisani u napojnu mrezu
antene i sastoje se od Cetiri identi¢na split-ring rezonatora koji
su spregnuti sa napojnim vodom. Predlozeni fazni Sifter
obezbeduje znacajan fazni pomeraj u uskom frekvencijskom
opsegu, a da pri tome ima dobro prilagodenje i malo uneseno
slabljenje.

II. PROJEKTOVANJE ANTENE

Projektovana su dva skenirana antenska niza koja se sastoje
od osam dipola koji se napajaju balansnim mikrostrip vodom.
Jedna polovina dipola je Stampana sa jedne strane supstrata, a
druga polovina sa druge strane. Jedan antenski niz se sastoji
od identi¢nih dipola impedanse 500 Q kao §to je prikazano na
Sl. 1a, dok je drugi niz realizovan sa pentagonalnim dipolima
razli¢ite impedanse koja se menja u Sirokom opsegu prema
modifikovanoj Dolf-Cebidevljevoj raspodeli kao 3§to je
prikazano na Sl 1b, [6]. Obe antene su realizovane na
supstratu ~ Rogers 4003 (&;=2.17, h=0.508 mm,
tan 0 = 0.001). Dimenzije dipola su optimizovane pomocu
programa za elektromagnetsku simulaciju WIPL-D Pro [7],
koji koristi metodu momenta. Rastojanje izmedu dipola je
0.5, tj. 15mm na 10 GHz. Prelaz sa balansnog na
nebalansni mikrostrip vod se vrSi balunom sa kontinualnom
promenom S§irine voda. Antenski nizovi su postavljeni iznad
reflektorske ravni na udaljenosti koja odgovara Cetvrtini
talasne duzine u vazduhu.

KoriS¢eni su identi¢ni fazni Sifteri kod obe antene koji su
projektovani kao jedna left-handed celija koja se sastoji od
Cetiri SRR-a (split-ring resonators), koji su spregnuti sa
balansnim mikrostrip vodom i metalne vije koja povezuje
gornji i donji provodnik balansnog voda (beli kruzié¢i na
balansnom vodu), kao §to je prikazano na Sl. 2. Dva SRR-a se
nalazi na gornjoj, a druga dva na donjoj strani dielektrika. Pri

ctp. AP1.2.1-4
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projektovanju Siftera pokazalo se da sprega izmedu SRR i
balansnog voda ima veliki uticaj na ukupne karakteristike
Siftera, pa je bilo neophodno da se ona maksimalno poveca.
To je uc€injeno tako §to su umesto klasi¢nih kvadratnih SRR-a
koris¢eni SRR-i koji su izduzeni u pravcu voda. Balansna
struktura zahteva postojanje jo§ dva dodatna SRR-a sa druge
strane voda tj. ukupno 4 SRR-a.

Gornja strana

. \. 9000098,

Napajanje
(a)

Dipali Gornja strana

Napajanje Donja strana

(b)

SI. 1. Skenirani antenski nizovi sa (a) identicnim dipolima impedanse 500 Q
i (b) pentagonalnim dipolima ¢ije se impedanse menjaju u Sirokom opsegu
1:11. Svetlijom bojom su oznacene polovine dipola koji se nalaze na donjoj

strani supstrata.

Pristupi Siftera

SL. 2. Izgled faznog Siftera sa split-ring rezonatorima.

Iako su kod antenskog niza na Sl. 1a svi dipoli medusobno
jednaki, treba napomenuti da raspodela nije uniformna, jer
fazni Sifteri unose slabljenje od oko 1.5 dB (srednje slabljenje u
propusnom opsegu), tako da je odnos signala na prvom i
zadnjem elementu oko 10.5 dB. U slucaju antenskog niza na Sl.
1b. zrace¢i elementi su tako projektovani da se dobije
potiskivanje bocnih lobova od 21 dB. Koris¢ena je Dolf-
Cebisevljeva raspodela koja je modifikovana tako $to je uzeto u
obzir slabljenje Siftera izmedu dipola, koje se progresivno
povecava kako se udaljavamo od tacke napajanja niza.
Dobijene su slede¢e impedanse dipola date u Tabeli 1 ra¢unate
od tacke napajanja. Vidi se da je zahtevani odnos impedansi
dipola jako wveliki i iznosi oko 1:11, §to je mogucée ostvariti
pomocu posebno optimizovanih pentagonalnih dipola koji su
prikazani na Sl.1b.

Donja strana

Tl 0.0 8 _0_08_4&, .
-

Tabela 1. Izracunate vrednosti impedansi dipola.

7,=1073.3 Q
Z5=79.7 Q

7,=517.8 Q
Zs=74.1 Q

75=208.8 Q
77=92.1 Q

7.~112.6 Q
7957 Q

Na SI. 3 su prikazane koriS¢ene raspodele zajedno sa
pocetnom Dolf-Cebisevljevom koja je modifikovana da bi se
kompenzovao uticaj slabljenja faznih Siftera.

- @--Cheb raspodela snage
—e— Kompenzovana Cheb raspodela snage
] —e—Dobijena raspodela od uniformne usled gubitaka
s----e

Relativna raspodela snage

0.0 T T T T T T T T T T T

Redni broj elementa u nizu

SL 3. Relativne raspodele snage na elementima niza. Punom linijom su
prikazane realizovane raspodele.

III. REZULTATI

Karakteristike faznog Siftera, koji je kljucni element
skeniranog antenskog niza, date su na Sl. 4. Njegov 3 dB
propusni opseg je od 9.98 GHz do 10.35 GHz, sa minimalnim
koeficijentom refleksije od oko -20dB i maksimalnim
koeficijentom transmisije od -0.95 dB na sredini propusnog
opsega. Projektovani fazni Sifter je prakticno filtar propusnik
opsega, zbog prisustva SRR-a i vije kao S§to je prikazano na
SL 2.

Fazna karakterstika Siftera je nelinearna Sto je osobenost
left-handed metamaterijala, ali je u ovom slucaju nelinearnost
slabo izrazena, tako da imamo gotovo linearno pomeranje
glavnog snopa antene sa promenom ucestanosti.

Sl. 4. S- parametri Siftera. Osencena oblast oznacava radni opseg antene.



Simulirani dijagrami zracenja u H-ravni su prikazani na SI.
5 za obe projektovane antene. Antene rade u opsegu od
10.02 GHz do 10.27 GHz, gde je postignuto skeniranje
glavnog snopa od 99.9° do 127.4° u slucaju niza sa identi¢nim
dipolima, odnosno od 96.1° do 126.6° (§to je ukupno 30.5°) u
slu¢aju niza sa modifikovanom Cebisevljevom raspodelom.
Frekvencijska osetljivost je 12.2° za 100 MHz u poslednjem
slucaju.

(@

(®)
SL. 5. Simulirani dijagram zra¢enja u H-ravni za antenu sa (a) identi¢nim
dipolima i (b) pentagonalnim dipolima razli¢itih impedansi.

Sa dijagrama na SI. 5 se vidi da je kod niza sa
pentagonalnim dipolima maksimalni nivo boc¢nih lobova
iznosi -18 dB u odnosu na glavni snop u celom opsegu
skeniranja, dok je kod niza koji ima identi¢ne dipole taj nivo
svega -8 dB. Treba takode zapaziti da se pri skeniranju 3 dB
§irina snopa povecava i to u opsegu od 14.7° do 20° kod niza
sa identiénim dipolima, dok je kod pentagonalnih dipola
povecanje 3 dB-Sirine snopa od 17.3° do 29.9°. U ovom
drugom sluéaju je i ugao skeniranja za 2° veéi nego kod niza
sa identi¢nim dipolima. Antena sa pentagonalnim dipolima u
najveCem delu opsega skeniranja ima pojacanje izmedu
11.4dB i 12.2 dB, a samo na jednoj ucestanosti na pocetku
opsega skeniranja pojacanje pada na 9.89 dB. Kod antene sa
identi¢nim dipolima pojacanje je u najve¢em delu opsega
skeniranja od 12.1 dB do 13 dB, a samo na jednoj ucestanosti

na pocetku opsega je 10.9 dB.

Kako su ukupne karakteristike antene sa pentagonalnim
dipolima bolje od niza sa identi¢nim dipolima realizovana je
samo antena sa pentagonalnim dipolima kao na SI. 6.

Sl. 6. Izgled realizovanaog antenskog niza sa pentagonalnim dipolima i
kontinualnim prelazom sa balansnog na nebalansni vod na ulazu.

Preliminarni izmereni dijagrami zracenja u H-ravni su
prikazani su na Sl. 7. Dijagrami zraCenja su mereni u opsegu
od 9.98 GHz do 10.22 GHz i dobijen je ugao skeniranja od
22°  §to  odgovara frekvencijskoj  osetljivosti  od
9.17°/100 MHz. Medutim, antena sigurno ima §iri opseg
skeniranja od izmerenog, jer snop dobijen na frekvenciji od
10.22 GHz ima veoma dobar oblik i pojacanje, pa to ne treba
smatrati krajem opsega skeniranja. Treba zapaziti da se u
celom opsegu skeniranja pojacanje antene veoma malo menja
i to u opsegu od 10.3 dB do 11.7 dB. Maksimalni gain je za
oko 0.5dB manji od simuliranog S§to je dobar rezultat.
Izmereni maksimalni nivo lobova javlja se na kraju gornjeg
dela opsega i iznosi -17 dB §to je nivo za oko 1 dB veéi od
simuliranog. Sto se ti¢e promene 3 dB-Sirine glavnog snopa,
izmerene vrednosti su manje od simuliranih 1 kre¢u se od
21.2° do 29.2°, §to je veoma dobar rezultat.

Sl. 7. Izmereni dijagrami zracenja u H-ravni.

Na Sl 8 je prikazan simuliran i izmeren koeficijent
refleksije antenskog niza sa pentagonalnim dipolima. Sa slike
se vidi da realizovana antena ima KST koji je u Sirem opsegu
ispod 1.8 (od 10 GHz do 10.35 GHz) u odnosu na simulaciju,
ali da je njegov minimum pomeren na 10.2 GHz. Tako da sa
aspekta prilagodenja, antena moze da radi do 10.35 GHz, tako
da je moguce dobiti veci ugao skeniranja od izmerenog.
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SL. 8. Simuliran i izmeren koeficijent refleksije.

IV. ZAKLIUCAK

U radu su prikazana dva frekvencijski skenirana antenska
niza sa neuniformnom raspodelom. Nizovi se sastoje od osam
Stampanih dipola napajanih progresivnim talasom sa jednog
kraja balansnog mikrostrip voda. Napojna mreza izmedu
dipola je realizovana sa integrisanim faznim Sifterima koji se
sastoje od Cetiri SRR-a koji su spregnuti sa oba provodnika
balansnog voda. Nizovi su projektovani sa razliitim
neuniformnim raspodelama od kojih jedan niz ima identi¢ne
dipole impedanse 500 Q, koji se napajaju neuniformno zbog
slabljenja koje unose fazni Sifteri. Drugi niz je projektovan sa
dipolima razli¢itih impedansi tako da se dobije Dolf-
Cebisevljeva raspodela uzimajuéi u obzir slabljenja faznih
Siftera. Zahtevani odnos impedansi dipola da bi se realizovala
ova raspodela je 1:11 Sto je bilo moguée ostvariti sa
pentagonalnim dipolima. Realizovan je antenski niz sa
pentagonalnim dipolima, jer je simulacija pokazivala da se sa
njim moZze ostvariti potiskivanje bo¢nih lobova od 18 dB u
najgorem slucaju u celom opsegu skeniranja. Preliminarni
rezultati merenja pokazuju da je dobijeno potiskivanje bo¢nih
lobova bolje od 17dB u celom opsegu skeniranja. Merenje je
vrSeno sa promenom ucestanosti od 240 MHz tako da je
dobijeno skeniranje od 22°, ali je ugao skeniranja veéi od ovih
preliminarnih merenja. Pojacanje antene je 10.3dB do
11.7dB, a Sirina glavnog snopa merena za 3 dB se pri
skeniranju menja od 21.2 do 29.2 stepena, §to je manje od
simulirane vrednosti.

Treba naglasiti da je predlozena antena veoma jednostavna

u poredenju sa slicnim antenama sa frekvencijskim
skeniranjem posSto su i zrace¢i elementi i napojna struktura

realizovani na istom supstratu i potpuno planarni.
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ABSTRACT

In this paper we present a new design of frequency-scanning
antenna array with enhanced side lobes suppression that has been
achieved thanks to a wide range of impedances (1:11) of pentagonal
dipoles. Feeding network between the dipoles is designed using left-
handed unit cell as a phase shifter that increases the frequency
dependant phase difference between antenna elements. Phase shifter
consists of four split-ring resonators coupled with balanced
microstrip line. The beam scanning is found to be 30 degrees with
frequency variation from 10 GHz to 10.25 GHz (2.5% of the central
frequency) and gain is about 11.5 dBi. Antenna array exhibits the
side lobe levels lower than -18 dB in the whole scanning range.

Frequency Scanning Antenna Array with Non-uniform
Amplitude Distribution

Nikola Boskovic, Branka Jokanovic and Aleksandar Nesic



Frekvencijski skeniran antenski niz sa SRR
faznim sifterima

Nikola Boskovi¢, Branka Jokanovi¢ i Aleksandar NeSi¢

Apstrakt—U ovom radu predstavljamo novi dizajn antenskog
niza sa frekvencijskim skeniranjem koji se sastoji od osam
antirezonantnih dipola napajanih simetriénim mikrostrip
vodom. Napojna mreza izmedu dipola je projektovana
upotrebom left-handed ¢éelija koje poveéavaju frekvencijsku
zavisnost faznog pomeraja izmedu antenskih elemenata. Left-
handed ¢elija se sastoji od dva SRRs (split-ring resonators) koji su
spregnuti sa simetriénim mikrostrip vodom. Dobijen je ugao
skeniranja antene od 32 stepena promenom frekvencije u opsegu
od 585 GHz do 6.15 GHz (+2.5% u odnosu na centralnu
frekvenciju), dok je gain antene 13.5 dBi.

Kljuéne re¢i—Stampani antenski niz; SRR fazni Sifter;
frekvencijsko skeniranje.

I. UvoD

ANTENE sa frekvencijskim skeniranjem su specijalan
slug¢aj faznih antenskih nizova. Skeniraju¢i snop se stvara
promenom frekvencije ulaznog signala Sto uzrokuje fazni
pomeraj na napojnom vodu koji je postavljen izmedu zracecih
elemenata antenskog niza. Pri projektovanju frekvencijski
skeniranih antena najvazniji faktori su: ugao skeniranja,
potreban opseg promene frekvencije i gubici u napojnom
vodu koji su veoma kriti¢ni za antenski gain.

Antena sa fekvencijskim skeniranjem napajana na
centralnoj frekvenciji od 6GHz sa meandrom duZzine 2 A4 U
tehnici balansnog mikrotrakastog voda je predstavljena u [1].
Antena poseduje moguc¢nost skeniranja velikog sektora od
oko 50 stepeni, ali zahteva frekvencijski opseg od 20% koji je
obi¢no nedostupan na nizim frekvencijama. Sli¢an pristup sa
faznim Sifterima realizovanim pomocu transmisionih vodova
predloZen je u [2]. Antena je realizovana na troslojnom
dielektriku i ima veliki ugao skeniranja od 73 stepena, ali sa
veoma slabom frekvencijskom osetljivoséu od 43.24%GHz,
Sto znaci da zateva veoma veliku promenu frekvencije od oko
1.7 GHz. Uskopojasno frekvencijsko skeniranje sa znacajnim
poboljsanjem u frekvencijskoj osetljivosti od 1.64°/MHz je
izlozeno u [3]. PredloZena skenirajuca antena koristi filtar
propusnik opsega izmedu antenskih elementa koji obezbeduje
dodatni fazni pomeraj, ali nedostatak je prilicno veliko
uneseno slabljenje u napojnoj mrezi Sto znacajno redukuje
gain antene. Tako, da skeniraju¢a antena od 11 zracec¢ih

Nikola Boskovi¢ — Institut za fiziku, Univerzitet u Beogradu, Pregrevica
118, 11080 Pregrevica, Srbija (e-mail: nikolab@ipb.ac.rs).

Branka Jokanovi¢ — Institut za fiziku, Univerzitet u Beogradu, Pregrevica
118, 11080 Pregrevica, Srbija (e-mail: brankaj@ipb.ac.rs).

Aleksandar NeSi¢ -IMTEL Komunikacije A.D. , Bulevar Mihajla Pupina
165b, 11070 Beograd, Srbija, (e-mail: aca@insimtel.com).

Zbornik 57. konferencije ETRAN, Zlatibor, 3-6. juna 2013, str. MT1.1.1-3

elemenata poseduje gain od svega -6 dBi.

U ovom radu predloZen je antenski niz sa frekvencijskim
skeniranjem sa znatno vec¢om frekvencijskom osetljivoséu u
odnosu na [1] usled upotrebe left-handed c¢elije bazirane na
paru SRRs koji su spregnuti sa balansnim mikrostrip vodom.
PredloZeni fazni Sifter obezbeduje znacajan fazni pomeraj u
uskom frekvencijskom opsegu, a da pri tome ima dobro
prilagodenje i malo uneseno slabljenje. Maksimalni gain
antenskog niza je 13.7 dBi sa varijacijom od 1.33 dB u opsegu
skeniranja.

Il. DIZAIN ANTENE

Antenski niz se sastoji od osam identi¢nih antirezonantnih
dipola napajanih sa balansnim mikrostrip vodom kao Sto je
prikazano na Sl. 1. Jedna polovina dipola je Stampana sa jedne
strane supstrata, a druga polovina sa druge strane. Struktura se
nalazi na supstratu Rogers 4003 (g =3.55, h=1mm,
tan 8 = 0.0027). Dimenzije dipola su optimizovane da budu
oko 400 Q koris¢enjem WIPL-D Pro [4], elektromagnetskog
simulatora na bazi metode momenta. Rastojanje izmedu
dipola je 0.5 Ag, t.j. 25 mm na 6 GHz. Prelaz sa balansnog na
nebalansni mikrostrip vod se vrSi balunom. Antenski niz je
postavljen iznad reflektorske ravni na udaljenosti od ¢etvrtine
talasne duZine u vazduhu.

Dipol

SI. 1. Antenski niz sa faznim Sifterima.
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Fazni Sifter je projektovan u formi jedne left-handed celije
koja se sastoji od dva SRRs koji su spregnuti sa balansnim
mikrostrip vodom i metalne vije koja povezuje gornji i donji
provodnik balansnog voda, kao Sto je prikazano na Sl. 2.
Jedan SRR se nalazi na gornjoj, a drugi na donjoj strani
dielektrika.

Sl. 2. SRR Sifter izmedu dva dipola.

Pri projektovanju Siftera pokazalo se da sprega izmedu SRR
i balansnog voda ima veliki uticaj na ukupne karakteristike
Siftera, pa je bilo neophodno da se ona maksimalno poveca.
To je prvobitno ucinjeno tako $to je umesto Kklasi¢nih
kvadratnih SRRs koris¢en SRR koji je izduZen u pravcu voda.
Takva struktura zahteva postojanje jo$S dva dodatna SRRs sa
druge strane voda tj. ukupno 4 SRRs. Da bi se izbegla
upotreba dodatnih SRR moguce je pojacati spregu tako Sto ¢e
sam vod biti savijen oko SRR. U ovom slu¢aju moguce je
koristiti ¢ak i klasi¢ne kvadratne SRR, jer poloZaj voda
obezbeduje dovoljnu spregu.

Ill. REZULTATI

Karakteristike faznog Siftera su date na Sl. 3. Njegov 3dB
propusni opseg je od 5.6 GHz do 6.35 GHz, sa maksimalnim
koeficijentom refleksije od -27 dB i koeficijentom transmisije
od -0.7dB na rezonantnoj ucestanosti. Projektovani fazni
Sifter je prakticno filtar propusnik opsega, usled prisustva
SRR i vije kao §to je prikazano na Sl. 2.
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Sl. 3. S parametri Siftera. Osencena oblast oznacava radni opseg antene.

Fazna karakterstika Siftera je nelinearna $to je osobenost
left-handed metamaterijala, ali u ovom sluéaju ta nelinearnost
je veoma slabo izrazena, tako da imamo gotovo linearno
pomeranje glavnog snopa antene sa promenom udéestanosti.
Rezonansa Siftera je izabrana da bude na 5.85 GHz, kako bi se
omogucilo da centralna frekvencija antene bude oko 6 GHz.
Dodavanje dipola Sifterima menja faznu karakteristiku Siftera
Sto je ekvivalentno produZavanju napojnog voda i ima za
posledicu dodatni frekvencijski pomeraj Siftera od 150 MHz.

Primeceno je da su gain i ugao skeniranja u Sto uzem
frekvencijskom opsegu su dva medusobno opre¢na zahteva,
tj.ve¢i gain zna¢i uzi glavni snop antene, a i manji ugao
skeniranja, odnosno manju frekvencijsku osetljivost antene.

Dijagram zra¢enja predloZene antene je dat na Sl. 4. Antena
radi u opsegu od 5.85 GHz do 6.15 GHz, gde je postignuto
skeniranje glavnog snopa od 45° do 77°. Frekvencijska
osetljivost je 10.67° za 100 MHz. Maksimalni gain iznosi
13.73 dBi, i opada do 12.4 dBi na gornjoj ivici radnog opsega,
s tim Sto je vecina glavnih lobova u radnom opsegu ima gain
iznad 13.2 dBi. Ovo predstavlja veoma dobar kompromis
izmedu Sto veceg traZzenog opsega skeniranja za S$to manju
promenu ugestanosti uz Sto manju degradaciju pojacanja
antene. Kod [1] maksimalni gain ide do oko 14 dBi, dok
najnizi iznosi 12 dBi.
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Sl. 4. Simulirani dijagram zrac¢enja u radnom opsegu (H-ravan).

Normalizovani dijagram zracenja je dat na Sl. 5. Na njemu
se moze posmatrati nivo prvog boénog loba u odnosu na
glavni. On varira od 7.7 dB u najgorem do oko 10 dB u
najboljem slucéaju.
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IV. ZAKLIUCAK

U ovom radu je prikazan antenski niz sa frekvencijskim
skeniranjem koja se sastoji od osam identi¢nih Stampanih
dipola napajanih balansnim mikrostrip vodom i faznim
Sifterom koji se sastoji od dva SRRs spregnuta sa
meandriranim balansnim vodom i vijom koja povezuje oba
provodnika balansnog voda. PredloZena struktura je veoma
jednostavna u poredenju sa slicnim antenama sa
frekvencijskim skeniranjem poSto su i zraceci elementi i
napojna struktura na istom supstratu. Postignuto je skeniranje
od 32° pri promeni frekvencije od 300 MHz, pri ¢emu antena
u ve¢em delu opsega ima gain preko 13.2 dBi .
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ABSTRACT

In this paper we present a new design of frequency-scanning array
antenna which consists of eight antiresonant dipoles fed by
symmetrical microstrip line. Feeding network between dipoles is
designed using left-handed unit cell that increases the frequency
dependant phase difference between antenna elements. Left-handed
unit cell consists of two SRRs (split-ring resonators) coupled with
balanced microstrip line. The beam scanning is found to be 32
degrees with frequency variation in the range from 5.85 GHz to
6.15 GHz (£2.5% of the central frequency) and gain of 13.5 dBi.

Frequency Scanning Antenna Array with SRR Phase
Shifters

Nikola Boskovic, Branka Jokanovic and Aleksandar Nesic
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POREDENJE KARAKTERISTIKA STAMPANIH BOW-TIE DIPOLA SA DIPOLIMA
PETOUGAONOG OBLIKA

Marina Ili¢, “IMTEL Komunikacije”, marina@insimtel.com
Nikola Boskovi¢, “IMTEL Komunikacije”, nikola@insimtel.com

SadrZaj — Rad obuhvata poredenje bitnih karakteristika
Cesto primenjivanih Stampanih bow-tie dipola sa dipolima
petougaonog oblika. Poredenje obuhvata karakteristike
Stampanih usamljenih dipola sa ravnom reflektorskom
plocom, kao i dipole u antenskim nizovima. Karakteristike
dipola su dobijene na osnovu simulacionih modela, na
frekvenciji  oko 10 GHz.  Eksperimentalna  provera
realizovanih prototipova na osnovu simulacionih modela je u
toku. Konstatovana je znacajna prednost dipola petougaonog
oblika koja se odnosi na Sirokopojasnost i znatno manju
medusobnu spregu u nizu sa aksijalno postavljenim dipolima.

1. UVOD

Stampane antenske strukture su poslednjih godina
apsolutno dominantne u antenskim sistemima koji se koriste
u mikrotalasnoj tehnici. Kao zrace¢i elementi se najcesce
koriste patch-evi ili razne forme Stampanih dipola. Jedan od
najbitnijih nedostataka patch-eva je veoma uzan propusni
opseg, kao i velika osetljivost na tolerancije. Zbog toga se u
antenskim sistemima u Stampanoj tehnici, koji imaju
relativno Siroke propusne opsege koriste dipoli razli¢itih
formi. Najcesce su to tzv. Bow-tie dipoli ¢ije polovine imaju
formu trougla [1, 2, 3] Medutim, manje koriS¢eni su dipoli
petougaonog oblika [4, 5, 6]. U radu su uporedno razmatrana
oba tipa Stampanih dipola, pod istim uslovima. Poredene su
njihove bitne karakteristike: Sirina propusnog opsega, gain,
kao i medusobna sprega — kada se koriste u antenskim
nizovima. Razmatrani su slu¢ajevi usamljenih dipola sa i bez
dielektricne podloge; zatim sa i bez dielektricne podloge
iznad reflektorske ploCe. Razmatrani su i parovi dipola u nizu
radi poredenja medusobnih impedansi.

2. POREDENJE KARAKTERISTIKA DIPOLA SA
REFLEKTORSKOM PLOCOM

Razmatrane su karakteristike Bow-tie i petougaonih
dipola bez i sa dielektricnom podlogom na opsegu oko 10
GHz. Iza dipola, na rastojanju A/4 se nalazi provodna
reflektorska ravan. Oba dipola su optimizovana tako, da na
centralnoj frekvenciji od 10 GHz imaju impedanse (100+j0)
oma i (200+j0) oma. Jedna i druga polovina dipola (kod oba
tipa) se nalaze na suprotnim stranama dielektricne podloge,
tako da simulacioni model odgovara napajanju dipola
simetricnim (balansiranim) mikrostrip vodom. KoriS¢ena
dielektri¢na podloga ima debljinu h=0.508 mm i relativiu
dielektri¢nu konstantu Er=2.17. Racunati su propusni opsezi
oba tipa antene (dipola), pod pretpostavkom da se pod
propusnim opsegom podrazumeva frekvencijski opseg u
kome je VSWR manji od 2 (odnosno S;; < -10 dB), naravno
normalizovano na nominalnu impedansu antene (100 oma ili
200 oma). Medutim, posto na visim frekvencijama dolazi do
formiranja lobova velikog nivoa, gde su antene prakticno
neupotrebljive, propusni opseg je pored uslova za VSWR,
odreden i uslovom da lobovi imaju nivo najmanje 10 dB nizi
od glavnog snopa.

Na SI. 1a,b su prikazani simulacioni modeli Bow-tie dipola i
petougaonog dipola na supstratu iznad reflektora. Vidi se
simetricna segmentacija strukture, kao 1 polozaj druge
polovine dipola, koja se nalazi sa druge strane supstrata, blize
reflektoru. Prednost petougaonih dipola moze se objasniti u
vecéem stepenu slobode prilikom konstrukcije, tj. kod Bow-tie
mozemo optimizovati 3 dimenzije, dok kod petougaonog
dipola ¢ak 5 dimenzija. Sa slika mozemo videti da petougani
dipol prakticno predstavlja Bow-tie sa dodatkom u formi
trapeza.

Slika 1a. Model Bow-tie dipola.

Slika 1b. Model petougaonog dipola.

Na Sl 2a,b i 2c,d su dijagrami zracenja na centralnoj i
graniénim frekvencijama, za Bow-tie i petougaone dipole, a
na Sl.3a,b i 3c,d VSWR za Bow-tie i petougaone dipole.
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Slika 2a. Dijagram zracenja na centralnoj i grani¢énim
frekvencijama za Bow-tie na 100 oma.
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Slika 2b. Dijagram zracenja na centralnoj i grani¢noj
frekvenciji za Bow-tie na 200 oma.
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Slika 2c. Dijagram zracenja na centralnoj 1 grani¢nim
frekvencijama za petougaone dipole na 100 oma.
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Slika 2d. Dijagram zracenja na centralnoj i granicnim
frekvencijama za petougaone dipole na 200 oma.
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Slika 3a. VSWR za Bow-tie na 100 oma.
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Slika 3b. VSWR za Bow-tie na 200 oma.
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Slika 3c. VSWR za petougaone dipole na 100 oma.
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Slika 3d. VSWR za petougaone dipole na 200 oma.

Sa slika vidimo da petougani dipol na 200 oma ima
ubedljivo najveci radni opseg od 8 do blizu 15 GHz. Najgore
karakteristike ima Bow-tie na 200 oma Cciji se dijagram
zratenja vrlo brzo deformiSe, tako da je ova antena
neupotrebljiva i na centralnoj ucestanosti. Za slucajeve od
100 oma, radni opsezi obe antene su oko 2.5 GHz, stim Sto
Bow-tie ima vecée slabljenje bo¢nih lobova (oko 25 dB), a
petougaoni dipoli dosta bolji gain (9.36 dB).



POREDENJE KARAKTERISTIKA BOW-TIE
SPREGNUTIH DIPOLA SA SPREGNUTIM
PETOUGAONIM DIPOLIMA

Sirokopojasni dipoli, koje smo analizirali se vrlo &esto
koriste u antenskim nizovima. Zbog toga je od interesa
analiza karakteristika Bow-tie i petougaonih dipola kada se
koriste u antenskim nizovima. Analizira¢emo karakteristike 2
spregnuta Bow-tie, kao 1 karakteristike 2 spregnuta
petougaona dipola, iza kojih se, na rastojanju A/4 (u odnosu
na centralnu frekvenciju), nalazi provodna reflektorska ravan.
U nizovima, odnosno prikazanim slu¢ajevima, postoji
medusobna sprega izmedu dipola. Ukoliko su relativno velike
medusobne sprege izmedu dipola u nizu, veoma je otezano
projektovanje, odnosno optimizacija karakteristika dipola u
nizu. Prikazani su modeli parova Bow-tie i petougaonih
dipola sa ravnom reflektorskom ravni, optimizovani na
impedansama od 100 oma i 200 oma. Na dijagramima SI. 4,
5, 6 su prikazani dijagrami zracenja na centralnoj i grani¢nim
frekvencijama pomenutih modela, VSWR, kao i medusobne
sprege u svim pomenutim slu¢ajevima.
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Slika 4a. Dijagram zracenja na centralnoj i grani¢énim
frekvencijama za spregnute Bow-tie na 100 oma.
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Slika 4b. Dijagram zracenja na centralnoj i grani¢noj
frekvenciji za spregnute Bow-tie na 200 oma.
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Slika 4c. Dijagram zracenja na centralnoj i grani¢nim
frekvencijama za spregnute petougaone dipole na 100 oma.
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Slika 4c. Dijagram zracenja na centralnoj i grani¢nim
frekvencijama za spregnute petougaone dipole na 200 oma.
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Slika 5a. VSWR za spregnute Bow-tie na 100 oma.
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Slika 5b. VSWR za spregnute Bow-tie na 200 oma.
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Slika 5¢. VSWR za spregnute petougaone dipole na 100 oma.
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Slika 5d. VSWR za spregnute petougaone dipole na 200 oma.
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Slika 6a. Sprega za slucaj 100 oma.
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Slika 6b. Sprega za slucaj 200 oma.

4. ZAKLJUCAK

Sa prethodnih grafika se jasno vidi da su spregnuti
petougaoni dipoli (radni opsezi oko 4 GHz) Sirokopojasniji
od Bow-tie (radni opsezi 1-2.5 GHz) i da imaju veéi gain,
takode dimenzije Bow-tie su oko tri puta veée za
odgovarajuéi slucaj petougaonog dipola. Sa grafika sprega
vidi se da je ona znatno mirnija kod petougaonih dipola §to je
od presudne vaznosti za Sirokopojasnost. Petougaoni dipoli
su pokazali bitnu prednost u donosu na Bow-tie, tako da je
njihova znacajnija upotreba potpuno opravdana. Prednosti
petougaonih dipola su uvideli i svetski priznati autoriteti iz
oblasti antena poput Toma Miligana koji u predgovoru za 6,
izmedu ostalog kaze i sledece: “Notice the use of a
pentagonal dipole that provides exceptional bandwidth, a
simpler construction compared to a sleeve dipole. Thanks to
the authors for sharing their ideas and experience in building
these antennas.”

Istrazivanje u ovom radu je finansirano od strane
Ministarstva prosvete i nauke u okviru projekata TR-32052 i
TR-45016.
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Abstract — This work includes comparison of the essential
characteristics of frequently applied printed bow-tie dipoles
with pentagon dipoles. The comparison includes features of
printed isolated dipole, above reflecting plate, and the dipole
antenna arrays. Characteristics of the dipole are obtained
based on simulation models, at a frequency around 10 GHz.
Experimental verification of implemented prototypes based
on simulation models is ongoing. We found a significant
advantage of pentagon dipole forms relating to broadband
and to a much lower mutual coupling in a series of axially
placed dipoles.

COMPARASION OF THE CHARACTERISTICS OF
THE PRINTED BOI-TIE DIPOLE AND PENTAGON
DIPOLE

Marina Ili¢, Nikola Boskovié
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NISKOPROPUSNI FILTAR ZA GSM MULTIPLEKSER SA MALIM GUBICIMA I VRLO
VISOKIM IIP3

Nikola Boskovi¢, “IMTEL Komunikacije”, nikola@insimtel.com

Sadrzaj — U ovom radu je predstavijen postupak
projektovanja niskopropusnog filtra za GSM multiplekser
u koaksijalnoj tehnologiji, na osnovu zadatih specifikacija.
Dat je detaljan postupak dizajna, kao i verifikacija 3D EM
analizom. Takode je prikazana vaznost postojanja
analitickih modela za razlicite EM probleme.

1. UVOD

Mikrotalasni pasivni uredaji se danas u najve¢em broju
slucajeva implementiraju u tehnici mikrotrakastih vodova.
Ovo je opravdano iz razloga §to je u ovoj tehnici moguce
spreznjake, transformatore impedanse. Jedan filtar se u
ovoj tehnici moZe realizovati razliCitim nadinima:
kaskadom sekcija voda, spregnutim vodovima, vodovima
sa paralelnim ograncima itd. Nesumljiva prednost ove
tehnologije je njena mala cena i veliCina realizovanog
proizvoda, s obzirom da talasna duzina, a samim tim i
veli¢ina vodova, obrnuto srazmerna ucestanosti. Medutim,
postoje odredeni slucajevi gde ova tehnologija nije
primenjiva, kao na primer za rad sa signalima Cija snaga
prevazilazi mogucénosti mikrotrakastih vodova, [1].

Filtri su mreze sa dva ili viSe pristupa selektivne po
ucCestanosti. Njihov osnovni zadatak je da signale nekih
uCestanosti dobro propusStaju, a da signale drugih
ucCestanosti slabe, $to se obi¢no vrsi tako $to se nezeljeni
opseg signala reflektuje. Za analizu i projektovanje filtra
od osnovne vaznosti je transfer funkcija, koja je zapravo
odnos kompleksnih predstavnika veli¢ina na izlazu i ulazu
filtra. Transfer funkcija na osi ucestanosti je frekvencijski
odziv. Filtri su najcesce pasivne reciprocne mreze sa dva
pristupa, a transfer funkcija je po pravilu parametar
rasejanja, S,;. Za reciprone mreze sa dva pristupa vazi
S$51= 812, [2]

Prva stvar kod projektovanja filtra je izbor
aproksimacije koja treba da zadovolji zadatu specifikaciju,
skup uslova koje filtar treba da zadovolji. Aproksimacija je
analiticki izraz frekvencijskig odziva koji moze da se
ostvari u praksi. Da li ¢e biti izabrana Batevortova,
Cebisevljeva, Beselova, Elipticka, Lezandrova ili neka
druga zavisi od konkretnih uslova koje dizajn treba da
zadovolji: selektivnost, linearnost faze itd. U praksi se
najces$ce koristi CebiSevljeva. Razlog tome je Sto za nju
postoje jednostavni analiticki izrazi, a ima vecu
selektivnost od Batevortove. Prostija aproksimacija ¢esto
zna¢i 1 da je njenu fizicku realizaciju lakse izvesti.
Aproksimacije prakticno daju samo pocetne vrednosti
parametara komponenata, posto se filtri prave od
nesavrSenih komponenata, pa je konacni model rezultat
podesavanja parametara radi kompenzacije gubitaka.
Dostupna su softverska reSenja koja omogucavaju
proracun odgovarajuce aproksimacije. Narocito pogodna je
moguénost da se u odredenom softverskom paketu jedan
ili svi parametri menjaju u odredenim granicama, od strane
korisnika (tjunovanje), ili od strane samog softvera po
odgovarajuéem  algoritmu  (optimizacija), u cilju
zadovoljenja specifikacije. Na taj nacin se moze dobiti
aproksimacija koja se ne moze svrstati ni u jednu poznatu,
ali koja najbolje odgovara zadatom problemu, [3].

2. METODOLOGIJA

Potrebno je dizajnirati filtar propusnik niskih
ucestanosti sledec¢ih specifikacija: S;; u opsegu 850 MHz
do 950 MHz da je manje od -35 dB, Sj, je jednako -3 dB
na oko f=1GHz, obezbediti potiskivanje harmonika, male

gubitke i visok IIP3.

Zbog uslova koje filtar treba da zadovolji izabrana je
koaksijalna tehnika. Dizajn treba da zadovoljava zadatu
specifikaciju, a da pri tom bude $to lakse fizicki ostvariv.
Potrebno je u Suplju cev odredenog preénika staviti
odgovarajuc¢e metalne Sipke, tako da struktura vrsi funkciju
trazenog filtra. Dielektrik je vazduh. Za nacin realizacije
datog filtra izabran je dizajn preko kaskade sekcija voda.
Za pocetnu aproksimaciju izabrana je CebiSevljeva, posto
ona obezbeduje najmanji red filtra za dizajn preko kaskade
sekcije voda.

3. APROKSIMACIJA

Prva stvar koju treba wuraditi je proracun reda
aproksimacije, koji ¢e zadovoljiti specifikaciju, [4]. Za
slucaj CebiSevljeve aproksimacije to se moze uraditi po
obrascu 1.

0.1L,
cosh™ 100“4 !
n> 10 -1 (1)
cosh™ Q

N

Slabljenje u nepropusnom opsegu za € je L,J[dB],
uzimamo da je 40 dB, Q je grani¢na ugaona ucestanost i
iznosi 2mf[GHz] rad. L,[dB] je sacinitelj talasnosti u
propusnom opsegu. Kako za pasivne dvoportne mreze bez

gubitaka vazi [S,, ‘2 + ‘521‘2 =1, tada vazi izraz 2.

L, =-10log(1—10"") @)

L,[dB]<0, su povratni gubici u propusnom opsegu, tj.
S,,[dB]=-35. Zamenom u 1, dobijamo da je n>9.621,

dakle n=10 bi trebao da bude minimalan red filtra
sastavljenog od idealnih komponenata. Medutim, kako
imamo istu impedansu na oba pristupa filtra (50Q),
potrebno je da red filtra CebiSevljeve aproksimacije bude
neparan, tako da usvajamo da je n=11. Sada mozemo
izraCunati vrednosti elemenata za niskopropusnik opsega
sastavljenog od idealnih elemenata po CebiSevljevoj
aproksimaciji, na osnovu izraza 3.
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Koris¢enjem datih obrazaca dobijamo da su parametri
aproksimacije: g, =0.643, g,=1336, g,=1.668,

g, =1.722, g. =1832, g, =1.781.

4. DIZAJN PREKO KASKADE SEKCIJA VODA

Na slici 1 je prikazana LC Sema filtra niskopropusnika
ucestanosti koji je aproksimiran preko date Seme sa
vodovima.

Slika 1. (a) Aproksimirani model NF filtra sa vodovima,
(b) LC Sema NF filtra sa vodovima.

Ovo je moguce pod uslovom da je elektricna duzina
voda mnogo mala, tako da se vodovi sa velikom
impedansom ponasaju kao redni kalemovi, dok se vodovi
sa malom impedansom ponasaju kao paralelni kondezatori.
Elektri¢na duzina voda racuna se po obrascu 4.

O=fd = 2%1 — i IC = f% (4)
g 0

B je fazni koeficijent, d je duzina sekcije voda, 4, je talasna
duzina vodenog talasa, w=2mnf" je kruzna ucestanost, L'i C'
su poduzne induktivnosti i kapacitivnosti, @, je elektricna
duzina voda na ucestanosti f;. Idu¢i korak je da izaberemo
impedanse sekcija koje ¢e predstavljati kalem i
kondezator. Ako je impedansa pristupa Z,, tada vazi
Zoc<Zoy<Zy, gde je Zopc mala impedansa koja
aproksimira kondezator, a Z,, je velika impedansa koja
aproksimira kalem. Manje Z,- ¢e rezultirati u boljoj
aproksimaciji kondezatora, §to moze imati za posledicu
veliki precnik odseCka voda, dok ¢e veée Z,, bolje
aproksimirati kalem, ali to moze uzrokovati da ovaj
odsecak bude veoma tanak.

Optimalne vrednosti impedansi koje su uzete su
Zoc=20Q, za C vod, 1 Zo;= 120 Q, za L vod. Na osnovu
datog precnika spoljaSnjeg omotaca koaksijalnog filtra Dy
i impedanse mozemo naéi precnike sekcija vodova po
obrascu 5.

D, =—2 (5)

i z
e59.97

Gde je Z odgovaraju¢a impedansa. Dakle, ima¢emo sekcije
koje ¢e imati samo dve moguée vrednosti za precnik
sekcija voda. Cebisevljevu aproksimaciju primenjujemo na
elektri¢nu duzinu sekcija voda. Za prvu sekciju izabrano je
da bude velika impedansa odnosno kalem, iz razloga §to je
napajanje fizi¢ki znatno lakSe realizovati na cevi malog
precnika, zatim sledi odgovaraju¢a sekcija male
impedanse, odnosno kondezator. U skladu sa proracunima
aproksimacije, raspored sekcija treba da bude slededi:
L1-C1-L2-C2-L3-C3-L3-C2-L2-C1-L1.

Elektricne duzine odgovarajucih elemenata racunaju se
po izrazima 6.

Z Z Z
0 ="y Q.="%o ©,=—2
L1 Z, & 1 Z, & 12 Z, &, ©
. Z Z, -
O 2270:&» O 227:;& » Og :Zio:gs

Kako je impedansa pristupa Zy=50 Q, i na osnovu ranije
proracunatih vrednosti parametara aproksimacije imamo:

0,, =0.2679rad, 0, =0.5343rad,®,, = 0.6952rad,
0., =0.6887rad,®,, =0.7635rad,® ., =0.7126rad.

Sada mozemo dobiti vrednosti duzina odgovarajucih
odsecaka. Iz obrasca 4, moZemo izvesti obrazac 7.

d:g.gg:@.M (7)
2z 2r - fIGHz]

Zamenom prethodno dobijenih vrednosti za ® i /=1 GHz,
dobijamo sledeée duzine odsecaka vodova:

d,, =12.8mm,d,, =255mm,d,, =33.2mm,
dg, =329mm,d,; =36.4mm,d ., =34 mm.

Prec¢nike odse¢aka dobijamo na osnovu obrasca 5, gde
uzimamo dostupnu cev od Dp=60 mm, a za impedanse
uzimamo 20 Q za C vodove 1 120 Q za L vodove. Dakle,
imamo D;=8.1 mm i D;=43 mm.

Efekat diskontinuiteta se javlja pri nagloj promeni
geometrije voda koja uzrokuje refleksije signala. Ovaj
faktor je veoma znacajan i neophodno ga je uzeti u obzir
prilikom projektovanja. Njega su eksplicitno objasnili J. R.
Whinnery i H. W. Jamieson, [5], na osnovu cega su
izvedeni analiticki izrazi, [6].



5. SOFTVERSKA OBRADA

Fizicka realizacija modela se u praksi nikad ne vrsi
samo na osnovu analitickih proracuna. Razlog je Sto su
dostupna softverska reSenja koja omoguéavaju da se svi
parametri projekta podese, tako da postignemo dobro
zadovoljenje trazene specifikacije. NajlakSa opcija je
napraviti odgovaraju¢i 3D model, sa prethodno dobijenim
dimenzijama i zatim odgovaraju¢om 3D optimizacijom
do¢i do zadovoljenja trazenih uslova. Medutim, 3D
optimizacija je veoma racunski i vremenski zahtevna i
treba je izbegavati ako je ikako moguce. Za brzo resavanje
nekog problem neophodno je da postoji njegova priblizna
analiticka formulacija, na osnovu koje se moze softverski
model koji uzima u obzir datu problematiku. Za analizu
mikrotalasnih kola pogodan je softver Microwave Office
(MWO), [7]. Dostupne su baze sa
elementima, ¢ijom kombinacijom se mogu dobiti sloZene
strukture. Elementi su vecinom opisani analitiCkim
izrazima u kombinaciji sa slozenim algoritmima. Glavna
prednost analize modela sastavljenog od elementa iz baze
podataka MWO je brzina. Fakti¢ki bilo koja analiza se
moze izvrsiti za nekoliko sekundi. Elemenat COAX je
pogodan za analizu odsecaka koaksijalnih vodova. Njegovi
ulazni parametri su precnici unutras$njeg provodnika i cevi
koja ga okruzuje, izmedu njih je dielektrik vazduh
(predstavlja se preko vrednosti Er, relativne dielektri¢ne
konstante), mogu¢ je unos gubitaka preko tangensa ugla
gubitaka. Materijal provodnika se predstavlja preko Rho,
§to predstavlja provodljivost metala normalizovane u
odnosu na bakar. U MWO postoji elemenat koji priblizno
proracunava efekte koaksijalnih prelaza, na osnovu ranije
pomenutih eksplicitnih izraza, CSTEPIO, slika 2.

— CoAX L . Conx
ID=CX4 CSTEPIO ID=CX1
- ID=CS4 !
Di=dlmm i Di=dc mm
SRS Di1=el mm- :
Do=do mm Do=do mm
1 i Do1=domm -
L=11 mm . L=c1 mm
_ Di2=dc mm
E_I’—'_] . Do2=d Er=1
Tand=0 7T Tang=
R_hO_— 1 Lo Er2=1 Rho= 1

Slika 2. Deo modela sa proracunom efekta prelaza.

Dati model u MWO mozemo podvrgnuti optimizaciji
tako da dobijemo zadovoljenje trazenih specifikacija.
Dobijene su slede¢e vrednosti za precnike: D;=9.4 mm i
D,;=38.1 mm, a za duzine odsecaka:

d,, =12.74mm,d ., =17.39 mm, d,, =30.33 mm,
d., =28.06mm,d,, =30mm,d ., =33.55 mm.

Izgled 3D modela dat je na slici 3.

Slika 3. 3D model projektovanog filtra

Uporedni prikaz karakteristika S parametara dobijenih
u ovom MWO modelu i 3D modelu sa istim dimenzijama
dat je na slikama 4 i 5.

Slika 4. Uporedni prikaz vrednosti S;; MWO i
odgovaraju¢eg 3D modela.
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Slika 5. Uporedni prikaz vrednosti S;; MWO i
odgovaraju¢eg 3D modela.



Sa slika 4 1 5 vidimo da postoji dobra analogija izmedu
frekvencijske zavisnosti S parametara dobijenih iz MWO
modela i njegove 3D EM analize. Naravno ovde vidimo
slabije prilagodenje (slika 4) kod 3D modela iz razloga $to
je MWO model fakticki gruba aproksimacija efekata koji
se javljaju na realnom modelu. Ipak, moze se videti da je u
ciljanom opsegu postignuto zeljeno prilagodenje od
-35 dB.

6. ZAKLJUCAK

U radu je opisan postupak projektovanja NF filtra u
koaksijalnoj tehnici, od analitickih izraza, preko softverske
obrade, do realizacije 3D modela. Prikazan je znacaj
postojanja §to veceg broja analitickih formulacija razli¢itih
problema.

Naredni korak, pre fizicke realizacije, je dalja
optimizacija modela, proracun uticaja napajanja i
savladivanje tehnickih problema realizacije modela. Izbor
odgovarajuc¢ih konektora je presudan za uspeSan dizajn
ovog modela. Posto je dielektrik vazduh unutra$nji
provodnici voda moraju se osloniti na poseban nacin,
obi¢no postavljanjem dielektricnih diskova, najcesce
teflonskih, na odgovarajua mesta. Na mestu umetanja
diskova karakteristicna impedansa voda je manja nego u
ostatku voda, pa je neophodno kompenzovati taj
diskontinuitet, bilo smanjenjem preénika unutrasnjeg
provodnika, bilo poveCanjem preénika spoljasnjeg
provodnika na mestu diska. Treba ispitati mogucnosti za
kacenje unutra$njeg provodnika direktno na odgovarajuce
Sasijske konektore, Cime bi se izbegle komplikacije
upotrebom dielektri¢nih diskova.

Istrazivanje u ovom radu je finansirano od strane
Ministarstva prosvete i nauke u okviru projekata TR-32052
i TR-45016.
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Abstract — In this paper we present modeling of lowpass
filter in coaxial technology for GSM multiplexer, based on
given specification. It is showed detailed process of
design, along with 3D EM verification of model. It is also
showed importance of analythical models for different EM
problems.

DESIGN OF LOWPASS FILTER IN COAXIAL
TECHNOLOGY

Nikola Boskovi¢



IITaMnaHu aHTEHCKH HU3 ca BeJIMKHM nojayameM 3a FM CW panap na Ku oncery

PykoBoaunan npojexra: np bpanka Jokanosuh

Onarosopuo Jauile: ap bpanka Jokanosuh

Aytopu: Hukona bomkosuh, np bpanka Jokanosuh, MucTuTyT 32 husuky, beorpan;.
Pa3BujeHo: y okBupy npojexra TexHosoukor pa3soja TP-32024:Pexon¢urypabuse,
MyJAITHOAH] U CKEHHpaHe aHTeHe Ha 0a3u MeTamarepujaia 3a 0exXUYHe KOMYHHKAIlMOHE
CHCTEME U CEH30pe

I'oguna: 2014.

Ipumena: 2015.

Kparak onuc

[pukasan je mtamananu anteHcku Hu3 ca 420med anTeHa (patch antenna ) koju je HaMembeH
3a FMWC (Freguency-Modulated Continuous Wave) pamap y omcery 16.9-17.3GHz
[TpojexToBanu Hu3 uma 3dB4nupuny cHona ox 2 u 10 crenenn y H- 1 E-paBHu pecniekTHBHO.
Crnabspeme 60unux jg000Ba je Behe ox 20dBy matom oricery, a nobutak antene je oko 30dBi.
YkynHe qumensuje antene cy 31 X 7.5\.

TexHuuke KapaKTepuCTHKeE:

AwnTtencku Hu3 paau y oncery 16.9-17.3GHz360r 3axteBane 3 dB4mupune caomna ox 2 u 10
crerieln y H- u E-paBHu Opoj enemenata koju uynHe oBaj Hu3 je 42 X 10.EnemenTn ce Hanaze
Ha Mel)ycoOHOM pacTojamy 01 Ag. AHTEHa je cuMmeTpudHa no E paBHU W peann3oBaHa je Ha
cyncrpary Rogers RT/duroid 588@:E2.17,t90=0.001, h=0.508 mmJIpoBoaHoM mactom je
3ajJielUbCHa Ha AJYMHHHMJYMCKH TlaHen jae0/buHe 6mm, ca 4uje ce JApyre CTpaHe Hajasu
OaJlaHCHM HHMPKYJIaTop Koju Tpeba na o0e30eau JOBOJBHY H30JMANM]y H3Mehy mpemaje u
npujemMa jep ce KOPUCTH caMo jeHa aHTEHa.

Texnnuke moryhnocru:

[peanoXeHn aHTEHCKH HU3 MMa BeoMa y3ak cHon y H-paBuu unja je 3 dB4mupune 2 crenena
y nenoM pagHoM omcery on 16.9-17.3GHz.Y o0e paBHM 3aXTeBaHO Cla0JbeHEe OOYHHX
no6oBa je Behe o 20dB.

Peanmusaropu: Uuctutyr 3a pusuky, beorpazn

Kopucnnuu: European Commission, DG Joint Research Centre (JRC), Unit Ma
Affairs, E. Fermi 2749, Ispra, Italy

Ioarun pemema: M82 —HycTpHjcKH IPOTOTHIT

fitime

Crame y cBeTy

[IITaMmaHy aHTEHCKM HHU30BH CE€ BEOMa 4YEeCTO KOPUCTE Yy KOMIIAKTHUM
MHUKpPOTaJacHUM ypehajuma Koju HeMajy BeJUKy npeaajHy cHary kao mro cy FMWC panapu
U MHKpPOTaJacHHU JIMHKOBM 3a (UKCHE M MoOMiHe KoMyHuKaiuje. Kao ocHoBHa 3paucha
CTpYKTypa Hajuemthe ce jaBjba €4 aHTEHAa MAKO j€ HEH IJIABHU HEJOCTAaTaK M3pakeHa
YCKOIIOJaCHOCT, Tj. PEJIATUBHU paJHU OICEr OJi CBera HEKOIMKO mpoleHara. [la Ou ce
HCKOPHCTWIIE MaKCUMaJIHe MOTYNHOCTH 14 aHTeHe MOTpeOHa je BeoMa BeNIMKa MaKbha Mpu



MIPOjEeKTOBakY HAIOjHE MpeXe aHTeHCKOr Hu3a. [locTtoje pa3sHe Moaudukamnmje rned aHTeHe
pamy TOCTH3ama MIMPOKOMojacHOCTH [1], MehyTMM OHe yriaBHOM YKJbY4yjy YHOTpeOy
BHUIIIECIIOJHUX JIMEICKTPUKA WIIH MTOCTABIbAahe COHIU HA CIEIM(PUIHO MECTO KO TIeY aHTEHE,
IITO je y CIIy4ajy aHTEHCKOT HH3a Ca BEJMKHM OpoOjeM eJeMeHaTa BeoMa KOMILJIMKOBAHO.
Kopunthewewm neu anteHe cnenuduyuHe UMIIEAaHCE Y3 OJroBapajyhy HammojHy MpexXy MOXe
ce JOOWTH KeJbeHa KapaKTEpUCTUKA 3padyema. [[pyra BakHa KapaKTepUCTHKA Ha KOjy Tpeda
o0paTuTH Naxmwy NpH IpojekToBamy je 3amoBosbaBajyhm KCT (koedpuumjent crojehmx
Tanaca), koju Tpeba aa Oyne ucron 2 3a 100po npuiaroheme. MelhyTum, aujarpam 3padcma
u KCT Hucy y aupekTHOj Be3H, Tako 1a anteHa Moxke umatu gobap KCT y nexom ormcery, a
JIOII JWjarpaMm 3padema U OOpHYTO. 3a Halajamke IITaMIIaHUX aHTEeHA ca BEJIUKUM OpojemM
3padyehux eneMmenara Hajuernihe ce KOPUCTU CEPHCKO Harajame jep OHO YHOCH MUHHUMAITHO
cnabibeme y nopehemy ca mapajesHuM HamajambeM, Koje mak omoryhaBa mMpU MPOIYCHU
oricer anteHe. Bpio decto ce kopucTe W XMOpHUIHE HAMOJHE MpEeXe Koje Cy KoMOMHaiuja
napaJie;THOT ¥ CEPUjCKOT Hamajama [2].

‘ IIpojexToBame anTenckor Hu3a y H u E-paBuu |

ITeu anTeHa koja je kopumiheHa y HM3y MMa HMIIEJaHCY ONTHMH30BaHa Ha 3502
kopumhesseM WIPL-D codreepa [3]. 3pauehu enementu cy mel)ycoOHO MOCTaBbeHH Ha
pacrojamy Ag Ha RT/duroid 5880 4=2.17,tg0=0.001, h=0.508mm)la 6u ce 10610 cHOI 0O
2 creneHa y H-paBHM mOTpeOHO je Ja XOPU3OHTAJIHM IOJHU30BH uMajy 1o 42 3paucha
eneMmenTa. OBako BeNWKH Opoj eleMeHaTa AMKTUPAO jeé W M300p HAIojHE Mpexe Koja je
Mopajia OUTH CEepHjCKOT TUMa 300T MambUX r'yOMTaKa y HallOJHUM MUKPOCTpHUIl BojgoBuma. Jla
Ou ce M30eryi0 CKeHUpame IIaBHOT CHOMa Mpu npoMeHu ydectanoctu oj 400MHz, 6uio je
HEOIXO/IHO JIa CE CBU XOPU3OHTAJIHMA HU30BH MOJIEjIe Ha M0 JBa He3aBHCHA MojaHu3a [4] ca 21
3payehum enemenTom. Ha Taj HauWH je MOCTUTHYTO JIa TJIABHH CHOII YBEK OyJie yCMEpeH Ka
broadside npasiy, 6e3 003upa Ha mpomeHy (pekBernuje. Hamajame 0OBUX MOAHU30BA HUjE Y
cpenvHu, Beh ce mpeMa KpajeBuMa aHTeHe Haya3u 14 med aHTeHa, JOK je TpeMa CpeauHHu
celaM, Tako Jia JBE HAIlOjHE TayKe JieJie XOPU30HTaJHEe HU30BE Ha TpH jaena oa no 14 mey
anTeHa. Jleo mojgHM3a KOjU je OKPEHYT MpeMa CPEIMHU aHTEHE CE CacTOju OJf / Ted aHTeHa
cnojenux 50Q BojoMm, kKoju y mapanenu najy SOC), mrTo 3HAaYM Ja je OBaj MOJHHU3 ca
yHU(OPMHOM paclofiesioM M Kao TakaB Tpeba Ja jgompuHece mTo BeheM mojayamy HU3A.
Tpeba umaTu y BHAY Ja KOJI OBOT TOJIHM3a II0jeJMHAYHE €Y aHTeHEe HHUCY MpuiaroheHe Ha
UMIIeIaHCy BoJa, Beh mocroju npunaroheme camo Ha ynasy Huza. [1o ¢B0joj mpupoau oBakaB
YHU(QOPMHH HU3 CMaja y pe30HAHTHE HU30BE Ca MPOTPECHBHHUM TaJlaCOM, KOjH HMMajy y3aK
pomnycHU oricer. Jlpyru noHu3, Koju je OKpEeHyT IpeMa KpajeBUMa aHTEHE Ce CacTOju O] I1ed
aHTEHA KOje Cy CIOjeHe MPEKOo TpaHCPOopMaTopa UMIIEIAHCe YHja je Ty HHA Ag/4 (Ha cruiu je
o3nadeH ca N) u 50Q-ckux BojoBa nyxune 3hg/4, y unipy 100Hjama oarosapajyhe pacnojerne
[5] (cn. 1.).




Cn. 1. Jleo momguusa y H-paBHU r/ie Ba eJIeMEHTa ca JIEBE CTpaHe
MpeICTaBibajy YHUGOPMHH JI€0 MOIHU3A, a APYyTa JBa Cy JI€0
NIOJIHK3a Ca HEYHU(OPMHOM PACIIOJIEIIOM.

Jla Ou aHTeHCKM HHM3 MMao oxaromapajyhy mupuny cHoma y E-paBHM motpeOHO je
norofHo Hamajath H-uu30Be 3aBucHO o TpakeHe 3dB4umpune riaBHor jo6a. OBH HH30BU
MoOpajy Ja ce Hamajajy HeyHudopmHo, momohy ojaroBapajyhe HamojHe Mpexe Jna 6u ce
OCTBapHJIO KEJHEHO cilabiberme 00uHnX oooBa y E-paBuu. Kako je 3axteBana 3dB-4mmpuna y
E-paBau 10 crenenm mnotpebHO je 10 Xopu3oHTasHMX HH30Ba Ja Ou ce ¢dopMupao
onrosapajyhu amjarpam 3padema. HamojHa mpexa y E-paBHu Tpeba na 00e30eauTH BEITUKO
crnabsbeme 00UHMX J1000Ba y3 33710B0JbaBajyhe nojayame anTeHe. M3abpana je MonuduKoBaHa
Taylor-osa pacnozena koja omoryhasa notuckuBame 60uHuX J1060Ba 0,1 30dB Ha neHTpaHoj
yuectanoctd. [Ipu npopadyHy koeduimjeHara pacnojelne kopuinher je mporpam Linplan [6].
AMIUIMTYACKH Koe(UIMjeHTH pacnojene Huza cy natu y Tabemu |. Kopumhene cy ucte
O3HaKe Kao Ha cil. 2.

TaGena |. AMJIHTYICKH KOehHIIUjeHTH pacniozene y E-paBau
U110 U2o Usg Usz Uss
0.114 0.295 0.614 0.909 1

HmmnemeHTanyja gate pacrojene ce BpIid noMohy BOIOBa pa3iM4YUTHX HUMIIEJAHCH,
Ha CIIMYaH HauyuH Kao y [7]. Jaxme, y Taukama rpaHama BOJOBAa HMaMO HMIIEJAHCY Koja je
oapelieHa Ha OCHOBY pacrojerie, Ay)KHHa rpaHa je Ag/4, a o1 BUX ce HacTaBsba Boja o1 S50Q
nyxute 3\g/4, Tj. pacrojame u3mel)y H-mogumsoBa y E-paBHu je mcto kao u y H-paBHM
usMel)y 3pauehux ememeHara u u3Hocu Ag. Kao mto ce Buaum u3 TaGene |, mpexa 3a 10
elleMeHaTa je ToJeJbeHa Ha JIBE MJICHTUYHE MOJMPEKE O] IO IMeT eJeMeHara, jep Cy HaloHU
Harajama Ha IPBOM U JieceToM H-HU3y WACHTHYHY 110 aMILTUTY/IH.

Ha ci1. 2, nata je jeqHa 1mojioBMHA HAIMOjHE MPEXKe, IPU Y€MYy CBH Je0JbU BOJIOBU UMajy
umrnenancy ox S0, 10K Tamky BOJOBU UMajy pa3IHYUTe UMIIEJAHCE Y CKIIATy Ca PAcIOIEIOM.
CBaku of meT TIOPTOBa Ce JeTH CUMETPUYHO Ja OM MPUMHO HU3 Nled aHTeHa y H-paBHU u TO
yHUGOpPMHH O]l 7/ TI€ueBa MpeMa CpeIuHU aHTeHe u HeyHudopmuu ox 14 meueBa mpema
KpajeBuMa aHTEHE.




Cn. 2 .Hanojna mpexa 3a E-paBan.

BaxxHo je HamoMeHyTH Ja ce 300T aHTUCUMETpPHjEe TOPHE U JIOHE MOJIOBUHE AHTEHE,
IITO TOJ[pa3yMeBa Jia ¢y 3padehu exeMeHTH MocTaB/beHH Kao JIMK Yy OTJie/lalny, JBE IOJIOBHHE
anTeHe y E-paBHU Mopajy Hamajatu y npotuBdasi, Tj. ca UCTOM aMIUIUTYJI0M U $a3oM Koja je
nomepena 3a 180crenenu. LayoutanTene ca 03Haue€HUM pacrojieiiama je mpuKa3aH Ha ci. 3.

Cn. 3. HBFJ’IGI{ AHTCHC Ca O3HAYCHUM paciojcjiamMa.

Ha cn. 4. je npukaszan u3ries peaju3oBaHe aHTEHE Tj. U3IJIeN CymncTpara ca 3pyehum
eNIEMEHTUMA.




Cn. 4. U3rnen peanu3oBane anTeHe (CyncTpar ca 3pauehuM eeMeHTUMA).

WUsmepenn paumjarpamMu 3pauema y o00€ paBHM Ha LEHTPATHOj] M HAa HMBHYHUM
y4ecTaHOCTUMa JIaTH Ccy Ha cienehum ciaukama.

0
. f=16.9 GHz —H-plane meas.
o —n 0 —— E-plane meas.
T 0l ©nas™20
£ —an 0
o) Ogagp=10.0
ki 20
g— “Y1  max SLL meas.
.9
©
S -30 +
@
|-
ks
N -40 7
©
=
A
5 -50 -
=z
-60 : T T T T T T T T T T
60 40 20 0 20 40 60

Angle (Degrees)
Cn. 4. MI3mepenu aujarpamu 3padewma y H-u E-
paBHu Ha 16.9GHz.




Normalized radiation pattern (dB)

0 f=17.3 GHz [—— E-plane sim.
] - 0 —— H-plane sim.
OHagp=2-27
-10 4 — 0
Opage=10.17

max SLL meas.

-20 -
-30 _
-40 —
-50 _

60 — . — — , . , |
-60 -40 -20 0 20 40 60
Angle (Degrees)

Normalized radiation patter (dB)

Cn. 5. U3mepenu nujarpamu 3pavewa y H- u E-paBau Ha 17.3GHz.

% f=17.1 GHz —] H-plane sim.
1 . —— E-plane sim.
104  ©Hzae™23
—_ 0
Op3qp=9.96
204 max SLL meas.
-30 - f\
-40 -
=50
-60 T | T T T T | T | 1
-60 -40 -20 0 20 40 60

Angle (Degrees)
Cn. 6. Usmepenu nujarpamu 3pauewma y H- u E-paBan Ha 17.1GHz.

TexHnuke KapaKTepPHCTHKE
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TexHUUYKA JOKYMeHTauja

60unu 1060BH cy ucnos -20 dBy H-pasuwu, ucrox -30dB u Epasuu

npuiaroheme Ha aHTEHCKOM npuctyiy: -10dB
3dB-mupuna riaBHor cHoma oko 2°y H paBau
cyrnctpat: Rogers RT/duroid 588@:£2.17,tgo

3dB-mpuna rnasHor cHoma oko 10°y E paBHu
JTMMEH3Hje aHnTeHCcKor Hu3a: 31ho X 7.5\

panHa yuyectanoct: 16.9 GHz -17.3GHz

Wsrnen ¢puima koju je kopuirheH npu u3paau anteHe GoTo TUTOrpadCKUM MOCTYIIKOM.
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ALU -ALU - FR

[ Panel’s composition

ALUMINIUM SKINS

Thickness mm -0 5-08 -1 (standard) \

ORE |

CORE
Aluminium honeycomb (Alloy 3003/ 3103/3104) with hexagonal cells.
Diameter : @1/4”, @3/8", @1/2", @3/4”. Thickness Foil : from 50 to 70 microns.

ALUMINIUM SKINS
Thickness mm :0,5- 0,8 - 1 (standard).

Panel’'s weight @656kg/m 3(21/4”)

» Thickness starting from 4 mm to 150 mm
w | * Thickness'tolerance+0,3mm
i » Dimension’stolerance+30mm
Z | Total thickness mm 15 10 | 15 | 20 | 25
ﬁ SKINS'thickness mm 1+1

CORE'’S thickness mm 14 8 13 18 23

Weightkg/m 2 3,8 6,25 6,53 6,81 7,09
Honeycomb core’s properties 50 Microns
Type ALUMINIUMALLOY3003/3103/3104
@ honeycomb in mm 12 19
@ honeycomb in inches 1/2” 3/4”
DensityKg/m @ 29-30 20-21

Compressive stabilised

strength MPa 0,8-0,95 0,4-0,6

OCHOBHE KapaKTepPUCTUKE YIITpa JIakor arymMuHujymckor manena (honey comb) Ha koju je
MOHTHpaHa aHTeHa Ha npe/koj 1 TX/RX kaHienep Ha 3a/10j ctpanu. LlpeHoM 6ojom cy
03HAYCHE KapaKTEPHUCTUKE MaHeNa KOj! je KopHIheH.
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AyToMaTCKa MeTo/1a 32 Mepem€ qujarpamMa 3padema aHTeHe
nomohy anam3aropa mpexka Anritsu ME7838A

PykoBoaunan npojexra: np bpanka Jokanosuh

Oxarosopno Jauile: ap bpanka Jokanosuh

AyTopu: Munom PagoBanosuh, ap bpanka Jokanosuh, Hukona bomkosuh, MaCcTHTYT 32
¢usuky, beorpazg

Pa3BujeHo: y OKBUpY IIpOjeKTa TeXHOJOUIKOT pa3Boja TP-32024

I'oguna: 2017.

Mpumena: 2017.

IIpororun pemema: Jlabopatopujcku nporotun M85

Kparak onuc

[IpencraBibeHa je MeTO/Aa 3a ayTOMaTH30BaHO MEpEHmE Jujarpama 3padera aHTeHa MoMohy
aHamm3aropa mpexka AnritSUME7838A. Cuctem ce Moxxe KOH(PUTYypHCATH CXOIHO 3aXTEBHMA
KOHKPETHOT Mepema y Tmorjedy: (GpeKBEHIIMjCKOT oricera, Opoja MEpHHMX Tadaka IIo
Y4ECTaHOCTH, 3aJaTUX TMpaBalla Mepema, IMupuHe MelyhpeKBEeHIMjCKOT oOrcera |
ycpenmaBama, n30opa u3Mel)y Ko- u Kpoc-TioJaprcaHOr aajiekor mosba. CucreM ce Moxe
KOH(UTYpHCaTH U J1a IPU Mepermy 00aBba yCMepaBame aHTeHE [0 MaKCUMAITHO TPH CTETIeHa
cnobojie, y 3aBUCHOCTH OJ1 Opoja TPEHYTHO aKTUBHUX MOTOpa. Y CUCTeM je Takohe moryhe
VKJBYYUTH CTEN-MOTOPE pa3IMuuTUX Tabaputa, ca wiM 0e3 peaykTopa, Kako O ce
NPUIATOMIN TabapuTHMa MEpeHe aHTeHEe KOoja MOJKEe 3axXTeBaTH Behy HOCHBOCT H/Wiau 00JbY
pe3onyuujy nosuimonepa. [locie kondurypanuje cucrema, kanuopaiigje aHaiaM3aTopa Mpexka
¥ KanuOpalldje HHMBOA ToJhba HAa MECTy pe(epeHTHE aHTEHE, CHCTEM JlaJbe CaMOCTAJIHO
M3BpIIIaBa MEpema M Ha Kpajy rpaduyuku Mpukasyje 100ujeHe pesynrare.

TexHuuke KapaKTepMCTHKeE:

CucreMm 3a Mepeme ce CacToju OJI: pauyHapa ca KOPUCHUYKUM WHTEpdejcoM u3rpaheHor y
nporpamckom mnakety MATLAB, a xojum ce Bpmu JeduHUCAKE CBUX MapaMeTapa Mepema,
KOHTPOJIHOT Jiea, KOjU CHPOBOAM HHCTPYKLHjE Ka CTEN-MOTOPHMMA KOjUMa C€ BpIIHU
MEXaHUYKO TOMEpame CHCTEMa 3a IMO3MIMOHHPAE MEPEHEe aHTEHE, JNETeKTopa MOYETHOT
MOJIOXKAja, Kako OM CHUCTEM 3HAO Jla C€ OPUjEHTHIIES; aHTeHE 3a MOoOYdy, Kao U pedepeHTHE
aHTeHe, Koje Cy CIojeHe ca aHamu3atopoM mpexe Anritsu ME7838A. AnammzaTtop Mpexe je
Takolhe CIOjeH ca pauyHapoM KOjU CIIPOBOAM MEpPHHM IOCTYIAK, Tako Jla ce€ ayTOMaTCKU
no0ujajy MEpHU pe3yaTaTi y OKBUPY HCTOT HHTep(ejca.

Texnnuke moryhnocru:

Jatu cucreM 3a Mepeme omoryhaBa mepeme aujarpama 3pauema JaJeKOr ToJba Y
CKEHUpameM 1o Bulle oca. CrucreM uMa MOryhHOCT KOMYHUKAIMj€ ca aHAIU3aTOPOM MPEKeE
Anritsu ME7838A Ttako /a ce MPUIMKO Mepema MOry Chelu(GUIHO HABECTH MapaMeTpH O]l
MHTEpECca, TO jJECT CUCTEM MOJKE Jia CE MOJIECH Ja TPAKU MAKCUMYM HIIM MHHUMYM Y OIICETYy
Mepema MTO MOXe Ja Oyle o BEJIMKOr MHTepeca 3a Op30 oipehuBame HHMBOA IMOjavama U
MOJIOKaja HyNa y AujarpaMuMa 3padema. CHCTEM je JaKk 3a peKoH(HUrypucame U MOXKE ce
KOPHUCTHUTH 32 pa3HEe THIIOBE aHTEHA.




Crame y cBeTy

Mepeme aujarpama 3paderma je HEONXo/IaH MOCTYIaK 3a KapaKTepH3alrjy CBake aHTeHE. Y
clly4ajy KaJa ce paad O CIIOKEHHjUM AaHTEHCKMM HH30BHMa Ca BEOMa YCMEPEHUM
ayjarpaMuMa 3padema M BEIMKUM cllabibemheM OO0YHUX J1000Ba, MOTPEOHO je J0OHuTH
Mepeme y mTo Buile Tadaka [1]. PydyHum mocrymak, OWIO MEXaHHYKHM IOMEPAmEM
MO3UIIMOHEPA WIIH JJAaBAKEM CUTHAJIA 32 IPOMEHY MOJI0XkKaja, MOKe OUTH BeoMa JyroTpajaH u
CKJIOH TpemrkaMa. AyTOMaTH30BaH CHUCTEM MOXeE Ja yOp3a Mpolec W HEKOJMKO JIECETHHA
MyTa, y3 afCOMyTHY MOHOBJHHBOCT PE3YJITaTa MEPEHA.

Onuc |

Ha Cn. 1 je npuka3zan ananmusatop mpeke Anritsu ME7838A [2] ca nBa mopTa o1 Kojux ce
jenan mosesyje (Cn. 2.) ca moOyJHOM aHTEHOM, a JPYTH ca TECTHPAHOM WIH pedepeHTHOM
AHTEHOM, Y 3aBHUCHOCTH Ja JI je Y TOKY Mepeme WIM KanuOpamnuja cucrema. AHaau3aTop
Mmpexe je momohy nokanne mpexxke (LAN) moBe3an ca ympaeibaukum pauyHapom (PC), na
KOMe ce Haja3u rpaduuku yrnpasibadku uHTepdejc (GUI), mpukazan va Ci. 7. u mucaH je y
copreepckom nmakery MATLAB y3 momoh ,MATLAB App Designer“-a [3].

Cn. 1. Ananuzarop Mpexa Cn. 2. brok mema cucrteMa 3a Mepeme.
Anritsu ME7838A.

Ha Cn. 3 npukaszan je MOAyN 3a yIpaB/bake CTEI-MOTOPUMA, KOJU CAJPXKH: Halajarbe,
KOoHTposiepe cren-moropa L297 [4], npajsepe crem-moropa [5] u miouy ,Arduino MEGA
2560 [6] 3a USB xkomyHuKamujy ca ynpaBibadykuM padyHapoM. Moayn omoryhasa
yIpaBJbame ca 10 TPU CTEM-MOTOpa y3 MOTYNHOCT yIpaBibamba MO3UIIMJOM U CTPYjOM MOTODA.
MexaHWUKH TMO3UIIMOHEP, KOJU HOCH MEPEHY aHTeHy, CTeN-MOTOpH KOju Ta mokpehy u
ycMepaBajy, U mukpornpekuaaun (Ci. 6.)3a mereknujy xapaBepceke Hyse (MOHOBJBUBE MOYETHE
NO3UIMjE MOTOpa), 3aje[IH0 Ca MOMAYJIOM 3a YIpaB/bake MOTOpPHMA, YHHE CHCTEM 3a
no3uninoHupamwe antene. Ha Ci. 4. je mpukazaHa OJIOK mieMa OBOT CHCTEMa IMOBE3aHOT Ha
pauyHap nyrem USB-a.



Ci. 3. Moayn ca HanajameM, KouTposiepuma (Cil. 4. Biiok memMa cuctema 3a Mo3HIMOHUPALE
paja CTen-MOTOpa U KOHTPOJIEPOM 3a
KOMYHUKAIIH]y.

Codreepcka komynukanuja MATLAB- a ca ruouom Arduino octBapena je ynotpeGom makera
3a moapiky xapasepy: ,MATLAB Support Package for Arduino Hardware” [{Juraanu tpu
KOHTpoJiepa cren-moTopa L297, nose3anu cy Ha Arduino miouy y ckiaxy ca Ciu. 5. Jom je
BpeJHO HamoMeHyTH na cy PWM curnany, HaMemeHM 3a 3aJaBame CTpYyje CTeN-MOTopa,
noxatHo ¢unarpupanu ca o jeqauM RC ¢unrpom, npornycHUKOM HUCKUX Y4€CTaHOCTU MPBOT
pena.

Ca. 5.TloBe3uBarme KOHTPOJIHHUX cuTHaAMA Ha iody Arduino MEGA 2560

CodrBepcka komynmkanuja MATLAB-a ca anammzaropom wmpexe Anritsu ME7838A
octBapeHa je myteM ,Instrument Control Toolbox% [8] kpo3 LAN, xopumhewem TCP/IP
NpOTOKOJIa, 3a ciaame komOuHanuje: Anritsu NATIVE, IEEE 488 SCPh Anritsu Lightning
KOMaHIHOT ceTa [9], u3 pasiora mTo 3a AaTd HHCTPYMEHT Hucy goctynuu VI apajsepu, koju
Cy HMHIYCTPUjCKH CTaHIAp] 3a YIpaBbalkbeé TECT M MEPHOM OIPEMOM, a Koje Ipyru
npousBohaun o6uuHO 00€36€el)yjy y3 CBOje HHCTpYMEHTE.



Cn. 6. Usrnen no3unuoHepa ca CTen-MOTOpHMa.

VYnpaBibauka arivkaiyja uMa CrocoOHOCT Ja camocTanHo uaeHtuukyje supryeaan COM
nopt pauyHapa Ha kome je uncrtanmupan USB Arduinoapajsep, kao u IP anpecy Ha kojoj ce
Haja3u aHajau3aTop Mpexe. Kanmubpaimuja MoTopa u aHanu3aTtopa Mpexe je Takohe cacTaBHU
neo arumkanyje. CBaku ol MOTOpa ce KalmOpwiie mpeMa Opojy Kopaka, yraoHO] Pe30JIyIuju,
JI03BOJBEHOM XOAy H CTpyju. Anamuzatop wmpexe kopucth SOLR [10] kamubpanujy,
HAJIONYEHY MEpebeM Mojadama pedepentre anrene (Ci. 9.).

Cn. 7. leo xopucHUYKOT HHTEpdejca 3a ynpaBibalkbe MEPHUM CHCTEMOM.



[Tocne o6aBsbeHe KanmuOpanuje y rpaduuku HHTEpdEjC je MOTPeOHO caMo jOIl YHETH JKEJbeHU
OTICEr yIJIOBa 3a MEpeme, M PEelNOoCie/l aKTHMBHUX OCa, IPEe HEero INTO CE MOXKE CHCTEMY
NPENyCTUTH JIa OCTaTaK Mepermha 00aBU ayTOMATCKU.

Cn.8. Mepena aHTeHa MMOCTaBJbCHA HA Ca. 9.Cranmapana xopH anteHe (kopumiheHa
MO3HIIUOHEPY Kao peepeHTHA aHTCHA)

Ha Cn. 8. npukasaHna je jeqHa o1 MEpeHHX aHTEHA YMjH CY JAWjarpamMu 3padema (IpuKka3aHu Ha
Cn. 9.3ajeHO ca pe3yATaTUMa CUMYJIallija) CHUMJBCHHU Y JIBE PABHU 32 KO-TOJIAPUCAHO TI0JhE
U Yy jeZIHOj 3a KPOC-TI0JIapucaHo MoJbe.
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Ci. 9. Mepenu(ucnpekuaane JIMHUj€) ¥ CUMYJIUpanu pe3yaratu va 15.6 GHzu 17.3 GHz

TexHHUYKe KAPAKTEPUCTHKE \

» Kopucuuuku unrepdejc Ha 6a3u Matlabunrepdejca.

e AyroMaTH30BaHa KOHTpOJIa MpaBala, KOpaka, MPeru3HOCTH.

* VmpaBbame CTPYjOM CTEN-MOTopa, Koje omoryhasa kopuiiheme BelIHKOT u30opa
MOTOpa pajy npuiarohaBama MEPEHO] AaHTEHHU.

e JleTeKTOBame MMOYETHE TO3UIMje MOTOpA.

e MoryhHoct Tpaxkema crenupuUHOr Mosokaja (MakCUMaiHe WM MHHHUMAJIHE
BPEIHOCTH) Ha AMjarpamy 3padera 3axBa/byjylid MOBpPAaTHO] KOMYHHKAIUjH ca
aHAJHM3aTOPOM MpEXe

ITpumena \

AyTOMaTH30BaHO MepeH-e¢ aHTEeHA Y BHIIE PAaBHHU ca JI0 TP CTETEHa cl000/e.
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MeTtox 3a MoJieJI0Bamb-€ KOAKCHjAJTHUX 0aJIyHa KO/
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PykoBoaunan npojexra: np bpanka Jokanosuh

Oxarosopno Jauile: ap bpanka Jokanosuh

AyTopmu: Muom PagoBanosuh, Muctutyt 3a ¢pusuky, beorpan;
ap bpanko byksuh, UMTEJI-Komynukanuje AJl, beorpan;
Hukona bomkosuh, UncTuTyT 32 dusuky, beorparn;
np Munan Unuh, Enekrporexanuku dakynret, beorpan;
np bpanka Jokanosuh, Unctutyr 3a ¢pusuky, beorpan;
Cunumia Tacuh, UMTEJI-Komynukanuje AJl, beorparn;
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Kopucnuk texunuxor pememwa: UIMTEJI-Komynukanuje AJl

Kparak onuc

[IpencraBsben je MeTona 3a OP30 U TAYHO MOJIEIOBAaKHE KOAKCUjAIHUX OalyHa MOHTHpaHUX Ha
MHKPOCTpPHII CYNCTpar. MeTo | moapa3yMeBa TayHO MOJIENIOBAkE Mapa3suTHUX edeKara Koju
ce jaBJbajy m3Mely oKiioma KOaKCHjallHUX BOJOBA M oAroBapajyher pedepeHTHOT y3eMibemba.
300r TOTa, MOJETOBak-EM MOMEHYTUX OanyHa y codTBeprMMa KOJjU CBOj pajl 3aCHHMBAjy Ha
aHaJIM3W KOJia, CBU 3HAYajHH ePeKTH Cy YKJbY4YeHH y cumynaiujy. Ha Taj nauun moryhe je
BEOMa TayHO MPOjEeKTOBATH OallyH, MIPH 4YeMY je BpeMe MpOjeKTOBama 3Ha4ajHO yOp3aHo, jep
je m30erHyTo KopuIheme MyHOTaJaCHUX EJIEKTPOMAHTETCKUX CHUMYJaTopa KOjU 3aXTeBajy
BUILIC BpEMEHA 32 aHAJIH3Y.

Kopumihenu cy myHotanacHu copTBEpPCKU ajaTH M JaOOPATOPHjCKH MPOTOTUI Kako OW ce
Bepr(UKOBaJa BaJbaHOCT MPEIOKEHOT METO/IA.

TexHuuke KapaKTepuCTHKeE:

[IpumeHoM mpeaioskeHOT MeToAa MpojekToBaH je OanyH y BX® omcery. Merox ce moxe
KOPUCTUTH U NIPU CBUM APYrMM (PPEKBEHIIMJCKUM OICE3UMa Y KOjUMa je Paj KOAKCHjaTHUX
OanmyHa npumemuB. [IpeioskeH MeTo 1 peicTaBsba euKacaH anat 3a Op3 au3ajH OanyHa jep
KOpPHUCTHU cO(pTBEPCKE ajlaTe KOjU CBOj PaJl 3aCHUBAjy Ha aHAJIU3HU KOJIa.

Texnnuke moryhnocru:

Jlowa rpaHuia NpUMEHUBOCTA ONMHCAHUX OallyHa je OrpaHHYeHAa TYKMHOM KOAKCHjaTHHX
CTPYKTypa ¥ Ha OCHOBY HCKYCTBa j€ INpOLEHEHA Ha (PpEKBEHIIMje O]l HEKOJMKO JeCeTHHA
MHz, nox je ropma rpanuia NpuMeHBUBOCTH Hajuenthe orpaHnYeHa napa3uTHUM epeKTuMa u
une 1o Hekosmko GHz. [IpemioskeHn MeTo 1 ce He MOXKe KOPUCTHUTHU TPH IU3ajHy OayHa KOju
umajy ¢epute, 300r TPEHYTHE HEMOTYNHOCTH TayHOT MoOJeloBama edekara Koju OHHU
CTBapajy.

Peammszaropu: Muctutytr 3a ¢usuky, beorpan; Enexrporexnumuku daxynrer, beorpan;
NMTEJIKomynukamnwmje, beorpan

Kopucnunu: UMTEJI-Komynukammje AJl, beorpan

IMoarun pemema: HoBa Mmetona M85




Crame y cBeTy

banynu ce xopucrte Ko mpenacka ca HebalaHCHOT Ha OallaHCHO Harajambe KOJ aHTeHa,
rojavaBaya, MUKcepa, TMPEepeHIINjaTHuX JIMHU]ja 32 KOMYHUKAIIH]y UT/.

TpenytHu Mozenu OajdyHa y HajIIO3HATUJUM CO(TBEPCKUM ajaThMa 3a aHajJu3y Koja Ha
BucokuM (PpekBenimjama (AWR [1] u ADS [2]) kopucTe HAjIpOCTHjE MOJCIOBAKE
CHOJhAllIbUX edeKaTa Ha OKIONY KOaKCHjalHOr KaOma, ciuka l. rme ce Mopenyje
UCKJbYYHBO HHIYKTUBHOCT (LC) 1 oHa ce pauyHa mo yrnpourheHnM oOpaciyma.

Le Lc

1 ~

_{Z_\\ RS
5—[&5 H 3
. Z,LEN, K, A F
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g« .

1 <. Lc !

Lc h

Cruka 1. Mogen 6anyna y AWR-y (iteBo) 1 ADS-y (mecHo).

Codreepcku anatr AWR uma moryhHoct ananmmse Mapmanosor 6anyna (Marchand balun),
NPy 4eMy ce OJ] KOPHCHHUKA OYeKyje Jia U3 mocTojehe reomerpuje caMm m3padyHa HMOTpeOHE
napameTpe, cliuka 2.

BALUN3 o

ID=BU3

Z_in=65 Ohm

Z_0=75 Ohm

Z_s=100 Ohm 3

EL_in=90 Deg

EL_0=90 Deg

EL_s=90 Deg 2
Fo=1 GHz =

Cnuka 2. Maprranos 6anyn y AWR-y.

MopenoBame OanyHa y IMyHOTaJACHUM eJieKTpoMarHeTckuM cumynatopuma (HFSS [3],
CST [4], WIPL-D [5]) ayromaTcku ykJbydyje MOJEIOBame CBUX Moryhux edekara, anu je
BpeMe CHMYJIallije OBaKBUX CTPYKTYypa J0CTa JyXe U 300T Tora HETMOroIHO 3a Kopuiiheme
ONITUMHU3AIH] €.

Onuc MPEAJIOKCHOI' METOdIa

[Ipennmoskenn meTon je omucaH Kpo3 aAu3ajH Oanmyna. HajBaxuuju neo je yrBphuBame
CTIOJbAIIIHHX MMapa3UTHUX edeKaTa Ha OKIIONY KOAKCHjalTHOT BOJA, CIIMKA 3.
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Cnuka 3. KoakcujaaHu BOJ U MMapa3suTHH BOJ KOJ KOAKCHjaTHHX KaOJioBa.

[Tpuka3anu Tumn OayHa ce cacToju 0] 3 KoaKcHjaaHa Kabia, ciuka 4.

Cruka 4. ITyHoTanacHu Mojen 3a Bepuukaimjy (J1eBo) u 1abopaTopHjCcKd IPOTOTHII (IECHO).

Edextn koju ce jaBipajy y yHyTpallleM AelTy KOaKCHjaHHX BojoBa (BOX KOjU je m3Mmehy
VHyTpAIlllbel IPOBOJHAKA U YHYTpPAIIkE CTPaHe OKIIONA KOaKCHjaTHOr Kabna) cy Beh moopo
MOJICJIOBAaHU Y IOMEHYTUM codTBepckuM anatuma [1] u [2]. [TorpeOHO je TauHo MoenoBaTu
Mapa3uTHU BOJI KOjJH ce jaBJba M3Mely croJbamime CTpaHe OKIIONa U MHUKPOCTPHUIT Y3eMJbEHa,
ka0 u MehycoOHy cmpery wusMmelly oxiona pa3IMYMTUX KOAaKCHjalHUX Kabimosa. VY
coptBepckom makety [1], xopumhen je enmement BWIRES3 3a monenoBame mOMEHYTHX
edekara. [IpuHIMIICKa IIEeMa OBaKBOT OallyHa MpHUKa3aHa je Ha CIUIH 5.

BWIERES3je AWR-0B eneMeHT HaMEHCH 32 MOJICTIOBAE JKUIIA 32 OOHIOBamkE, CBaKa JKHIIA
Ce CcacToju U3 HH3a MPABOJMHUJCKUX (MHeapHHMX) cermeHaTa. Mima moryhHoCT MojenoBame
HU30Ba KHIIA, P YeMy MOTY OUTH YKJby4€HE WHAYKTUBHE U KalalUTUBHE cIpere uzmehy
CBHX CErMEHATA.

P=2
COAXI4 7=5.6 Ohm

BWIRES3

P=3
Z=5.6 Ohm

Cruka 5. [Ipunnuncka mema MOJeI0BaHOT OalyHa.

COAXI4

Tpeba HamoMeHYTH J1a KOHACH3AaTOPU Ha CJHIHM 5, HE MPEACTaBIba]y MOJICIOBAKE HUKAKBOT
napasuTHOr edexra, Beh Cy JUCKPETHU €JIEeMEHTH KOjH Cy CTaBJbEHH KaKO OU Ce CKpaTHIIU
KOoakcHjalHu KaOnoBu. JlerasbHa miemMa ca CBHM 3HAuYajHUM e(QeKTUMa OBaKBOI OaiyHa



npuKa3aHa je Ha ciuiy 6. TpoquMeH3nOHaIHH MTPUKA3 OBE IIEME JaT je Ha CIUIH /.
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Cuuka 6. JletaspHa I1eMa ca CBHM yKJbYUSHHM e(eKTuMa.

Cnuxka 7. TpoauMeH3HOHANHY NpHUKa3 Mojena 6anyna y AWR-y.

Ha ciukxama 8 u 9 natu cy pesynratu cumynamuja y AWR-y, pesyntatu cumynanuja y HFSS-
y Kao M pe3yyiTaTi Mepema J1abopaTopujCKOT MPOTOTHUIIA.

—S(1,1) =+ S(1,1) e S(1,1)
Meas HFSS MWO

—S(2,1) =+ S(2,1) = S(2,1)
Meas HFSS MWO

—S(3,1) =+ S(3,1) = S(3,1)
Meas HFSS MWO

—S(2,2) =+ S(2,2) mS(2,2)
Meas HFSS MWO

—G(3,2) =+ S5(3,2) 1 S(3,2)
Meas HFSS MWO

S(3.3) =+S(3,3) " S(3,3)
Meas  HFSS  MWO

Swp Min
0.001GHz

Cuuka 8. Pesynratu cumynanuja y AWR-y, HFSSy u pesynratu Mepema Ha 1ab0paTOpHjCKOM IPOTOTUITY.




0 —DB(S(1,1)]) = DB(S(LN)) e DB(S(1,1))

10 Meas 5_6 HFSS 5_6 MWO 5_6
20 —DB(IS(2,1)) ==DB(S(21)) e DB(IS(2,1)))
Meas 5_6 HFSS 5_6 MWO 5_6
-30
& —DB(|S(3.1))) ==DB(SE)) e DB(S(3.1))
-40 Meas 5_6 HFSS 5_6 MWO 5_6
1§/g aS21-a831 (Deq) aS21-a831 (Deg) aS21-aS31 (Deg)
. Meas 5_6 HFSS5_6 MWO 5_6

-179

-180

-181

-182
0 0.125 0.25 0.375 0.5
Frequency (GHz)

Cnuka 9. Pesynratu cumynanuja y AWR-y, HFSSy u pesynratu mepema Ha 1ab0paTOpHjCKOM IPOTOTUITY.

3ak/byuak

[Ipennokena je mMeroma 3a Op30 MPOjEeKTOBaKE OallyHa CAacTaB/LEHUX O] KOAKCHjaJTHHX
Ka0JoBa MOCTaB/bEHUX HM3HAJ MUKPOCTPUIl BOJoBa. banmyH ce mpojektyje y copTBEpCKUM
ajatuMa npeaBuheHUM 3a aHanu3y Koja. Ha oBaj Ha4MH MOCTUTHYTa je BelWKa Op3uHa
aHanu3e O0ayHa, Kao W Jlaka ¥ euKacHa UMIJIEMEHTAIM]a ONTUMHU3AIIMOHUX METO/IA.

Jlat je jemaH mpuUMep MpPOjeKTOBama OBAKBOI OalyHa, IPU YeMy je€ METoJ]la BepHU(pHKOBaHA
y3ajaMHUM TopehemeM pesynraTa cUMyJalija OBe METOJE, ca pe3ysiTaTMMa CUMYyJaluja
100MjeHNX U3 IyHOTAJacHOT eJEeKTPOMAarHeTCKOI cuMysatopa, kao u nopehemem ca
pe3yiTaTiMa Mepema Ha 1abopaTopHjCKOM MPOTOTHITY.

Jlasbu pa3Boj oBe MeToAe OM YKJbY4MBAO MoJeloBame (epura, mTOo OU 3HAYAjHO
npouMpwio (GpekBeHIMjcKu oncer (1omy (PEKBEHIMjCKY TPaHUILy) NPUMEHE OBAaKBE
METOJIE.

OBa meTo1a je puMemeHa y anu3ajHy 6anyHa kox BX® nojauaBaua y npenyzehy UMTEJI
Komynuxkanuje. [Ipumepu pa3BujeHux nojadyaBaya aati cy Ha ciaunu 10.

Crnuka 10. Uanyctpujcku nporotunt BX® nojayaBaya Koju je In3ajHUpaH IPUMEHOM OIHCAHE METOJIE Y
HUMTEJI-Komynuxaruje AJL.



Jlureparypa

[1] CodrBepcku anatr AWR, untepher anpeca: http://www.awrcorp.com/
[2] CodrBepcku anat ADS, untepreT aapeca: https://www.keysight.com/
[3] CodrBepcku anat HFSS untepreT aapeca: http://www.ansys.com/
[4] CodrBepcku anat CST,untepuet angpeca: https://www.cst.com/

[5] CodrBepcku anat Wipl-D, untepuer agpeca: https://www.wipl-d.com/



CuH(pa3HI aHTEHCKN HM3 ca MOAN(HUKOBAHNM ey aHTeHaMa M IPOIMINPEHUM omceroM paxa Ha 17 GHz

PykoBoaunan npojexra: np bpanka Jokanosuh

OnrosopHo jqune: 1p bpanka Jokanosuh

Aytopu: Hukona bomkosuh, np bpanka Jokanosuh u Munom Pagosanosuh, UucTuTyT 32
¢usuky, beorpan;

Pa3BujeHo: y OKBUpY NpojexTa TeXHoJouKor pa3Boja TP-32024: Pexouguzypadbunne,
MYIMuUOAHO U CKeHUpane aumene Ha OA3u Memamamepujana 3a b6excuyHe KOMyHUKAYuoHe
cucmeme u ceH3ope

I'oguna: 2017

Ipumena: 2017

Kparak onuc

[IpukasaHn je nr3ajH IUIaHAPHOT AHTEHCKOT HU3a Ha KU orcery Koju ce cacToju 0 KoMOHHaIHje
2 JWMHeapHa HH3a, KOjU ce Hamajajy y ¢asu. Kao 3pauehm eneMeHT HHM3a KOPHCTH Ce
MoM(HUKOBAHU TE€Y ca JBE pe30HaHce ITO oMoryhaBa mpujaroheme y 3HAYajHO IIUPEM
orncery. CBaku 0] TMHEapHUX HU30Ba ce cacToju oa 16 enemeHara. PagHu orcer aHTEHCKOT
Hu3a je ox 15.6 GHzno 17.3 GHz.AHTeHckn HU3 mpecTaBiba ojiu4aH u3dop 3a FMCW
(Frequency-Modulated Continuous Wave) panape.

TexHuuke KapaKTepuCTHKE:

AnTeHa paau y orcery ydectanoctu 15.6-17.3 GHzPenatuBHu pamHu oricer AaTor HU3a je
10.33%. Ca uuBoom Oounux joboBa < -22 dB, 6.5° < 3dBumpuna < 8°, HUBOOM KpoOc-
nonapusanuje < 25 dBy H-paBau; HuBoom 6ounux o6oBa < -11.5 dB, 34° < 3dBumpuna <
40°, auBooM Kkpoc-niosapusanyje < -45 dBy E-pasuu. [lumensuje anrere cy: 215 mm x 32 mm
Anrtena je peanm3zoBaHa Ha auenckTpuky Rogers RT/duroid 5880e£2.17, tgo=0.0009,
h=0.508 mm).

Texnnuke moryhnocru:

YnorpeObom aHTEHCKOT HH3a ca MO UKOBaHUM NiedoM omoryhasa ce Beha (hiaexcuoumHocT y
OJTHOCY Ha HH3 Ca KJIACHYHHMM I1€YOM U HEKOJIMKO IyTa IIUpHU paaHu orcer. Takohe moryhe je
UMaTH jeJjaH IIUPU OICEr Kao y JaToM CiIydajy WM JiBa MelycoOHO 0J/1BOjeHa IMOJOIICcera.
W3rien rmaBHOTr CHOMA, BEIMYMHA OOYHHX JIOOOBA MOXE CE€ KOHTPOJIMCATH MPOMEHOM Opoja
eJieMeHaTa y oAroBapajyhe paBHU Kao U pacrojesioM cHare u3Mel)y enemMeHara Hu3a. AHTEHCKU
HU3 C€ Kao IUIAaHAapHA CTPYKTypa MOXE C€ JIaKO MHTETPHUCATH ca APYTUM IITaMIIaHUM
KOMITOHEHTaMa MPUMONpe/IajHIKA.

Peamuzaropu: MucTuTyT 32 Qusuky, beorpazn

Kopucuunu: Uuctutyrt 3a ¢pusuky, beorpan

Moarun pememwma: M85 —JlabopaTopujcku npoTOTUT

Crame y cBeTy

[ITaMnaHu aHTEHCKM HU30BH CE€ BEOMA YECTO KOPHCTE Y MOJIEPHUM MUKpPOTajIacHuM ypehajuma
KOjHM HEMajy BEJIMKY NpefajHy cHary kao mro cy FMCW panapu 1 MUKpOTaJlacHH JIMHKOBH 3a




(ukcHe 1 MmoOumHe kKomyHuKaruje. Kao ocHoBHa 3paueha cTpykTypa Hajuemrhe ce jaBjba med
aHTEHA MaKo je HEH IJIaBHU HEJO0CTaTaK U3paKE€Ha YCKOIMOJaCHOCT, Tj. PEJIATUBHH PAJHH OTCET
O]l CBEra HEeKOJIMKO TporeHarta. Jla Ou ce MaKCUMaTHO UCKOPUCTHIIE MOTYhHOCTH TIed aHTeHe
noTpedHO je Ta)XXJbUBO IIPOJEKTOBATH HAIOjJHY MpexXy aHTeHCKor Hu3a. I[loctoje pasHe
Mor(HKaLFje IeY aHTeHE pajiv MOCTH3amkba IUPEr paaHor orcera [1], meljyTum oHe yriaBHOM
YKJbY4Y]y YHNOTpeOy BHILIECIOJHUX IUEJEKTPUKA WM TOCTaBJ/hbathe COHAM Ha CHEIU(PUIHO
MECTO KOJI I1€4 aHTEHeE, ILITO je y ClIy4yajy aHTeHCKOT HM3a ca BEJIMKUM OpojeM eJleMeHaTa BeoMa
KoMILIMkoBaHo. Kopunrhewem ned antene cnenuduyHe ummenaHce y3 oAaroapajyhy HamojHy
MpeXKy MOXKe ce JOOUTH )KeJbeHa KapaKTepUCTHKa 3pauera. Jlpyra BakHa KapaKTepUCTHKA Ha
KOjy Tpeba oOpaTHTH Maxmwy NpH HpojekToBamy je 3amoBosbaBajyhu KCT (koedurmjeHt
crojehux Tamaca), koju Tpeba na Oyae ucmnoxa 2 3a nobdpo npunaroheme. Melyrum, nujarpam
3pauema 1 KCT HHCY y IUPEKTHO] Be3H, Tako ja aHTeHa Moke uMmatu nobap KCT y Hekom
OTICeTY, a JIOII JMjarpam 3padema U 0OpHyTO. 3a Halajame MITaMIIAaHUX aHTEHa ca BEJIUKUM
Opojem 3pauehux eneMeHaTa Hajuelmrhe ce KOPUCTH CEPHUJCKO Hamajambe jep OHO YHOCH
MHHHUMAJIHO clalJbemhe y nopehemy ca mapajieiqHuM HamajambeM, Koje mak omoryhasa mmpu
IPOIYCHU OICer aHTeHe. Bpio decto ce kopucte M XUOpPHUIHE HAINOJHE MpEXE Koje cy
KOMOMHAIIMja MapajelHOT U CePHjCKOT Hamajama [2-5].

MoaudukoBaHa ney aHTeHa

MomudukroBaHa red anteHa numa usries kao Ha Ci. 1.['maBHa pasnuka y 0JHOCY Ha KJIACUYHU
ney je MocTojame JBa CUMETpUYHA Ipope3a Ha 3padehoj uBHIM, mTO omoryhaBa mojaBy H
KOHTpOJIMCamke Jpyre pe3oHanne. [loyeTHe AUMEH3HMje aHTEHE C€ Ory M3BECTH Ha OCHOBY
no3Hator TLM wmoxena. 3aBuCHOCT mosiokaja Pe30HAHIM O] TapameTapa aHTEeHE Ce MOXKe
Buget Ha Cin. 2. Ca Ci1. 2a ce BUIM 3aBHCHOCT MMIIeaHce Tieya o mapamerpa WQ. Kao miro
ce BUJM OBaj MapaMeTap 3HATHO BHUIIIE YTHYE Ha JPYTy pPEe30HAHCY, TaKO Ja ce Ha OBaj HAUWH
MOX€E CKOpO HE3aBHCHO KOHTpPONHUCAaTH Jpyra pe3oHanca. Ci. 20 mpukasyje 3aBHCHOCT
umrenance neda ox nmapamerpa Wd. OBze je cutyarja je mpakTHYHO OOPHYTA TO jeCT YTHIIA]
Ha MMPBY PE30HAHCY je 3HaTHO Behu nako ce pe3oHaHce y CyIITHHH MPUOJIMKaBa]y. 3a KOHTPOITY
peaHor Jiej1a UMITeAance y3 GUKCHY MO3HUIH]jy Pe30HaHce KOpHUCTH ce mapamerap Li kao Ha Ci.
2B. OBO je moceOHO OMTHO 3a MojIcIIaBamke MpuiIarohema aHTCHE.
Ve
Li
wd

Zin
Ca. 1. Usrnen moaudukosane med antene. (W= 8.6 mmL =5.7 mmWg = 2.35 mmWd =
3.05 mmLi = 5.5 mm)
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Cu1. 28. 3aBHCHOCT UMIIeIaHCe TIeya o1 mapamerpa Li.

OnHo mTO je OUTHO 3a KapaKTEPUCTUKE aHTEHE j€ YTBPAUTH MPHUPOAY MOJIOBA KOJU BpIIIE MOOYTY
oBHUX pe3oHaHcH. OHO MITO je OMTHO UCTIHMCATH KaKBe JUjarpaMe 3padermha MpoayKyjy OBO MOJIOBH,
jep maxko OMJI0 KOju MOJI MOKE M3a3BaTH PE30HAHCY KOja ca CTAaHOBHUIITA Mpuiarohema Moke OUTH
Mo’KeJbHA, TO HY)KHO HE 3Hauu Ja he mujarpam 3padema OUTH MpuxBaT/buB. Jlujarpam 3padema
KOJU j€ HajIOXKEJbHU]JU j€ YyIPaBO OHAj KOjU MPOIYKY]y OCHOBHU MO/ KJIACHYHOT TIe4a: MaKCUMyM
Ha broadsidenpagiy, oacyctBo 0ouHuX J000Ba, BHCOKA MOJapu3alMoHa yrcroha. Bummm
XapMOHUIIM KJIACUYHOT TI€4a HMMajy HENPUXBAT/bUB JHjarpaM 3paderma Tj. MOCTOjU Hyjla Ha
broadsiderpagity 3a npyru xapMOHUKY ¥ O04YHH JI0OOBH Ha TpeheM xapMOHUKY. M ieHTH(hHUKOBaE
MOJa ce MOKE M3BPLIMTH [TOCMaTpameM pacrozene mojba Ci. 3, a KOHKpeTHE IMOCIeANIe Tora |
0]l TIPaKTUYHOT 3Ha4aja MHOTO OWTHHjE, TOCMaTpameM JujarpaMa 3pademha Ha PE30HAHTHHUM
y4ecTaHOCTUMa Koje cy nocneanna gatux mogosa Ci.4.




Abs(E) (KV/m) Abs(E) (KV/m
5.00 5.00
445 4.45
3.89 3.89
334 3.34
2.78 2.78
2.23 2.23
1.68 1.68
1.12 1.12
0.57 0.57
0.01 0.01
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Cn. 3a.
Cn. 3. Pacnogena mosba Ha: a) Ha MpBOj pe3oHancu Ha f=15.8 GHZ,6) Ha JPYroj pe3oHaHCH
f=17.35 GHz
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Ca. 4. lujarpam 3payerma Ha y 00e paBHU Ha MPBOj U JIPYTr0j PE30HAHCH.

Dijagram zracenja (dBi)
o

I[To Teopuju pe3oHAHTHE IIYIUbHHE CTICH(UYaH MO I1€4 aHTCHE Ce MOXKE WACHTU(PHKOBATH Kao
0poj Mody-IUKIyca BapHjalrje eIeKTPUYHOT 1mojba Ayx oapeheHor mpasma. [Tocmarpajyhu mpy
PE30HAHTHY Y4YECTAaHOCT, MOXXEMO BHUJICTH JIa jé MHHUMYM Ha LEHTpPY Ieya, a MaKCHMyMH Ha
KpajeBHMMa LITO OATOBapa MPBOM OCHOBHOM Mojy meda TMio, anmu 300T mocTrajama BEIHMKHX
CJIOTOBa MOCTOjH ojpel)eHa nepTypodairja mosba Tako Ja ce 0Baj MOJ MOXKE Ha3BaTU NMETYypOUpaHu
TMiomona. dpyru Moa u3rieaa 1a uMa Jieo OPTOrOHAIHOT MoJa y ceOu 300T u3riena MUHUMYyMa
Ha HeHTpy neva. OBaj MoJ Moxe OuTH nMeHoBaHa kao TMqo, rie je 1 <d< 0. Ilocmatpamem Cir.
4. BUIMIMO J1a CY AMjarpamMu 3paveih-a 3a710B0JbaBajyhu, MakcumyMmu cy Ha broadsiderpasiy u nema
6ounux o6oBa. Hueou gain-acy 7.2 dBiu 6.85 dBiza 15.8 GHzu 17.35 GHzpecrniekTtiBHO. Ha
NPBU TOTJIE] OBO j€ HeyoOu4ajeHo ¢ 003UpoM Ja JaiN TUIMYHO PAcTe ca MOPACTOM YUECTaHOCTH.
Y 0BOM cilyyajy MOKEMO 3aKJbYUUTH J1a j€ IPBU MOJ e(pUKACHU]U JIOK Ipyru uMa Behe ryOuTke.

AHTEHCKHU HU3

[Ipennoxxenn Hu3 nma usriexa kao Ha Ci. 5. Pacrojame u3mel)y 3pauehux enemenara je Agtj. pasznu
nmomepaj je Hysa, Tako Ja he MakcuMyM Jvjarpama 3paderma OWTH y TpaBIly HOpMalie Ha paBaH
anrene (broadside). 3a neua ce Hana3u TpaHchOpPMATOp UMITEAAHCE KOju OMOryhaBa mojienaBame
pacrionienie cHare y Hu3y. Huz ce cacroju oj 1Ba MIEHTHYHA JTHHEapHa MoaHMU3a ca 16 enemenara
KOJU ce Hamajajy y ¢a3u MpeKko COHJIe Ha MecTy IieHTpa Huza. [logHu3 ce MoKe CUMETPHYHO
MOJICJIUTH Ha JiBa JieJla 01 o 8 eneMeHara.
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Cn. 5. AuTeHcku HU3 ca MOAM(PUKOBAHUM TMTEYEBUMA.

JluHeapHu HH3 ca KOHTPOJIOM pacrojiene MpeKo TPOCTOr OJHOCA HMIEJaHCe Iieda |
TpaHchopMaTopa KOjH ce Hajlas3u y3 Ied Mako UMa npocTy GopMyJanujy y MpakcH je TauHa camo
3a YUCTO peajiHe BPEAHOCTH MMIICAAHCE, IITO Y CIy4ajy Ie4a THIMYHO 3HAYM BeoMa y3akK Orcer
ydectanoctd. [IpaBa BpemHOCT pacrojene ce MOXe JOOUTH aKo C€ YMECTO YHCTO pealHe,
MMIIe/IaHCca Tieua rmocMarpa Kao pe3oHantop. Takohe, moTpebHO je y3etu y 003up u melhycoOHo
cripesame m3Mel)y medesa. [Ipobinem noOujama TauHe pacrojiesie CHare MoXe ce NOACIHUTH y JBa
nena. [IpBu 3amarak je oapehuBame TayHa UMIIEJAHCE TIEYCBA Y HU3Y, HITO CE€ MOXKE OCTBAPUTH
npeko [6], Tako mrTo ce medyeBH y GopMyNnanUju Kao y HuU3y, anu Oe3 BOJOBa Hamajajy ca
He3aBUCHUM reHepatopuMma. Crienehu moctymak je Aa ce Tako J00MjeHa MaTpulla MMIICIaHCH
KOMOMHYje ca HalojUM BOJOM 3a I[I€0 HU3 NPU YeMy C€ CBAaKM MOPT CIaja ca MaTpPUIOM
oaroeapajyher meva y Husy y popmu network terminated port-&la taj HauuH nomTo cBaku NOpT
je 3aTBOpeH oaroBapajyhoM uMIEZaHcoM, MOXeE Ce OYMTAaTh KOJHMKa TayHa CHara Huiae y
onrosapajyhu ned, mpocTuM oYnTaBambeM Smnapamerapa. JloOujeHa BpeHoCT je npukazana Ha Ci.
6. BpenHocTH pacnojiernie Cy HOpMaJIM30BaHe ca aMIUTUTY/IOM IIPBOT [e4a MOIITO OH HMa TUPEKTHY
Be3y Ca HAaIlOjJHOM COHJIOM.
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Cn. 6. AMIMTyicKa pacroJiesia u3Mel)y enemenara Hu3a.

Cama HamojHa Mpe)ka ce€ CacToju OJf MUKPOCTPHII BOJOBAa TaKO Ja CE€ MOXE JIaKO 3aMEHUTH
aHATMUTUYKUM anpokcuManujama. OHO mTOo je OWTHO Ja ce Ha OBAaj HAYMH J0OHjeHa pacrojesna
MO>K€ TIPOBEPUTH JTUPEKTHO TAKO IITO CE€ MPETXOJIHU MeueBH O€3 HallojHE MpEeXe caj Hamajajy ca
reHepaTopuMa KOju MMajy BPETHOCT IO OJroBapajyhoj pacmozienn u 3aTUM C€ M3BPIIN MpoBepa
KakaB Jijarpam 3paucia ce J00uja. YCIIoB je Aa aujarpam Oyje Maie Bapujanuje gain-au HuBoa
0ounux sobosa ucnog 20 dBy oxgnocy Ha rnaBau cHon. Ha oBaj HauMH Mpexa Tj. pacroena ce
MO3Ke Op30 MpUIIAroIUTH pajau nodujama oarosapajyher aujarpama. Kaga ce moduje 3a10BoJbeHE
TPaXXEHUX yCJIOBAa MOKE CE€ U3BPIIUTH KOMILIETUPAHE AaHTEHE Ca HAllOJHOM MPEXKOM.




VY cnydajy kaja aHTeHe uMa Majii Opoj eJeMeHTa Kao IITO je CiIy4aj KoJl oBe aHTeHe Y E-paBHu,

JOMHMHAHTaH (aKTop 3a HUBO OOYHUX JI0OOBa je pacTojame maMely 3pauehux enemeHnara, a Kkajaa

MOCTOj€ caMo JIBa eJeMeHaTa OHja U jeauHu. [1omTo aHTeHa paay y 3HauajHOM OIICETy OYEKHUBAHO

j€ 1a Ha HWHKMM y4eCcTaHOCTUMa HUBO J1I000Ba Oyjie HMKH 32 KOHCTaHTe ¢pu3nuke aumensuje. Ctora

na Ou ce muOWiIM mTO HUXU JI0O0BH y E-paBHU moTpeOHO je 1a HU30BU Oyay ITO ONMIKE jeaH

JPYyroM, IITO CMamyje gain,crora je HeonmxoaaH KoMipomuc. Pactojame u3mel)y enemenara y E-

paBHH je nzabpano na Oyne 12 mm,mro je 0.624%0 na f = 15.6 GHzu 0.6920 na f = 17.3 GHz,
(rze je Ao TaymacHa Ay>KMHA y CIIO0O0THOM IPOCTOPY ).

Mepenu pe3yarTaTu

Cn. 7.HanpaBsbeHU IPOTOTHII.
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Cn. 8.Cumynupanu u Mepenn S-napametpu. (CuBa peruja je paJHu OIICET, a )KyTa JOJaTHH
UMIICJTAHCHU OTICET).
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Cn. 9. Mepenu(ucnpekuiane JMHUjE) ¥ CUMYIHpanu pesynratu Ha 15.6 GHz.
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Ci. 10.Mepenn(ucnpexkuiane JuHUje) U cumyaupanu pesynrat Ha 16.5 GHz.
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Cn. 11.Mepenu(ucnpekuiane JHHUjE) U cumyaupanu pesynrata Ha 17.3 GHz.
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Cn.12.Mepenu u cuMmyaupadu gainu epuKacHOCT.

Mepenu S-napamerpu nporotuna Ci. 7.ca Cn.8 cy ucnox -10 dBy nenom pagHom orcery kao u
y mupoj peruju oxx 14.7 GHzro 17.9 GHzpuro je 19.63% Ca MmamuM noieliaBambuMa OKO Ipesia3a
MUKPOCTPHIT-HATIOjHU KOAKCHjaJTHH BOJI MOXeE C€ MOCTUNY U 3HATHO IIMPU UMITEJJTAHCHU OTICET, alli
¢ 003upoM J1a Ou paTHU OICeT ca 33/J0BOJbaBajyhuM aujarpaMoM 3padyema OCTao UCTH TO He Ou
umaino cepxe. Ca Cn. 9-11.Buau ce aa cy y H-paBHu 604yHH 1000BHU y 1enom orcery ucron -20
dB, tj. -22 dBJlok je y E-paBuu cy -16.1 dBna f = 15.6 GHzy najsumm cy va f = 17.3 GHzca -
11.5 dB. 3 dBupuHa je 6.5-8°y H-paBuu u 34-40°y E-paBuu. Kpocnonapuzanuja je Hajseha y
Onm3uHM pyre pe3oHaHce u u3Hocu -25 dB. Gaingapupa y cumynanujama og 19.4 dBimo 20.4
dBi, nox y mepemuma Bapujanuja je 18.95 dBi to 20.25 dBCumynupana epukacHOCT Bapupa 01
71.6%pn0 92.6%,a y mepewuma o1 60.4%m0 89.6%.

\ TexHnuke KApaKTEPUCTHKE |

* panHna yuyectanoct: 15.6 GHz -17.3 GHz
* koedunmjeHT pedriekcrje Ha aHTeHCKoM npuctymny: < -10 dB
¢ 3dB-mmpuna roasuor cHona y H-pasuu 6.5-8°
* 3dB-mmpuna rnasHor caona y E-paBan 34-40°
* HHBO 0OYHMX JJ0OOBOBA y HajropeMm ciydajy -22 dBy H-paBuu, u -11.5 dBy E-pauu.
*  HHBOOM Kpoc-nonapusainuje < 25 dBy H-paBHu, HHBOOM Kpoc-nionapusainuje < -45
dB y E-paBun
» cyncrpar: Rogers RT/duroid 588@:£2.17,tg0=0.001)
* JMMEH3Hje aHTEeHCKOr Hu3a: 215 mm X 32 mm.
‘ IIpuMmena

AnTeHa je HamerweHa 3a aBuoHcke FMCW panape 3a Mepeme BUCHHE.
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AHTeHcKkH HU3 Ha KU omcery ca mmpokonojacHum patch antenama

PykoBoaunan npojexra: np bpanka Jokanosuh

Onarosopuo Jauile: ap bpanka Jokanosuh

Aytopu: Hukona bomkoBuh, np bpanka Jokanosuh, Munom PanoBanosuh, UuctutyT 32
¢usuky, beorpan;

Pa3BujeHo: y OKBUpY NpojexTa TeXHoJouKor pa3Boja TP-32024: Pexouguzypadbunne,
MYIMuUbAano u ckenupane anmene Ha 6a3u Memamamepujana 3a OexicuyHe KOMyHUKayuone
cucmeme u ceHzope

I'oguna: 2016

Ipumena: 2016

Kparak onmuc

Jlat je mpuka3 aHTEHCKOT HHU3a 0J YKymHO 32 enemeHta, y dopmu 16 X 2.Kao 3pauchu
EJIEMEHTH Cce KOpHUCTe 1moceOHo MoaudukoBaHe pPatCh aHTeHe ca BHIIECTPYKUM pe30HaHCaMa
Koje omoryhaBajy 3HATHO IIMPH OIICET pajia y OJHOCHY Ha kiacuyHe patch anrene. Moxe ce
xopuctu 3a FMWC (Frequency-Modulated Continuous Wave) pamap y omcery 15.9-
17.7 GHz.TIpojexkroBanu Hu3 uma 3dB-mupuny caoma ox oko 22°y E- paBHm, m0ok y H-
paBHH ce oHa Kpehe oko 6-10°. Bounu 1060BH y 1ienoMm orcery ¢y ucnon 20 dBy oxnocy Ha
1aBHU J100. JIumMeHsuje anteHe cy 214 x 36 mm.

TexHuuke KapaKTepuCTHKeE:

Pannu ormcer y koMe HHU3 HCIymbaBa HeonxoHe ycioBe je 15.9-17.7 GHzbpoj enemenara y
H- u E-paBuu je 16 X 2,ca 3 dB4unupune cHoma ox oko 6-10° u oko 22°, peclieKTHBHO.
Pacrojame um3mely 3pauehux enemenata je Ag. AHTeHa je cumeTpuuyHa 1o E paBHU U
HarpaBJbeHa je Ha auenekTpuky Rogers RT/duroid 588Qr62.17,tg6=0.0009, h=0.508 mm).
Pacniogena cuare y antenu omoryhasa apikame HuBoa 00uHuX j1000Ba ncnoa 20 dBy ogHocy
Ha TJIaBHHU JO0 Y IIEJIOM OTICETY.

Texnnuke moryhnocru:

[Ipennoxenn aHTEHCKH HU3 OTKJIama TJIABHU HEJOCTAaTaK aHTEHCKUX CHUCTEMa Ca KJIACHYHUM
patch antenama Tj. yckomojacHocT. Illupuna cHoma y o0e paBHH ce MOXE KOHTPOJIHMCATH
OpojeM eineMeHaTa y PECHEKTUBHO] PaBHH. AHTEHA j€ TMOTIYHO IUIAHAPHA, KOMITAKTHUX
JTMMEH3Hja U MOXKE CE JIAKO MHTETPUCATH Ha OWIJIO KOjH MOBPIINHY.

Peanmusaropu: Uuctutyr 3a pusuky, beorpazg
Kopucnunu: Muctutyt 3a pusuky, beorpan
Ioarun pememwma: M85 —JlabGoparopujcku npoOTOTUT

Crame y cBeTy

[IITamMnaHy aHTEHCKHM HU30BH CE€ BEOMa YECTO KOPUCTE Y KOMIAKTHUM MHUKPOTAJACHUM
ypebajuma Kkoju HeMmajy BeNMKy InpeaajHy cHary kao mro cy FMWC pamapu u
MHUKpPOTaJacHU JIMHKOBH 3a (ukcHe M MoOwiHe KomyHHKanuje. Kao ocHoBHa 3paucha
CTpyKTypa Hajuemihe ce jaBjba PalCh aHTeHa MaKo je HEH TJIaBHU HEJOCTaTaK M3pakeHa
YCKOIIOJaCHOCT, Tj. PEJIATUBHU paJHU OICEr OJi CBera HEKOJIMKO mpoleHara. [la Ou ce




UCKOPHCTWIIE MakcuMaiHe MoryhHoctu patCh anTeHe moTpeOHa je BeoMa BeJIHMKA MaXKkha
IpU MPOjEeKTOBakY HAIMOJHE MpEXke aHTeHCKor Hu3a. [loctoje pasHe moaudukauje patch
aHTEHEe paay TMOCTH3ama IupokonojacHoctd [1], mMehyrum oHe yriaBHOM YKIBY4Yjy
ynotpeOy BHILIECIOjHUX JUENIEKTPUKA WM MOCTaBJbakhe COHIM HA CHEIU(PUIHO MECTO KOJI
patch anrteHe, mWTO je y CiIydajy aHTCHCKOT HHU3a Ca BEIUKUM OpojeM elieMEeHaTa Beoma
komIUikoBaHo. Kopuinhewmem patch antene cnenmduyHe mmnenaHce y3 oarorapajyhy
HaTOjHY MpPEXY MOXe ce JOOMTH XKeJheHa KapaKTepUCTHUKa 3pauema. [lpyra BaxHa
KapaKTepUCTHKa Ha KOjy Tpeba oOpaTHTH MaKky HPU IPOjEKTOBamY je 3aJ0BOJbaBajyhu
KCT (xoedurujent crojehnx Tanmaca), koju Tpeba aa Oyae ucron 2 3a 100po npuiaroleme.
Mehyrtum, nujarpam 3padema 1 KCT HHUCY y JUPEKTHO] BE3H, TaKO Ja aHTEHA MOXKE UMaTH
nobap KCT y HekoM orcery, a Jionl Arjarpam 3padema 1 OOpHYTO. 3a Halajame MTaMIaHuX
aHTeHa ca BEMMKUM OpojeM 3padehux enemenara Hajuyemhe ce KOPUCTH CEPUJCKO Hallajame
Jjep OHO YHOCH MHUHHUMAJIHO clla0ibemhe Yy Mopehemy ca mapajelIHUM HarmajambeM, Koje TMak
omoryhaBa Immpy TPONMyCHHU OTICET aHTeHe. Bpiio yecTo ce xopucTe W XUOpUIHE HAIOjHE
MpeXke Koje Cy KoMOMHAIIM]a mapaiesIHOT U CEPHjCKOT Hamajama [2].

| IIpojexToBame anTeHckor Hu3a y H u E-paBuu

Kao ocHoBHM 3pauchu eeMeHT AaTor HU3a KOPUCTH ce MoaudukoBanu pPatch merosa nmmenanca je
nata Ha ci. 1. Ca cioMke ce jacHO BHJAM IIOCTOjalbe BHUINECTPYKHX pE30HAHCH (y MpaTHH
oaroeapajyhux antupe3oHaHncH). IlocTojame BHINECTPYKHX PE30HAHCH je THUITUYHO M 32 OOMYHE
patch anrene, Mmeljyrum Te pe3oHaHce cy MeljycoOHO BeoMa (PEKBEHIN]CKH YAaJbeHE U TOPEe] TOra
MHOTH MOJIOBH IIPOCTUpama Tajaca KOju y3pOKyjy M0jaBy pe30HAHCH UMa]y TaKBY pacrojieny moJjba
Koja Jaje HeymoTpeOspuB aumjarpam 3padema. Jlakie, ma Ou ce A00wia IHMPOKOTIOjacHA
KapaKTepUCTUKA MOTPEOHO je mocTojambe Mel)ycoOHO OMMCKHUX PEe30HAHCH M Ja MOJOBH KOjU UX
Y3pPOKYjy UMaj]y CIIMYHY pacrojiely 1moJjba, OJTHOCHO JUjarpaM 3padyema kKao GyHIaMEeHTaTHU MO/I.
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Cn. 1.Peannu u uMaruHapHu Jieo uMrieaance patch-a.

n
o

Impedansa (Ohm)

o

Patch antene ca natiM kapakrepucTukama cy KOMOMHOBaHE y JMHeapHU HU3 Kao y [3]. Pacnoxena
je oapehena npeko TpaHchopMaTopa UMIIEIAaHCE Ynja je Ty)KuHa Ag/4 Koju je HamoBe3aH 42 Q-CKuX
BOJIOBa AyXuHe 3\g/4, Tako na je pactojame umely 3pauchux enemenara Ag Tj. da3Hu nomepaj je
HyJa, Tako Aa he nujarpam 3paderma OMTH HOpMallaH Harope y oJJHocy Ha paBaH antene (broadside),
ci. 1.




lg/4 3lg/4

Cn. 2.TIpuka3 ocHoBHe henuje aHTeHCKOT HU3a ca MoaudukoBanuM patch-om ca Tpanchopmaropom
ca ozpehuBame pacnoese U BOJAOM JI0 ITyHE Ty>KUHE OJ1 Ag.

Can. 3.IIpuka3 nenor aHTeHCKOT HU3a.

Ha cn. 3. je mar neo anteHcku HU3. Moxe ce pehu ga ce HM3 cactoju oa 4 MACHTHYHA TIOJTHH3A
cBaku ca o 8 3pauchmx ememenara. Ha kpajy cBakor ce Haja3u BOJ YKYITHE JYKHUHE O] Ag/2, Tako
na ce cBa cHara Bpaha y ¢a3u. [loguu3oBU Cy CHOjeHH MPEKO MpEXe ca MeT MPHUCTYMa, TAe je
Harajame M3BPIICHO MPEKO KOAKCHjaIHOT MOpTa 00370 Ha MecTy Ha cil. 3. [lumensuje ocrana 4
MPUCTYIA Cy padyHaTa o] YCIOBOM Ja Ce Ha CBMMa J1o0uje ucTa ¢a3a u cHara, OJJHOCHO Ja j€ o=
Si= Si4~ S5, 171 Cy NPEeTXOIHU MapaMeTpu KOMIUICKCHU STiapaMeTpu HPUCTYIa MpPEXe TIe je
MIPBU MOPT KOAKCHUjaJTHH MPHUCTYIIL. J[Ba MOJHM3a Cy MPBO JTHMHEAPHO MMOBE3aHU Kao y OrJIeAany aa Ou
ce u30eryio CKpeTame TJIABHOT CHOIA yclieq poMeHe (DpeKBeHIIHje TOMTO Ag 1aje pa3Hu momepaj
on 360° camo Ha jenHoj yuecraHoctH, [5]. Jlasbe aBa momHu3a cy MehycoOHo anTH(]a3HO
OpHjeHTHCaHU MIpeMa JIpyTra JiBa paau cy30mjama Kpocnonapusamnyje. Pacrojame nzmely antudasno
OPHjEHTHCAHUX II0IHM30BA j€é MUHIUMAJIHO 32 OBY CTPYKTYPY Tj. H3HOCH Ag/2.
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Cn. 4. Pacnioena aMIUIUTY/I€ Y TaTOM HU3Y.

VYnorpeba BUIIECTPYKHX PE30HAHCH TUIMYHO 3HA4M Ja he pacmojena CIoKeHa W Ja y OMIITEM
Cllydajy HE MOXE OIHCATH IMPOCTOM MaTeMaTudkoMm (opmynanujom. Pacnonena Ouso xor cucrema
ce MOXeE JOOUTH aKo Ce IocMarpa JOMPHHOC YHECCHOT cliabjberha JBOMOPTHOT cucTeMa (Koje
MOTHYE OJ1 U3pavrBamba CHare) MpH 4YeMy ce BPIIHU MPOrPECUBHO JI0/IaBabe eJIeMeHaTa 10 KOHAYHOT
Opoja enemeHaTa Hu3a. Tj. mocmarpa ce MpBO IBOMOPTHA MpeXka €IEMEeHTa Kao Cll. 2, T1a Ce 3aTUM
BEXY JIBa TaKBa Ha PeJI 10 KOHAYHOT Kpaja HU3a Tj. Y OBOM CJIy4ajy 300T CUMETpH]je 3a pacmoieny je
ZOBOJHHO Ha Kpajy Be3aTn 8 enemeHaTa ca ci. 2. Ha pen. Kako cy 3pauehu eqeMeHTH WICHTHYHU
CBaKH O] BbuX he 3paunTi npubIMKHO UCTY cHary (mocrojahe mane ociunanuje yeiaen mel)ycobHor
cripesama) mel)ytum Hehe OuTH MCTa cHAara Ha pacHojaramby CBAKOM €JIEMEHTY, Tj. JeIMHO IPBHU UMa
CBY JIOK CBH OCTaJI YMAamhCHU 32 MOTPOLICHO KO MPETXOAHUX elIeMeHaTa y HU3Y.

Cn. 5.W3rnen peain3oBaHe aHTEHE HA pPaMy 3a MEpEHE.

Llena ctpykTypa je peanuzoBana kopuimihemem WIPL-D codreepa [4]. Juenextpuk y ynotpebu je
RT/duroid 58804=2.17,tg6=0.001, h=0.508mm).
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Cn. 6. SmapameTpu MepeHe U CUMYJIMpPAHE aHTEHE.

Cn. 6. mpukasyje Snapamerpe (exBuBasienT KCT-a), Bpennoct ucnon -10 dB.Ca ciuke ce Buau aa
je y ciaydajy Mepema Ta BpeaHoct u Buiie o 3 GHz,npakruuno une oko 20% penatuBHOT oricera
IITO je y 0JIHOCY Ha THNHYHUX 3-4% Benuko noBehame. 3Haun y noryeny npuiarohema oBa aHTeHa
je 7 myTa mMpoKoIojacHHja y OAHOCHY Ha HH3 ca KiacudHuM patch-om. Tako ma caga Kputepujym
o koMe 0o4HM 7000BU Tpeba na Oyay ucnox -20 dBy ogHocy Ha HUBO OouHOr JioGa onpelyyje
ynoTpeOJpUB OTICET paja.
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Ca. 7. HopManu3oBaHu JujarpaMu 3padcrba MepeHu u cuMmynupanu Ha: (a) 15.9 GHz, §) 16.3 GHz,
(8) 16.6 GHz,() 17 GHz, f1) 17.3 GHz, ) 17.7 GHz,
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Cn. 8. Mepenu u cumysiipanu gainadrexe.

TexHuuKe KapaKTEPUCTUKE

* panna yuyectanoct: 15.9 GHz -17.7GHz

* mpuiaroheme Ha aHTeHCKOM mpucTymy: -10dB

* 3dB-mmpuHa riaBHor cHomna oko 6-10°y H paBHu

» 3dB-mupuna riasHor cHoma oko 22°y E paBHu

* 060ounu 1060BH cy ucnox -20 dBy H-paBuu

» cynctpar: Rogers RT/duroid 588@:£2.17,tgo=0.001)
* JMMEH3Hje aHTeHCKOT Hu3a: 214 X 36 mm

ITpumena




AmnTtena je HamemeHa 38 FMCW panape 3a mepeme BUCHHE.
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HJIaHapHI/I AHTCHCKHU HH3 Ca ITPOIUPECHUM OIICEIroM CKCHUpaba

PykoBoaunan npojexra: np bpanka Jokanosuh

Onarosopuo Jauile: ap bpanka Jokanosuh

Aytopu: Hukona bomkoBuh, np bpanka Jokanosuh u Munomr PanoBanosuh, UacturyT 3a
¢usuky, beorpan;

Pa3BujeHo: y oKBUpY NpojekTa TeXHoJouKor pa3Boja TP-32024: Pexouguzypadbunne,
MYIMUbAano u ckenupane anmene Ha 6a3u Memamamepujana 3a OexicuyHe KOMyHUKayuone
cucmeme u ceHzope

I'oguna: 2016

Ipumena: 2016

Kparak onuc |

[Ipuka3an je nu3ajH TUTAHAPHOT, (QPEKBEHIM]CKU CKEHHpaHOr aHTeHCKor Hu3a Ha 10 GHz,
KOJU C€ CacTOjH OJ1 YeTUPH JIMHEapHAa TOIHM3a Y aHTU(a3HO] KOHPUTYpaIU]jH, KOJH UMajy TI0
0ocaM TIEHTaroHAJHUX [HIIONIA PAa3IMYUTUX  UMIeJaHcu.. HeyHupopMmHaA aMImmTyacKa
pacrioziena y JHHEApHOM HHU3Yy y H-paBHU ce KOHTPOJHIIE MPOMEHOM HMIIEJIAHCH JHUIOJA Yy
omHocy 1:9. Hamojna wmpexa wusmel)y numona jMHeEapHOT HH3a c€ cacToju oja (asHor
nomepaya koju moBehaBa (pekBeHIIHjCKY 3aBHCHOCT (ha3sHOr momepaja m3Mely aHTEHCKUX
enemenara. Ma3Hu moMepay je mpojektoBaH ox ocaMm SRRS(Split-ring resonators) koju cy
CIIPETHYTU Ca CHMETPUYHUM MHUKPOCTPHUI BOJOM. AHTH(A3HA CTPYKTypa IUIAaHAPHOT HH3A je
OCTBapeHa Tako IITO Cy MO JBa cuMda3zHa JHHeapHa HU3a MOCTaBJbEeHA Kao JIMK y OrJe/any,
Tj. TaKO Ja Cy UM JWIOJH OKPEHYTH Ha CYNpPOTHY CTpaHy, , JIOK UM C€ HallOjHA Mpexa Ha
yna3y pasiuKyje 3a Ag/4, Tako qa omoryhaBa anTu(da3HO Hamajambe. [IpoMeHoM (QpekBeHImje
y omcery ox 9.8010 10.20 GHz ¢xo 4% y oaHOCY Ha IEHTPAIHY YY4ECTaHOCT), U3MEPEH je
yrao CKeHHpama aHTeHe oj okOo 59 cremeHu, N0k je Hajpehe M3MeEpeHO mojayare aHTEHE

17 dBi.
TexHnYKe KAPAKTEPUCTHKE!

@OpeKkBeHIMjCKU CKeHHpaHa aHTeHa paau y omcery ydectaHocTd 9.8-10.20 GHzOcnoBHu
3axTeB IIPU IPOjEKTOBamY aHTEHE je Ja ce 00e30eau mTo BehH yrao CkeHHpama 3a IITO Mamby
IPOMEHY y4eCTaHOCTH, Ka0 U MaJla IIMpHHA TJIaBHOT JioOa y 0o0e paBHHM, U Maja Bapujanujy
JOOWTKa aHTEHEe NP CKeHUpamy. Peann3oBaH je muanapHu HU3 Koju y H-paBHm mma 3dB-
mmpuHy cHoma on 15-22° a y E-paBuu je Ta mmpuna oko 13°. OctBapeno je mo0po
npuiaroheme Tako na je peduekcuja ucnoxa -10 dBy nenom oncery. Jloourak antene je 15.5-
17 dBi.

AHTeHCKM HHM3 je peann3oBaH Ha cymcrpary Rogers RT/duroid 5880€2.17, tgo=0.001,
h=0.508 mm) u mocraB/beH je W3HAA pedIEKTOPCKE paBHH, Ha pactojay D=7.5 mm.
[MoBpmmHa peanmzoBanor Hu3a je 170 mm x 120 mm.

Texauuke MmoryhHocTu:

[IpensioskeHn aHTEHCKH HU3 j€ 3HaTHO OOJbUX KapaKTEPUCTHKA OJl OHMX IO Ccaja OMHCAHUX Y
auTepaTypH, jep ooe3behyje Behu yrao ckeHupama 3a 3HaTHO Mamby NPOMEHY (peKBEHIHje U
nMa Mame aumensuje. [peanoxkenn mu3ajH iMa MOryhHOCT KOHTpOJIE KapaKTEepUCTHKA TTOMYT




0ounux j000Ba 1 3dB-mmpuHe riaBHOT cHoOma y 00e paBHH. [IpeioxkeHa aHTeHa je BeoMa
JEIHOCTaBHA 3a U3paay U JIAKO €€ MOKE CKaJIMPATH HAa 3HATHO BHILIE YYECTaHOCTH.
Peammsaropu: MucTuTyT 32 Qusuky, beorpazg

Kopucuunu: UactutyTt 3a ¢pusuky, beorpan

Moarun pememwma: M85 —JlabGoparopujcku npoOTOTUT

Crame y cBeTy |

Benuka uctpakuBama cy palleHa Be3aHO 3a KOMEpIHjaJIHE PagapCKe CEH30pe 3a
MEpeme YNaJbeHOCTH W TpaBlia METe, Yy IMJbY HalaXema jeIHOCTaBHUX M jeQTHHUX
pemema. [lokazano je ma xomOunanuja Frequency-Modulated Continuous-Wave (FMCW)
panapa u (GpEKBEHIIN]CKHA CKEHUpaHe aHTeHe oMoryhaBa nobujame nHpopmalja o mpasily
U yIaJjbeHOCTH o0jekra kKopuctehn MuHMMYyM akTUBHMX RF KOMIOHEHTH W IUTHTAIHOT
npornecupama [1], [2]. Nmak, komepiijagHa NMpUMEHA HajBHIIEC 3aBUCH O] JOCTYITHOCTH
jepTrHMX (HpPEKBEHIIN]CKA CKEHUPAHUX aHTEHA.

VY nurepaTypu je mpejiokeHa aHTeHa ca (EeKBEHIIMjCKUM CKEHHpamkeM HarajaHa Ha
neHTpanHoj ¢pexBeHmju ox 6 GHz ca meanapom ayxuHe 2hg Yy TEXHHIU OalaHCHOT
MHKPOCTPHII BOJa, mpeactaBbeHa y [3]. AHTeHa moceayje MOryhHOCT CKeHUparmha BETHKOT
cekTopa o1 oko 50 cremnenu, anu 3axteBa (pekBeHiujcku omncer o1 20% koju je 00MUHO
HEJOCTyNaH Ha HIWKUM ¢pekBeHnjama. Mmak, oBa aHTeHa ympaBo 300r CBoOje
JETHOCTAaBHOCTH M KopuIThewma OalaHCHOT BOJa Kao (a3HOT momepaya, UMa BEOMa BHCOK
nobutak ox oko 14 dBi, amu W NPUIMYHO BHCOK HHUBO OOYHMX JIOOOBA Ha I0jEIMHUM
yuectaHoctuma. ClMYaH MPUCTYI 3aCHOBAaH Ha Kopuinhemy TPaHCMHUCHOHHMX BOJIOBA Kao
¢asHux mmdTepa ca MaIUM ryOunMMa je mpemiokeH y [4]. AHTeHa je peain3oBaHa Ha
TPOCJIOJHOM JMEJIEKTPUKY M TMOKa3yje BeoMma BEJIMKH OICEer CKeHHpama 0j /3 cTerneHa ca
BeoMa caboM (ppekseHnujckoM ocersbupoinhy on 43,248/GHz. Vima BeoMa KOMIUIMKOBaHY
CTPYKTYpPY W 3aXTe€Ba BEIHKH (PPEKBEHIIMJCKH OIICET IITO Cy HEHU BEJIMKH HEJOCTAIH.
YckomojacHO ()PEKBEHIIUJCKO CKEHUpame Ca 3HAa4ajHUM MOOO0JbIIAKEM Y (PEKBEHIIH]CKO]
ocetsbuBocTH of 1,64/MHZz je usznoxeno y [5]. Ilpemnoxkena ckenupajyha anTeHa KOpUCTH
¢uTap MpomycHUK orcera u3Mel)y MHAMBUyaTHUX aHTEHCKHUX elIeMEHTa Koju 00e30ehyje
nogaTHu (pasHU TIOMEpaj, ald HEAOCTaTaK jeé MPHIUYHO BEJIHKO YHECEHO cilalbbeme Yy
HAIojHOj MPEXH IITO 3HA4YajHO peayKyje AoduTak aHTeHe. Tako Ja ckeHupajyha aHTeHa o]l
11 enemenara noceayje mobutak ox cera -6 dBI, mro 3HauM na 6e3 MOJATHUX aKTHBHUX
elleMeHaTa OBaKBa aHTEHa HHje ynoTpeOspuBa. Y [5] cy ayTopu npeuioxk i Mo uduKammjy
CKeHHpaHOT aHTeHcKor Hu3a [3] noxajyhum ¢asune mudrepe ca SRR koju cy cnpernyru ca
OanaHCHMM MMKpocTpun BojaoM. /loGujeHa je 3HauajHO Beha (pekBeHIMjCKa OCETJbUBOCT,
anu cy 30or kopumihema jeTHaKUX TUToJa y HU3Y, J000BU JOCTA BUCOKHU.

@pekBeHIHjCKH CKEHHPAH aHTeHCKU HU3 ca SRR-da3Hnm nomepaunma

VY cnyyajy xopumihema HISHTHUYHUX 3padehux ejleMeHaTa y JIMHEAPHOM aHTEHCKOM
Hu3y [6] mo6uja ce HHUBO GOUHUX J000OBa KOju Hae u 10 8 dB ucmoa HMBOA TIIaBHOT J100a, 0K
tungHO u3HocH oko 10 dB.Vmorpebom 3pauchux enemeHara pa3anyuTe UMITEIAHCE MOXKE CE
nooutn Behe MOTUCKHBambe O0YHUX JJ0O0BA. Y OBOM TEXHHYKOM peliewny 3pauehu eneMeHTn
JIMHEApHOT HHU3a Cy TaKO MPOjEKTOBAHM Jia ce JOOHje MOTUCKUBake OOYHMX JI000Ba 011 0Ko 21
dB y H-paBuu. Kopumihena je ond-YebOumresbeBa pacrnojena Koja je Moan(pUKOBaHA TaKO
IITO je y3eTo y 003up cinabsbeme (ha3Hux momepaya usmel)y aumosna, koje u3nocu 1 dBu koje
ce mporpecuBHO noBehaBa Kako ce yaabaBaMo O] TauKe Halajama HH3a.



Hobujene cy cnexpehe mmmnenance aunoia gare y Tabemn 1 pauyHate on Tauke
Harajama. Buau ce na je 3aXTeBaHu 0JTHOC UMITIEAAHCH JHIOA JaKO BEIUKU M U3HOCH OKo 1:9,
mTo je Moryhe ocTBapuTH momMohy noceOHO ONTUMU30BAHUX MEHTATOHATHUX JAUITOJIA.

TABEJIA 1. Bpennoctn umnenancu agumnosa y €2.

| Z1=1073| Z2=518| Z3=209 Z4=150 Z75=119 Z6=126 Z7=182 Z8=214

JlumeHsuje numnona cy no0MjeHe ONTHUMU3ALHMjOM y3 KOpHIIheme eNeKTPOMarHeTCKOr
cumynatopa Ha 0asu meroge momeHara WIPL-D Pro [7]. AuTeHckn HHM3 ce Hamasu Ha
cyncrpary Rogers RT/duroid 5880e62.17, tgo=0.001, h=0.508 mm)Pactojame usmehy
mumona je 0.662o, 7. 20 mmua 10 GHz.IIpena3 ca 6anancHor Ha HeOAaTaAHCHU MUKPOCTPHUIT
BOJ] ce BpuIM rmoMohy OanyHa ca KOHTUHYaJHOM IPOMEHOM InupuHe (taper). AHTEHCKH HU3 je
MO3ULIMOHUPAH U3HAJA pe(IIEKTOPCKE paBHHU Ha YAAaJbEHOCTH OJ] YUeTBPTHHE TalacHE JYKUHE Y
Ba3IyXy.

Ha Cn. 1. je mat w3nen ruiaHapHOr aHTeHCKor Hu3a. [lapoBu cuMmdasHO HamajaHux
JMHEApHUX HHU30Ba Cy OKPEHYTH Kao JIMK y OrJIefaly, Tako J1a MehycoOHO umajy aHTudasHy
opHjeHTalurjy 300T MOTUCKUBamka Kpocnonapusanuje. OHu ce antuda3Ho Hamajajy Tako IITO
je 06anmyH ca YBOJHHUM BOJOM TOMEpEH 3a Ag/4 Ka jemHOM O]l mapoBa aHTCHCKUX HH30Ba. Ha
Kpajy CBakor JIMHEapHOI HM3a ce Hanasu oTtnopHuk ox 100 Q, upja je BpeAaHOCT jeqHaka
UMIIEJAaHCH BOJAA, a KOju Tpeba Ja Crpedd Jla ce HeM3padeHa CHara BpaTH Ha3aja y HHU3 U
MPOY3POKYje JAerpajialnjy aujarpama 3padema.
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Cn. 1. llItamMnany niaHapHu aHTEHCKU HU3 ca SRR-¢a3num nomepadnma.

SRR+a3nu nomepau ce cactoju ox ocaMm uaeHTHUHNX SRRSkoju cy cnpernyru ca
O6anancauM Mukpoctpun BogoM. Yetnpu SRRSce Hanaze Ha ropmoj CTpaHu CyIcTpara, a
YETUPU TaYHO MCIIOJ BUX HA JIPYroj cTpaHu cyncrpara. MisMel)y nBa napa HacipaMHUX CIUIUT-
PHHI pe30HaTopa ce Hajla3d mpolen ca o0e cTpaHe OaJlaHCHOT MUKPOCTPUI BoJa KOjH
00e30ehyje na ce mena CTpykTypa rnoHaiia Kao Gpuiatap nponmycHHUK Orcera.

da3Hu noMepay oapehyje KapakTepUCTUKE CKEHUPamba aHTEHE, OJHOCHO yrao U OICcer
CKeHupama. theroBu cumynupanu napamerpu cy natu va Ci. 2.
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Cn. 2. Cumynupanu S-mapametpu Ga3zHor nomepaya.
OceHueHH J1e0 je paHu OICeT.

Ca Cn.2. ce Bumu aa je koedurmjeHT peduekcuje Si1 ucnon -10 dB Ha Behem neny
OICera y4eCTaHOCTH, Ha KOME je YHeTo cliabibeme oko -1 dB. ®a3um momepau y cymTuHU
npeacTaB/ba (QUITAp MPOIMYCHUK OICera, a YymnpaBo Op3e mpoMmMeHe meroBe (a3He
KapakTepucTHUKe ca ydecraHouthy omoryhaBajy 3HauajaH ¢asznu momepaj. Msrmen ¢asHor

nomepaua je nar Ha Ci. 3.

%\

Cin. 3. AkcoHometpujcku usrnen u qumensuje SRRe$asnor momepaua : [r=5mm,w = 0.75
mm, S = 0.45 mmws=0.6 mmgs=g=0.1 mm.

®abpukoBanu npoTotuil je aat Ha Ci. 4.r1e ce BUIU Ja Ha ylia3y y JUHEapHe HU30BE
“MaMoO BOJ MaJjie MMIIe/IaHCe, OHOCHO BEJMKE KamalMTUBHOCTH 4YMja je yJjora Ja moodoJsbiia
npuiaroheme aHTeHe, Tj. Ja cMamku MakcuMyM peduiekcrje Ha oko 10.06 GHzkoju je BuabuB

Ha qujarpamy Si1, Ha BpeaHocT ucnon -10 dB.



Cn. 4.W3rnen peain30BaHOT MPOTOTUIIA AaHTEHCKOT HHU3a

Ha Cn 5. je mar mpukas u3MepeHHX M CUMYJIUPAHUX BPEAHOCTH Si1 aHTEHE, T/IEe Ce
BU/IM Ja je npuiaroleme cByaa 6osse oa -10 dB.
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Cn 5. VI3mepeHe 1 cuMyliupaHe BpeIHOCTH S11aHTEHE.

W3mepenu nujarpamu 3paderwa y H-paBuu npukaszanu cy Ha Ci. 6.171e ce BUIM Ja je
MEpEeHH OIIcer cKkeHupama o1 73 1o 132°. Cumynupanu pesdyntatu gatu cy Ha Ciu. 7. Ca
CIIMKE c€ BUJM Ja je MPH CKEHUpamy HUBO OOYHUX JI000Ba y HajropeM ciydyajy oko -17.7
dB y omHOCY Ha HMBO TJIaBHOT CHOIA, JIOK Yy OCTaTKy omcera uzae u ucrnox -20 dB, mro
JEOYEKHMBAaHO ¢ 003MPOM Ha OJlabpaHy pacmojielly cCHare MyK JinHeapHor Hu3a. Takohe je
JOOHMjeH BeoMa BEIIMKU yrao CKeHUpama 011 59 cTeneHu.



—=—1=9.80 GHz
1/~e—f=9.90 GHz

SRR
| LLAAR T AN
o )

2 \

el SIS LA K A
.30 .Aégﬁwf&;ﬁ« ,J \ Yf&
S N T

0 30 60 90 120 150 180
Ugao gp(Stepeni)
Co. 6 I/IBMepeHI/I ;[I/IjarpaM 3paducma 'y H-paBHI/I Ha pCJICBAHTHUM Y4CCTAHOCTHUMA.

LN
(@)} o (&)} o
" 1

-

Normalizovani dijagram zracenja

0

I
{|—=—=9.80 GHz
—e—f=9.90 GHz

S TEANIY
VKN

TILAANINY
Vil SR\

0 30 60 90 120 150 180
Ugao Sp(Stepeni)

Ca. 7. Cumynupanu qujarpamu 3padema y H-paBam.

o
|

N
o

N
3
T ——

W ON N
S o o
1

Normalizovani dijagram zracenja

o
o




20
|
19 ®— Simulacije

[
(o¢]

_] /ﬁ !

Dobitak (dBi)
'_\
\‘

16
_ 4
15 >
14 : : : -
9.8 9.9 100 101 102
Frekvencija (GHz)

Cn. 8. MepeHu U cUMyJIHpaHH TOOUTaK aHTCHE.

Ha Cn. 6.u 8. ce Buau 1a je noaaro Mmepeme 1 Ha ydectanoctu ox 10.25 GHzjep cy
noOujeHn J00pO TOTUCKMBamke J00OBa H mpwiaroheme, MehyTUM 1O KpUTEpHjyMy
MaKCHMaJHe J03BOJbCHE Bapujanmje aodutka oj 2 dB He Moxe ce Wmak cmarparu
NPUXBATHUBHM.

Mepenu u cumynupanu aujarpamu y E-pasau gatu cy Ha Ci. 9-10.
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Cn. 9. U3mepenu mujarpam 3padeima y E-paBHH Ha peieBaHTUM y4ECTaHOCTHMA.
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Cn. 10.Cumynupanu aujarpaMu 3padema y E-paBHu
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Cn. 11.Cumynupanu adjarpam Kpocrosapusanmje y E-paBau

Ca Ca. 11.ce Bumu 1a je kpocnonapusanuja ucrnox -27 dB y oncery rnaBHor no6a.

TexHnuke KapaKTePHCTHKE

panHa ydyectanoct: 9.8 GHz -10.20 GHz

Koe(UIMjeHT pedIieKcHje Ha aHTeHCKoM npuctyny: < -10 dB

orcer ckenunpama. 5P oxnocuno ox 73P-132°

¢dpexBennujcka aruiaaoct 14.75°/100 MHz

3dB- mMpuHAa IIIaBHOT CHOMA y OIICETy cKeHupama 15°-22°y azsumyTy

3dB- mmpuHa riaaBHOT cHOMa oko 13°y eneBanuju

HHMBO 0OYHMX JI000Ba y HajropeM ciydajy -17.7 dB,sehunom oko -20 dBy oxnocy
Ha TJIABHU CHOII



e cyncrpar: Rogers RT/duroid 588@£2.17,tgd=0.001)
e gmuMeH3uje anTteHckor Hu3a: 170 mm x 120 mm x 7.5 mm

‘ ITpumena ‘

Ckenupajyha anTeHe ce MOKe YIMOTPEOUTH 3a palapCKe CEH30PCKE MpEkKe, Y MEJUIIMHU 32
oexuuno mepeme EKI-a, 3a mpaheme u gerekuujy Onuckux obOjexaTa, 3a ayTOMOOMIICKE
panape uTa.

Pedepenre:

tl] Y. Alvarez-Lopez, C. Garcia-Gonzalez, C. Vazquez-Antuna, S. Ver-Hoeye, and F. Las
Heras Andres, "Frequency scanning based radar systeagiess In Electromagnetics
Research, Vol. 132, 275-296, 2012.

[2] M. Winfried, M. Wetzel and M. Menzel, "A novel direct imaging radar sensor with
freugency scanned antenna," [BEE MTT-S Int. Microwave Symp. Dig. ,vol. 3, pp.
1941-1944, 2003.

[3] A. Nesic and S. DragasfFrequency scanning printed arragtenna, Antennas and
Propagation Society International Symposium, 1995. AP-S. Digest.

[4] L. Cui, W. Wu and D. FangPrinted Frequency Beam-Scanning Antenna with Flat Gain
and Low Sidelobe LevelsAntennas and Wireless Propagation Letters, vol. 12, 2013.

[5] A. Fackelmeier, E.M. Biebl, "Narrowband frequency scanning array antenna at 5.8 GHz
for short range imaging"Microwave Symposium Digest (MTT), 2010 IEEE MTT-S
International , vol., no., pp.1266,1269, 23-28 May 2010

[6] Nikola M. Boskovic, Branka S. Jokanovic, Aleksandar D. Nesic, "Compact Frequency
Scanning Antenna Array with SRR Phase Shifters ", TELSIKS 2013
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AHTEHCKH HH3 ca MPOIIUPEHUM OIICETOM CKEHUPamba U NEHTAIrOHAJIHUM JUII0JIMMa
PA3THYUTHUX UMIICTAHCH

PykoBoaunan npojexra: np bpanka Jokanosuh

Oxarosopno Jauile: ap bpanka Jokanosuh

Aytopu: Hukona bomkosuh, np bpanka Jokanosuh u Munom Pagosanosuh, MucTHUTyT 32
¢usuky, beorpan;

Pa3BujeHo: y OKBUpY NpojekTa TeXHoJoUKor pa3Boja TP-32024: Pexouguzypadbunne,
MYIMuUbAano u ckenupane anmene Ha 6a3u Memamamepujana 3a OexicuyHe KOMyHUKayuone
cucmeme u ceHzope

I'oguna: 2015

Ipumena: 2015

Kparak onuc |

[Ipuka3an je HOBM au3ajH (QPEKBEHIMjCKH CKeHHpaHOT aHTeHCKor Hu3a Ha 10 GHzkoju ce
cacToju OJ oOcaM TMEHTAarOHAJHUX JAWIOJNa pa3IuduTUX  uMnenaHcu. HeyHudopmHa
aMIUIMTYJICKAa pacrojiesia je OCTBapeHa MPOMEHOM HWMIIeaHCH numosia 'y oanocy 1:11.
Hamojua wmpexa wusmel)y numnona je mpojekroBana mnomohy henuja koje mnoBehaBajy
(bpeKBEeHIIMjCKY 3aBHUCHOCT a3HOT momepaja u3Mely aHTEHCKMX enemMeHaTa. hemmja ce
cacroju ox ocam SRR (Split-ring resonators) koju Cy CHOPErHyTH ca CHMETPUYHHAM
MHUKpPOCTPHII BOJOM. M3MepeH je yrao CKeHupama aHTeHe o] 65 creneHH NpoMeHOM
¢pexsenmmje y omcery oxa 9.75 mo 10.20 GHz ¢xo 4.5% y omHOCy Ha IEHTpPAIHY
y4eCTaHOCT), JIOK je HajBehe mojayame antene 12.9 dBi.

TexHuuke KapaKTepuCTHKE:

DpekBEeHIINjCKH CKEHUpaHa aHTeHa paau y omcery ydectanoctu 9.75-10.20 GHzOcHoBHU
3axTEB MPH MPOjEKTOBaBY aHTEHE je Ja ce 00e30eau mTo Behr yrao CKeHHpama 3a IMITO Mamby
IPOMEHY y4YeCTaHOCTH. Peann3oBaH je NMHHUjcKM HU3 KOju y H-paBHm uma 3dB-mmpuny
cHomna on 16-20°,a y E-paBHu je Ta mupuHa oko 88° mto oAroBapa MUPUHHU CHOTA jeTHOT
auroyia. AHTEHCKM HHM3 je peanu3oBaH Ha cyrncrpary Rogers RT/duroid 5880e:62.17,
tg0=0.001,h=0.508 mm).OctBapeHno je mo0po mpuiaroheme Tako na je pedriekcuja UCIo
-10 dB y uenom oncery. Jooutak anrene je 10.6-12.9 dBi.AHTeHCKM HHU3 je TOCTaBJbECH
u3Haj pediexkTopcke paBHH, Ha pactojamy D=7.5 mm.IloBpmmHa peann3oBaHOT HH3A je
180 mm x 50 mm.

Texnnuke moryhnocru:

[Ipenoxenn aHTEHCKH HU3 je 3HATHO OOJbUX KapaKTEPUCTHKA OJ OHHUX IO Ca/ia OMUCAHHX Y
auTeparypu, jep o6e30elyje Behu yrao ckeHupama 3a 3HAaTHO Mamby MPOMEHY (hpPEKBEHIUje U
uMa Mame numensuje. [IpennoxeHu au3ajH je AocTa (ISKCMOWIAaH W OCTaBJba BEIHKE
moryhHOocTH 3a yHamnpeheme, BE3MBAKEM HEKOJIMKO OBAKBUX HHU30Ba H omoryhasa
JEIHOCTaBHO KOHTPOJIMCAE paclojielie CHare JyK HH3a, a CaMUM THM M KOHTPOJY HHMBOA
604HUX JI0OOBA.

Peasmszaropu: MucTuTyT 32 Qusuky, beorpazn

Kopucuunu: Uuctutyrt 3a ¢pusuky, beorpan

IMoarun pememwma: M85 —JlabGoparopujcku IpOTOTUT




Crame y cBeTy ‘

AHTeHe ca (PEKBEHIMJCKUM CKEHHpameM Cy CrendjagaH ciaydaj Gda3supaHux
aHTeHCKUX HU30Ba. CKeHHpame ce 0CTBapyje MPOMEHOM (PEKBEHIIM]€ YIa3HOT CUTHAJIA IITO
y3poKyje ¢a3Hu ToMepaj Ha TPAaHCMUCHOHOM BOJY KOjU je MOCTaBJbeH u3Mel)y 3pauehmx
eJieMeHaTa aHTeHCKOr Hu3a. [Ipu nu3ajHy GpeKBEHIMjCKH CKEHHUpPAHUX aHTCHA HajBaXKHU]H
¢dakTopu Cy: BenmuuMHA CKeHUpajyher cextopa, nmotpedan (HpEeKBEHIUjCKU OICET, TyOuIu y
CTPYKTYPH HH3a KOjU Cy BeOMa KPUTHUYHHU 32 aHTCHCKH TOOUTaK U HUBO OOYHHX JIOOOBA KOjH
ce IpU CKeHHUpamwy nosehasajy.

VY nuTepaTypH je IpeUIoKeHa aHTeHa ca ()eKBEHIIM]CKMM CKEHUPAEeM HalajaHa Ha
HeHTpanHoj ¢pexBeHuUju of 6 GHz ca meangpom nyxuHe 2hg y TeXHUIM OaJlaHCHOT
MUKpPOCTPHIT BOJIa, MpeacTaBibeHa y [1]. AHTeHa mocenyje MOryhHOCT CKeHUPamka BEITUKOT
cekropa ox oko 50 cremneny, anu 3axteBa (pexBeHuujcku omcer ox 20% koju je 06MIHO
HEJOCTYNaH Ha HWKUM (QpekBeHnujama. Mnak, oBa aHTeHa ympaBo 300r CBoje
JeIHOCTaBHOCTH U Kopuithema OamaHCHOT BojAa Kao (a3HOr moMmepada, MMa BEOMa BHUCOK
nobutak ox oxko 14 dBi, amu W NPUIMYHO BUCOK HHMBO OOYHHX JI0OOBA HA IOjCIHMHUM
yaectaHoctuMa. CIIM4aH MPHUCTYN 3aCHOBAaH Ha KOpHUINhewmy TPaHCMUCHOHUX BOJOBAa Kao
¢da3Hux mmdTepa ca MaIUM TyOWIMMa je TpeiokeH y [2]. AHTeHa je peann3oBaHa Ha
TPOCJIOJHOM JAMENEKTPUKY U MOKa3zyje BeoMa BEJIMKH OICET CKEHUpama 0]l /3 CTeleHa ca
BeoMa ciaboM (pexBennujckom ocersbupomhy ox 43.24/GHz. MiMa BeoMa KOMIUIMUKOBAHY
CTPYKTYpy U 3aXTeBa BEIHMKH (PEKBEHIMCKH OICET INTO Cy HHCHU BEIMKU HEJOCTAIH.
VYckomojacHO (PpeKBEHINJCKO CKEHHpAmkE ca 3HAYajHUM IMOOOJbIIAkEM y (PPEKBEHIIN]CKO]
ocetsbuBocTH 01 1,64/MHZ je nznoxeno y [3]. [Ipeanoxena ckenupajyha aHTeHa KOPUCTH
(dunTap MPOIMYCHUK OIcera u3Mel)y MHAMBUAYaTHUX aHTEHCKHX eJeMeHTa Koju o0e30ehyje
nonatHu (pazHu mMomepaj, adM HEAOCTaTak je MPWIMYHO BEIUKO YHECEHO cialbibeme y
HAIO0jHO] MPEXKH IIITO 3HAYAJHO peAyKyje M00uTaK aHTeHe. Tako, na ckeHupajyha aHTeHa of
11 enemenara mocenyje goourtak o cera -6 dBI. IlIto 3Haym na Ge3 MOAATHUX AKTHBHUX
elleMeHaTa OBaKBa aHTeHa HUje ynoTpeOsbuBa. Y [4] cy ayTopu mpeaaoxuin MOanGUKAIH]y
CKeHHMpaHOT aHTeHcKor Hu3a [1] nomajyhu dasue mudrepe ca SRR koju cy cupernyru ca
OamaHcHUM MUKpocTpull BojioM. [lobujena je 3nadyajHo Beha (ppekBeHIMjCKa OCETIHHBOCT,
anu cy 300r kopumhema jeJHaKUX JIUTI0Na Y HU3Y, TI000BU JO0CTa BUCOKH.

@DpeKkBeHIHjCKH CKEHHPAH aHTeHCKH Hu3 ca SRRS ¢a3num nomepauuma

Y cnydajy kxopumhema HICHTHYHUX 3padchux enemenata [4] y pesyntyjyhem
aMjarpamy 3pauema HUBO O0uHUX J0OoBa uae uao 8 dB ucmox HHMBO TinaBHOTr 11003, JOK
tunnyHo u3Hocu oko 10 dB.VYmnorpebom pasnmuuutux 3pauchux enemeHata MOxe ce JTOOUTH
no0oJbIIaHU HUBO OOYHHX JI000BA. Y OBOM TEXHHUYKOM pellelky 3padehu eIeMEeHTH Cy TaKko
NPOjEKTOBAHM Jla ce J00HMje MOTHCKKUBambe 00uHuX j1oboBa on 21 dB.Kopumhena je dond-
YeOuiieBibeBa pacrojiena Koja je MOoAu(HUKOBaHA TaKO INTO je y3eTo y o03up ciabibeme
mmdrepa u3mel)y numnorna, Koje ce MPOrpecHBHO MoBehaBa Kako ce yga/baBamMoO O] TAuKe
Harajama Hu3a.

Hobujene cy cnenaehe mmnenance aunoia gare y Tabemn 1 pauyHarte on Tauke
Hamajama. Buay ce ga je 3aXxTeBaHU OJHOC MUMIIEJAHCH JUII0JIA jaKO BEJIMKH U U3HOCHU OKO
1:11, mrto je moryhe octBapuTu nomohy moceOHO ONTHUMHU30BAHUX MEHTArOHAJIHHMX JIUIIOJA,
Cn. 1.



TABEJIA 1. Bpennoctn umnenancu agumnosa y €.

| 21=1073| Z2=518| Z73=209 Z74=1183 Z75=80 Z76=74 77=92  78=96

Crpyktypa ce Hamasu Ha cymctpaty Rogers RT/duroid 5880e:62.17, tgo=0.001,
h=0.508 mm) lumeHn3uje aumona cy, KOPUIIHEHEM eIEKTPOMArHEeTCKOT CUMYJIaTopa Ha 6a3u
merone Mmomenara WIPL-D Pro [5].Pacrojame nzmely nunona je 0.66 4o, 1j. 20 mmua 10
GHz. IIpena3 ca GamancHOr Ha HeOaTaHCHM MUKPOCTPHUII BOJ CE€ BpIIM MOMOhy OanyHa ca
KOHTUHYaJTHOM MpPOMEHOM mupuHe (taper). AHTEHCKM HU3 je TMO3UIMOHHPAH W3HAJ
pedIieKTopcKe paBHU Ha yIaJbeHOCTHU O] YeTBPTUHE TaJlACHE TY)KUHE Y Ba3IyXYy.

Ca. 1. lItamnanu anteHcku HU3 ca SRRSkao dazaum mudrepuma.

SRRs mudTep je nuzajuupan y ¢opmu jemHe henuje Koja ce cacToju OJi ocam
uneHtnyHnx SRRSkoju cy cnpernytu ca 6amancHuM mukpoctpun BogoMm. Yetnpu SRRSce
HaJla3e Ha FOpPH0j CTPAHU CYIICTpATa, a YETUPH TaYHO UCILL BbUX Ha JIPYroj CTPaHU CYICTpara.
W3mely nBa mapa HacmpaMHUX CIUIMT-PUHI PE30HATOpa Ce Hajla3u IpoLen ca o0e cTpaHe
OalaHCHOT MUKPOCTPHIT BoJa KOju o0e30elyje 1a ce mena CTpyKTypa MoHama kao Guiarap
MPONYCHUK OTICera.

[[Iudrep ompehyje kapakTepucTUKEe CKEHHpaHE AaHTEHE, OJHOCHO yrao M OICeT
CKeHHUpama. therosu cumysupanu napamerpu cy nati va Ci. 2.



Cn. 2.Cumynupanu Sq1apameTpH (ha3HOT momepaua.
OceHu4eHH J1e0 je pajiHul OIICET.

Ca Cn.2. ce Bumu na je xoedurmjeHt peduekcuje Si1 ucnon -20 dB Ha Behem neny
olicera ydYecTaHOCTH, Ha KoMme je yHeTo ciabieeme oko -1 dB. Iludrep y cymrunm
npeacTaBjba (uiaTap MNPONYCHUK OICera, a YIpaBo Op3e mnpoMmMeHe merose (asHe
KapaKTepUCTHKE ca yuecTaHolhy omoryhasajy 3HadajaH Gpa3Hu oMepaj.

20
. | -

10,1

Cn. 3. AkcoHoMeTpujckH n3rien ¢asnor nomepada ca SRR ¢nmka sieBo) u noren
0/I03T0 PaBaHCKE ca PeJIeBaHTHUM JUMEH3UjamMa y Mm.



dabpukoBanu nporotun je gat Ha Ci. 4. Ca ciuke ce BUIM Ja u3Mel)y KOHEeKTopa Koju
IPEeKo Tejlepa ca jeqHe CTpaHe U OallyHa ca Jpyre W aHTEHE MMaMoO BOJ Maje MMIIEIaHCe,
OJJHOCHO BEJIMKE KalallMTUBHOCTU YHja je yiora aa noOoJpllla mpuiaroheme aHTeHe, Tj. MUK
koju uckaue Ha nujarpamy KCT na oko 10.08 GHZe npunarohen ynpaBo oBUM BOJIOM.

Cn. 4.W3rnen peain30BaHOT MPOTOTUIIA AaHTEHCKOT HHU3a

Ha Cn 5. je nmar npuka3 usmepenux Bpennoctd KCT antene, rne ce BHIM Ja je
npuiaroheme cByaa 6osbe o1 2.
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Cn 5. Usmepene Bpennoctu KCT-a anTeHe.

Wsmepenn mujarpamu 3padewma y H-paBHu mpukazanu cy Ha Ci. 6. rme ce BUIU
orcer ckenupamwa o 71 1o 136°. Cumynupanu pesyartatu gatu cy Ha Cin. 7. Ca ciuke ce
BHUJIM J1a je TIPH CKCHHUPalby HUBO OOYHHUX JI000Ba y HajropeM citydajy oko -15 dBy oxHocy
Ha HUBO TJIABHOT CHOIIA, JIOK Y OCTAaTKy oncera uae u ucrnon -20 dB,miro je nanexo 60sbe oc



AHTEHCKOT HU3a Ca MICHTHYHHUM JHIoIrMa Kazna je HuBo -10 dB [4],y HajOossem ciydajy.
Taxobhe je 1oOKjeH BeoMa BEJIMKHU Yrao CKeHHpamba 0] 65 cTeneHu.

Cn. 6. Ismepenu nujarpam 3pauctma y H-paBHU Ha pelieBaHTHM y4eCTaHOCTUMA.

Cn. 7.Cumynupanu qujarpamu 3padema y H-paBHu



\ TexHnuyke KapaKTEPHCTHKE

* paana yuectanocT: 9.75 GHz -10.20 GHz

* KoeduuujeHT pedaekcuje Ha aHTeHCKOM npuctymy: < -10 dB

 omcer ckeHupama: 65° onnocHo ox 71°-136°

* (pekBeniyjcka armaaoct 14.4°/100 MHz

 3dB- mmpuna riaBHOr CHOMA y orcery ckenupama 16°-20°y asumyry

* 3dB-mmpuHa riaBHor cHona oko 88°y eneBanuju

* HuBO 00YHHX JIOOOBOBA y HajropeM ciydajy -15 dB,sehunom oxo -20 dBy onHocy
Ha TJIaBHU CHOTI

e cyncrpar: Rogers RT/duroid 588@£2.17,tgd=0.001)

e mumen3uje anteHckor Hu3a: 180 mm X 50 mm x 7.5 mm

‘ IIpumena ‘

Ckenupajyha aHTeHe ce MOXKe YIMOTPEOUTH 3a palapCKe CEH30pCKE MpEkKe, Y MEJUIIMHU 32
oexuuno mepeme EKI-a, 3a mpaheme m gerekuujy Onuckux oOjexaTa, 3a ayTOMOOHIICKE
panape uTa.

Pedepenre:
tl] A. Nesic and S. DragasFrequency scanning printed arragtenna, Antennas and

Propagation Society International Symposium, 1995. AP-S. Digest.

[2] L. Cui, W. Wu and D. FangPrinted Frequency Beam-Scanning Antenna with Flat Gain
and Low Sidelobe LevelsAntennas and Wireless Propagation Letters, vol. 12, 2013.

[3] A. Fackelmeier, E.M. Biebl;Narrowband frequency scanning array antenna at 5.8 GHz for short
range imaging",Microwave Symposium Digest (MTT), 2010 IEEE MTT-S International , vol., no.,
pp.1266,1269, 23-28 May 2010

[4] Nikola M. Boskovic, Branka S. Jokanovic, Aleksandar D. Nesic, "Compact Frequency Scanning Antenna
Array with SRR Phase Shifters ", TELSIKS 2013

[5] www.wipl-d.com



CxeHUpaHM AHTEHCKHU HU3 €A NEHTATOHAJIHUM JMII0JIMMA U
HeYHH(OPMHOM AMILJIMTYICKOM PacnoaejoM

PykoBoaunan npojexra: np bpanka Jokanosuh

OnrosopHo jqune: 1p bpanka Jokanosuh

Aytopu: Hukona Bomkosuh?, np bpanka Jokanosuh?, Jp Anexcanaap Hemmh?,
lI/IHCTI/ITyT 3a ¢usuky, beorpan, 2UMTEJ Komynukanmje a.x., beorpan.

Pa3BujeHo: y okBupy npojexra TexHosoukor pa3soja TP-32024:Pexondurypabuse,
MyNTHOAH]] M CKEHUpaHe aHTeHe Ha 0a3u MeTamarepujaia 3a 0euuHe KOMYHUKAIMOHE
CHUCTEME U CEH30pE

I'oguna: 2014

Ipumena: 2015

Kparak onuc

[Ipuka3an je HOBU au3ajH (HPEKBEHIINjCKU CKECHUPAHOT aHTEHCKOT HHU3a KOjU C€ CacTOjU O
ocaM TMEHTArOHAIHUX JUIOJA pa3nuuuTe wumnenance. OpHUTHHAJIHH JIOMPUHOC OBOT
TEXHHYKOI peliea je peann3anuja HEyHH(POPMHE aMIUTUTYICKa pacrojeiia MPOMEHOM
uMIegaHcu aunoia y onHocy l:1lrtako na je nobujeHo ciabibeme 60uHMX J060Ba Behe ox 18
dB y nenom oncery ckenupama. Hamojua mpexa namel)y numona je mpojekroBana momohy
left-handed hemmja koje mosehaBajy ¢pekBeHIMjcKy 3aBHCHOCT (hasHOr momepaja u3Mel)y
aHTeHCKUX eneMeHara. Left-handed henmja ce cactoju ox 4eTHpH CIUTUT-DUHT pe30HATOpa
(SRR, Split-ring resonators) koju cy CHOPErHyTH €a CUMETPHYHHM MHKPOCTPHIT BOJIOM.
Jlobujen je yrao ckenmpama antene on 27°y omcery 9.98-10.30 GHzpoGutak anTeHe of
11.5 dBiu noTtuckuBame 00uHMX JI0O0Ba 6osbe o1 18 dB.

TexHn4YKe KAPAKTEPUCTHKE!

@dpekBEHIIMjCKA CKeHHpaHa aHTeHa paju y omcery ydectanoctu 9.98-10.30 GHzOcHoBHM
3aXTEBU TMPU TMPOJEKTOBaY aHTEHE Cy Ja ce 00e30enu mro Behu yrao ckeHuwpama 3a IITO
Mamy IPOMEHY y4eCTaHOCTH M IITO Behe MOTHCKUBamke OOYHUX JIOOOBA Y OTICETY CKeHHPamba.
PeanuzoBan je juHUjcKU HU3 Koju y H-paBuu mma 3dB4mmpuny cxoma ox 21-35°a y E-
paBHHU je IUPHUHA KOja OJIroBapa jeIHOM JUIOJNY Tj. 0ko 88°. AHTEHCKH HU3 je peaJn30BaH Ha
cyncrapary Rogers RT/duroid 5880¢€62.17, tg6=0.001, h=0.508 mm). OctBapeno je
npunaroherme ucrnon -10 dBy mesom oncery. Jlooutak antene je 10.44-11.77 dBiAuTencku
HU3 je TMOCTaBJbeH W3HAJ] pedIeKTOpCKe paBHH, Ha pactojamy D=7.5 mm. [ToBpmmuna
peanu3oBaHor Hu3a je 145 mm x 29 mm.

Texnuuke moryhHocru:

IpenioskeHy aHTEHCKU HU3 je 3HATHO GOJBUX KApaKTEPHCTHKA OJl OHUX JO Cajia OIHMCaHHX y
JNUTEpPATypH, jep 0besdehyje McTH yraoHu nomepaj CKCHHpara 3a 3HATHO Makby NPOMEHY
¢bpekBeHIMje U UMa Mambe TuMeH3Hje. [Ipennoxkenn nu3ajH je nocta (uexcuOunan u ocTaBba
Benuke MmoryhHoctu 3a yHampeheme. JlomaBamem 3pauehux eneMeHaTta MOXE C€ 3HATHO
noBehatu NOOMTaK aHTEHE, a y3 KOHTPOJY CHare MOXe Ce jOIl 3HauajHUje CMAambUTH HHUBO
0604HKX JT0OOBA.




Peanusaropu: Uuctutyt 3a pusuky, beorpazn
Kopucnunu: Uuctutyt 3a pusuky, beorpang u UMTEJI Komynukamuje A. 1. beorpas.
Ioarun pememwa: M85 —JlabGoparopujcku npoTOTUTT

Crame y cBeTy ‘

AHTeHe ca (PEKBEHLHMJCKUM CKEHHPameM Cy CIelujajaH ciaydaj (a3supaHux
aHTeHCKHUX Hu30Ba. CkeHupajyhu cHON ce CTBapa MPOMEHOM (PEKBEHIIMj€ YIIa3HOT CHTHAIa
mMTO Yy3poKyje ¢a3HU IMOMepaj Ha TPAaHCMUCHOHOM BOJy KOJH j€ TOCTaBJbEH H3Mehy
3pauehux enemeHara aHTeHCKOT Hu3a. [Ipu nu3ajHy (pekBeHnMjcku ckeHupajyhux aHTeHa
HajBAXHUjHU (PAKTOPH Cy: BeTMYMHA CKeHUpajyher cexropa, motpedaH GpeKBEHIIN]CKH OTCer
3a CKEHUPAkE U TyOUIN Y CTPYKTYPH HHU3a KOjU YTHUYY HAa aHTCHCKH JTIOOUTAK.

VY nuTepaTypH je IpeUioKeHa aHTeHa ca ()eKBEHIIM]CKMM CKEHUPAEeM HalajaHa Ha
neHTpanHoj ¢pexseHuju on 6 GHz ca meangpom nyxuHe Zhg y TEXHHIM OallaHCHOT
MUKpPOCTPHIT BOJIa, MpeacTaB/beHa y [1]. AHTeHa mocenyje MOryhHOCT CKeHUPama BEITUKOT
cekropa ox oko 50 cremeny, anu 3axteBa (pexBeHuujcku omcer ox 20% koju je 06MIHO
HEJOCTyNaH Tpu HWKUM (pekBeHnjama. Mnak, oBa aHTeHa ympaBo 300T CBOje
JETHOCTAaBHOCTU M KopuliThewma OalaHCHOT BoJAa Kao (a3HOT momepaya, UMa BEOMa BHCOK
nobutak ox oko 14 dBi, amu W NPUIMYHO BHCOK HHUBO OOYHMX JI0OOBA Ha IOjEIMHUM
yuectanoctuma. CIIMYaH TPHCTYN 3aCHOBaH Ha Kopuinhewmy TPaHCMHCHOHHX BOJIOBa Ca
MaJIuM TyOouiuMa Kao ¢asuux mmdrepa je mpemanoxen y [2]. AHTeHa je peain3oBaHa Ha
TPOCJIOJHOM JMEJIEKTPUKY M IOKa3yje BeoMma BEJIMKHU OICEer CKeHHpama oj /3 cTereHa ca
BeoMa ciaboM (pexsennujckom ocersbupomhy ox 43.24/GHz. MiMa BeoMa KOMIUIUKOBAaHY
CTPYKTYpy M 3aXTeBa BEIHMKH (PEKBEHIM]CKH OICET INTO Cy HHCHU BEIMKU HEJOCTAIH.
VYckomojacHO (PpeKBEHINJCKO CKEHHpAmkE ca 3HAYajHUM IMOOOJbIIAkEM y (PPEKBEHIIN]CKO]
ocetsbuBocTH 0 1,64/MHZ je nznoxeno y [3]. [Ipeanoxena ckenupajyha aHTeHa KOPUCTH
(dbunTap MPOIYCHUK OIcera nu3Mel)y MHAMBUAYaTHUX aHTEHCKHX eJeMeHTa Koju 00e30ehyje
nonatHu (pazHu Momepaj, adM HEAOCTaTak je MPWIMYHO BEIUKO YHECEHO cialbibeme y
HAIlO0jHO] MPEKH IIITO 3HAYaJHO peAyKyje Mo0uTaK aHTeHe. Tako, na ckeHupajyha aHTeHa of
11 enemenara mocenyje goourtak o cera -6 dBI. IllTo 3Haywn na Ge3 MOAATHUX AKTHMBHUX
eJeMEeHaTa OBaKBa aHTEHA HUj€ YIOTpeOIbUBA.

AHTeHCKH HU3 Ha X-oIcery ca (ppeKBeHIHjCKUM CKeHnpameM nomohy ¢a3nux nmomepaua ca
SRRs

Ogze je nmpuka3aHo peniemne 3a PPEKBEHIINjCKM CKEHUPAH aHTEHCKU HHU3 ca MoBehaHoM
(peKBEHIMjCKOM 3aBUCHOIINY yriia CKeHUpPama y OJHOCY Ha MEaHApPUpaH HamojHu Box [1].
[ToBehana QpekBeHIMjcKa arwJIHOCT CKEHHpama je nao0ujeHa ycinen ymnoTtpede ¢asHor
nomMepada koju ce cacroju ox left-handed henuje ca yeTrpu crumT-puHT pe3oHATOPA KOjJH CY
CIpPErHyTH ca OalaHCHHUM MUKpOCTpurl BoaoM. [Ipemnoxenu ¢aszuu mudrep obe3behyje
3Ha4yajaH (a3HU MOMeEpaj Yy YCKOM (PEKBEHIIMJCKOM OIICErY, y3 Majl0 YHETO ClIa0Jbemhe U
peduiekcjy. AHTEHCKM HHM3 C€ CacTOjU OJ OCaM PAa3JIMYUTHUX [EHTaroHAJHUX JHII0JIa
HarajaHux OajJaHCHUM MHKpPOCTPHI BOJOM Kao MTO je npukazaHo Ha Ci. 1. Jenna momoBuHa
JIMIIONIA ca JIBa CIUTMT-PUHT Pe30HaTopa je IITamIlaHa ca jelHe CTpaHe JHENeKTpUKa, a JApyra
MOJIOBMHA ca Jipyre crpaHe. Pa3Hu nmomepaj koju ode3behyje mudrep omoryhaBa ckeHUpame
ca jeqHe cTpaHe HOpMale y OJHOCY Ha paBaH aHTEHE y CKJIaJy ca HEeCUMETPHYHOM (azHOM
kapakrepuctrkom |eft-handed hemuje.




Crpyktypa ce Hamasu Ha cymctpaty Rogers RT/duroid 5880e:62.17, tgo=0.001,
h=0.508 mm). Jlumensuje naumona cy oxapehene xopumhemeM €ICKTPOMArHETCKOT
cuMmynatopa Ha Oasu merone mMomenta WIPL-D Pro [4] u onTuMu30oBaHe Tako 1a UM
umrnenanca oyzae y omncery ox 74 -1073Q. Pacrojame usmehy aumona je 0.5Xko, 1j. 15 mmua
10 GHz.IIpena3 ca 6anaHcHOT Ha HeOaTaHCHH MUKPOCTPHIT BOJI c€ BpIIU momohy OanyHa ca
KOHTUHYaJTHOM MpOMEeHOM mupuHe (taper). AHTEHCKH HU3 je TMO3UIMOHHPAH W3HAJ
pedIiekTopcKe paBHU Ha yIaJbeHOCTHU O] YeTBPTUHE TaJlaCHE TY)KUHE Y Ba3IyXYy.
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Napajanje Donja strana
Cn. 1. llItamnanu anteHcku HU3 ca SRRSkao dasuum mudrepuma.Moxkere 1a CTaBUTE U

3/1 ciuky jep Oosbe U3riena.

dazuu momepau ca SRRSje muszajuupan y dhopmu jenne left handed henuje koja ce
cacroju o1 4 SRRoju cy cripernytu ca 6aJaHCHUM MUKPOCTPHUIT BOJIOM M METAaJIHE BHUj€ KOja
MOBE3yj€ TOPHU | JIOKBH MPOBOJIHUK OAaaHCHOT BOJA, Kao MTO je npuka3aHo Ha Cin. 2. JemaH
nap SRRSje cmemTeH Ha TOP®H0j, a APYTU Ha JI0OHOj CTPAHU JIUEIEKTPUKA ca 00e CTpaHe BOJA.

Cn. 2. Usraen ¢a3Hor nomepaua ca crumat-puHr pezonatopuma (11 = 4.8 mmw; = 0.75 mm,
L = 15 mm).®a3uu nomepad ce Hasasu u3Mel)y 1Ba qurmosna Koju Cy moBe3aHu OaaHCHUM
BOJIOM KOjH j€ Ha CpPEAMHU KPATKO-CII0j€H METAJITHOM BHjOM.

[Ipu nu3ajuy dazHor momepaua mokaszano ce jaa crnpera usmehy SRRsu GamancHor
BO/Ia MMa BEJHMKH YTHUIQ] Ha YKYIHE KapaKTepPUCTUKE MU(Tepa, ma je OWI0 HEOMXOIHO



MaKCHUMH30BaTH 0Baj edekaT. To je MPBOOMTHO YUYHMI-EHO TAaKO INTO j& YMECTO KJIaCHYHUX
kBagpaTHUX SRRSkopumhen SRR koju je m3nyxen nyx Boma. TakBa cTpyKTypa 3axTeBa
noctojame goaarHa 18a SRRca npyre crpane Boga 1j. ykynHo 4 SRRs.

[udrep ompehyje kapakTepuCTHKE CKEHHpPAHE AaHTEHE, OJHOCHO Yrao M OICer
CKeHHUpama. therosu cumynupanu napamerpu cy natu va Ciu. 3.

Cin. 3. Cumynupanu napametpu GpasHor rmomepada, Maruuryaa u ¢gasa
(oceHueHM 1ieo je pajiHu Oricer).

Ca cmuke ce Bumu na je mpwiaroheme (Si1) ume mo ucmon -20 dB Ha meHTpaHOj
YYECTAHOCTH, Ha KO0joj yHeTo cnabibeme (Si12) 6osbe on -1 dB. Illudrep y cymrtunu
npesacTaBjba  (uiTap MPOIYCHUK OICera, a ynpaBo Op3e NpoMeHe merose (asHe
KapaKTepUCTHKE ca ydecTaHolihy omoryhaBajy 3HauajaH (a3sHM IOMepaj 3a KOjU y JaTOM
oricery ca rpaduka BUIUMO 1a u3HOCH 88 creneHu.

[lenTtaroHamHu OUNONM UMajy MOTYhHOCTHM Ja IPOMEHOM CBOT OOJHMKa IOKPH)Y
orpomas orncer umnenascu, Ci. 4.

(a) (6) (8)

Cn.d. I/ISFHG,Z[ JUITI0Ja ITIOBC€3aHUX Ha OamaHCHH BOJ 3a BPCAHOCT UMIICAAHCE O/

(2) 5000, (6) 1000Q, (8) 1500Q.



Tabemna 1. Bpe,I[HOCTI/I UMIICJAaHCH CJICMCHATa aHTCHCKOI' HHU3Aa.

Z1

Z2

Z3

Z4

Z5

Z6

z7

Z8

1073Q

518Q

209Q

113Q

80Q

74Q

92Q

96Q

VY Tab. 1.cy nare BpeqHOCTH UMIIEACHU €JIEMEHATa, TJIe j€ TIPBH €JIEMEHT HajOKu
u3Bopy, [5].

®abpukoBanu mnpototun je gatr Ha Cn. 5. HUsmehy cymcrpata ca aHTeHOM U
pedrexTopa Kao MoToOpa MOCTaB/bEHA j€ TOJMYpETaHCKa IeHa BeoMa Maye JHUEIeKTPHYHE
KoHcTaHTe & ~ 1.05.

Cn. 5. Hzrnen PECATIU30BAHOI" ITIPOTOTUIIA AHTCHCKOT HM3a Ca IICHTArOHaJIHUM JIUII0JIMMa
PA3IIMINTHX UMIICAAHCHU

Ha Cx 6. je nar npuka3 usmepenux Bpeanoctu KCT anrtene, rjie ce BUIM JIa je EJIOM
OTICeTy UCTION 2.

Cn 6. U3mepene u cumynupane Bpennoctu KCT anTene.



W3mepenn mujarpamu 3pavema y H-paBHu npukaszanu cy wa Ci. 7. rae ce BUaU
oricer ckeHupama oa 98 no 125°.IIpopeheme MepeHnx U CUMyIUpaHUX pe3ysTaTa JaTo Ha
Cn. 8.Ca cnuke ce BUIM J1a je IPU CKEHUPAhY MOCTUTHYT HUBO OOYHMX JI000BA HHXKH O] -
18dB fa mouetky Tekcra croju 18 dB)y omHOCY Ha HMBO TTIaBHOT CHOTIA.

Cn. 7. I3mepenu aujarpam 3paderma y H-paBHM Ha pejieBaHTHM y4eCTaHOCTUMA.

Cn. 8. Cumynupanu u u3Mepenu (ca Mapkepuma) adjarpaMmu 3padema y H-paBHu.



\ TexHnuke KapaKTepUCTHKE

* panna yyectanocT: 9.98 GHz -10.30 GHz

* mpunaroheme mpuctymna antene: > -10 dB

e omcer ckeHupama 98°-125°

* (¢peksenyjcka armaHocT 0.084°/MHz

e 3dB-mmpuHa rinaBHor cHona oko 20-35°y azumyry

* 3dB-mwmpuHa riaBHor cHona oko 88°y eneBanuju

*  00ouHHM T0OOBH HIKH 011 -18 dBy 01HOCY Ha TTaBHH CHOII
» cynctpar: Rogers RT/duroid 588@:£2.17,tg0=0.001)

* JuMeH3Hje aHTeHcKor Hu3a: 145 mm X 29 mm x 10 mm

‘ IIpumena ‘

Ckenupajyha aHTeHe ce MOXKe yIOTPEOUTH 3a palapcke CEH30pCKe Mpeke, y MEIUIIMHHU 3a
o6exxnuno mepeme EKI-a, 3a mpaheme u nerexknmjy O6muckux objekara, 3a ayTOMOOHMIICKE
pamape uT.

Pedepenre:
tl] A. Nesic and S. DragasFrequency scanning printed arragtenna, Antennas and

Propagation Society International Symposium, 1995. AP-S. Digest.

[2] L. Cui, W. Wu and D. FangPrinted Frequency Beam-Scanning Antenna with Flat Gain
and Low Sidelobe LevelsAntennas and Wireless Propagation Letters, vol. 12, 2013.

[3] A. Fackelmeier, E.M. Biebl, "Narrowband frequency scanning array antenna at 5.8 GHz
for short range imaging"Microwave Symposium Digest (MTT), 2010 IEEE MTT-S
International , vol., no., pp.1266,1269, 23-28 May 2010

[4] http://www.wipl-d.com

[5] N. Boskovic, B. Jokanovic, A. Nesic: Frequency Scanning Antenna Array with Enhanced
Side Lobe Suppression, 8th International Congress on Advanced Electromagnetic
Materials in Microwaves and Optics —Metamaterials 2014, Copenhagen, Denmark, 25-30
August 2014.



AHTeHCKH HU3 Ha X-omcery ca (ppeKBeHIHjCKUM cKeHUupameM nomohy ¢ga3znux
1noMepaya ca CIJIMT-PHHT Pe30HATOpPUMAa

PykoBoaunan npojexra: np bpanka Jokanosuh

Oxarosopno Jauile: ap bpanka Jokanosuh

Aytopu: Hukona Bomkosuh?, np bpanka Jokanosuh?, Jp Anexcanaap Hemmh?,
lI/IHCTI/ITyT 3a ¢usuky, beorpan, 2UMTEJ Komynukanmje a.x., beorpan.

Pa3BujeHo: y okBupy npojexra TexHosoukor pa3soja TP-32024:Pexon¢urypabuse,
MyInTHOAH]] 1 CKeHUpaHe aHTeHe Ha 0a3u MeTamarepujaia 3a OeuuHe KOMYHUKAIMOHE
CHUCTEME U CEH30pE

I'oguna: 2013

Ipumena: 2014

Kparak onmc

[Ipukasan je HOBU IM3ajH aHTEHCKOT HU3a ca (PPEKBEHIIMJCKIUM CKEHHPAHEM KOJU CE€ CacTOju
O]l 0caM aHTHPE30HAHTHUX JIUIOJIa HalajaHUX CHMETPUYHUM MHKpPOCTpHII BojoM. HamojHa
mpexxa usMmel)y naumona je amsajuupana ymotpebom left-handed hemmja xoje umajy
HeJIMHeapHy (PEKBEHIMjCKY 3aBHCHOCT (ha3HOT momepaja m3Mel)y aHTCHCKHX elIeMEHAaTa.
Left-handed henmja ce cacroju ox wetmpu SRR (Slit-ring resonators) cmpernytum ca
CUMETPpUYHUM (0aJaHCHMM) MHKPOCTPUII BOJOM HM BHjOM KOja je€ KPaTKOCIOjHHUK
cuMeTpudHOTr Bosa. M3MepeH je yrao ckenupama o1 30°y oncery 10-10.35 GHzu no6urak
antexe o 12 dBi.

TexHuuke KapaKTepuMCTHKE:

OpekBeHIIMjCKH CKeHHpaHa aHTeHa paju y omcery ydecraHoctd 10-10.35 GHz.OcnoBHu
3axTEB MPH MPOjEKTOBaBY aHTEHE je Ja ce 00e30eau mTo BehH yrao CKeHHpama 3a MITO Mamby
NpOMEHY y4eCTaHOCTH. Peann3oBaH je JTUHUjCKH HHU3 KOju y H-paBHum mma 3dB mupuny
cHona o 16°,a y E-paBHu je mupuHa Koja oJroBapa jeZJHOM AMIONY Tj. oko 88°. AHTEeHCKH
HH3 je peanu3oBaH Ha cyncrapaty Rogers RT/duroid 588@62.17,t90=0.001,h=0.508 mm).
OctBapeno je mpuinaroheme ucnon -10 dBy Behem nmeny omcera. JloOuTak aHTeHEe je OKO
12dBi. AHTeHCKH HU3 je MMOCTaBJbeH M3HAA pediieKTopcke paBHHU, HA pacTojaky D=7.5 mm.
[ToBpmnHa peanu3oBaHor Hu3a je 146.2 mm x 35.75 mm.

Texnnuke moryhnocru:

lIpeanoxeH aHTCHCKH HU3 je 3HATHO 0OJbHX KapaKTePUCTUKA OJf OHHX 10 Cajia OIMCAHUX Y
nuTepaTypH, jep obesbelyje mctn yraonm momepaj CKCHHpama 3a 3HATHO Mamby NMPOMEHY
bpekBeHnMje U UMa Mame numenH3uje. [Ipeaioxkenu nu3ajH je nocra (GIeKCUOUIaH U OCTaBJba
BeIMKe MOTYhHOCTH 3a yHampeheme, BE3UBAKEM HEKOJMKO OBaKBUX HH30BA U
KOHTPOJIMCABEM PACTIOJIENIe CHAare MOTY ce JIOOMTH 3HaTHA MOOOoJbIIamka y Moriey 100UTKa U
CMamebha HUBoa 00YHUX J1000Ba.

Peasmszaropu: MuacTuTyT 32 Qusuky, beorpazn
Kopucuunu: UuctutyTt 3a ¢pusuky, beorpan
IMoarun pememwa: M85 —Jlaboparopujcku npoTOTUT




Crame y cBeTy ‘

AHTeHe ca (PEKBEHIMJCKUM CKEHHpameM Cy CrendjagaH ciaydaj Gda3supaHux
aHTeHCKUX HU30Ba. CkeHunpajyhu cHOI ce cTBapa mpoMeHOM (hpEeKBEHIIM]e yIa3HOT CUTHAJIA
mTO Y3pOKyje (hasHu mMmomepaj HAa TPAHCMHCHOHOM BOJy KOjU j€ TOCTaBJbeH u3Mely
3pauehux enemeHara aHTeHCKOr Hu3a. [Ipu nu3ajHy dpekBeHLMjCKH cKeHupajyhux aHTeHa
HajBXHUjHU (PAKTOPH Cy: BETMYMHA CKeHUpajyher cexkropa, motpedaH GpeKBEHIIN]CKH OTCer
Y TYOULIM y CTPYKTYPH HHM3a KOjU Cy BeOMa KPUTHUYHU 32 aHTEHCKH JOOUTAK.

VY nuTepaTypH je IpeUioKeHa aHTeHa ca ()eKBEHIIM]CKUM CKEHUpPAEeM HarajaHa Ha
HeHTpanHoj ¢pexkBeHUju on 6 GHz ca meangpom nyxuHe 2hg y TeXHUIM OaJlaHCHOT
MHKPOCTPHII BOJa, TpeacTaBbeHa y [1]. AHTeHa moceayje MOryhHOCT CKeHMparbha BEIUKOT
cekropa ox oko 50 cremneny, anu 3axteBa (pexBeHuujcku omcer ox 20% koju je 06MIHO
HEJOCTYNaH TMpH HWKUM (¢pekBeHnujama. HMmak, oBa aHTeHa ympaBo 300T CBoje
JEAHOCTAaBHOCTH M Kopuihewa OalaHCHOT BojAa Kao (ha3HOr rmoMepaya, MMa BEOMa BHCOK
nobutak ox oko 14 dBi, anu W NPUIMYHO BUCOK HHMBO OOYHHX JIOOOBA HA IOjCIHMHUM
yuectaHoctuMa. CIuYaH TPUCTYIN 3aCHOBAH HAa KOpHIIhewmY TPAaHCMHCHOHHX BOJIOBAa ca
MaJIUM TyOMIuMa kao ¢asHux mudrepa je mpeanoxkeH y [2]. AHTeHa je peain3oBaHa Ha
TPOCJIOJHOM JAMENEKTPUKY U MOKa3zyje BeoMa BEJIMKH OICET CKEHUpama 0]l /3 CTeNeHa ca
BeoMa citaboM (pexsenujckoM ocersbupoinhy ox 43.24/GHz. ma BeoMa KOMIUIUKOBaHY
CTPYKTYpY M 3axXTe€Ba BEIMKHU (PEKBEHIH]CKH OICEr INTO Cy HEHU BEJIUMKU HEJOCTALH.
VYckomojacHO (PpeKBEHINJCKO CKEHHpAmkE ca 3HAYajHUM IMOOOJbIIAkEeM y (PPEKBEHIIN]CKO]
ocetsbuBocTH 0 1,64/MHZ je nznoxeno y [3]. [Ipeanoxena ckenupajyha aHTeHa KOPUCTH
(dbunTap MPOIMYCHUK OIcera u3Mel)y MHAMBUAYaTHUX aHTEHCKHX eJeMeHTa Koju 00e30ehyje
nonatHu (pazHu Mmomepaj, aaM HEAOCTaTak je MPWIMYHO BEIUKO YHECEHO cialbibeme y
HAIOjHO] MPEXKH IIITO 3HAYaJHO peAyKyje M00uTaK aHTeHe. Tako, na ckeHupajyha aHTeHa of
11 enemenara mocenyje goourtak o cera -6 dBI. IllTo 3Haywn na Ge3 MOAATHUX AKTHMBHUX
eJeMEeHaTa OBaKBa aHTEHA HUj€ YIOTpeOIbUBA.

AHTeHCcKM HU3 HA X-0Icery ca (p)peKBeHIIUjCKUM CKeHHpambeM nomohy ¢gasunx nomepaua ca
SRRs

OBzae je maro pememe 3a (PPEKBEHIMJCKH CKEHHUPAH aHTEHCKH HU3 ca MoBehaHoM
(pEeKBEHIMjCKOM 3aBUCHOIINY yriia CKeHUpPama y OJHOCY Ha MEaHApPUpaH HarojHu Box [1].
[ToBehana QpekBeHIMjcKa arwIHOCT CKEHHpama je nao0ujeHa yciuen ymnoTrpede QasHor
nomMepada koju ce cactoju ox left-handed hemuje ca wetnpu crumut-punr pesonaropa (SRRa)
KOjU Cy CHpEerHyTH ca OamaHCHMM MUKpocTpurl BojaoM. [Ipemnoxenu dazau mmdrep
00e30ehyje 3Hauajan (asHM moOMepa] y YCKOM (PEKBEHIIMjCKOM OIICETY, y3 MaJl0 YHETO
cnabspeme U pedaekcujy. AHTEHCKH HU3 Ce CACTOjJH O]l OCaM MJICHTHYHUX aHTHPE3OHAHTHUX
JIMITOJIa HamajaHuX OaJlAaHCHUM MHUKPOCTPUII BOJOM Kao MTO je mpuka3ano Ha Ci. 1. Jemana
MOJIOBUHA JIUIIOJIA Ca JIBa CIUTUT-PUHT PE30HATOpPA j€ IITaMITaHa Cca jeJHE CTPAHE AUCICKTPHKA,
a Jpyra moyioBuHa ca npyre crpane. ®@a3Hu momepaj koju o0e30ehyje mmdTep omoryhasa
CKEHUPAIHE Ca jeJIHe CTpaHe HOpMaJle y OJHOCY Ha paBaH aHTEHE Y CKJIaly ca HECUMETPUIHOM
¢a3Hom kapakrepuctukoM |eft-handed henuje.

Crpyktypa ce Hamasu Ha cymctpaty Rogers RT/duroid 5880e6£2.17, tgo=0.001,
h=0.508 mm) lumeHn3uje aumona cy, KOPUIIHNEHEM eIIEKTPOMArHETCKOT CUMYJIaTopa Ha 6a3u
meroae momenara WIPL-D Pro [4],ontuMu3oBane Tako na My uMmienanca oyae oko 400 Q.
Pactojame um3mehy mumona je 0.5 Ao, 1j. 15 mmmua 10 GHz. [Ipena3 ca OanaHcHOr Ha
HebalaHCHU MUKPOCTPHI BOJI ¢€ BpIK MToMohy 6aiiyHa ca KOHTHHYaJTHOM MPOMEHOM IIHpPUHE




(taper). AHTeHCKH HH3 je TO3WIMOHHPAH M3HAI Pe(ICKTOPCKE paBHH Ha YHAaJbeHOCTH O]
YETBPTUHE TaJacHE y>KHHE Yy Ba3l1yXy.

Cn. 1. lItamnanu anteHcku HU3 ca SRRSkao gazaum mudrepuma.

SRRsmm¢Tep je nusajuupan y dopmu jemne left handed hemuje koja ce cacroju ox 4
SRRSkoju ¢y crnperHyTd ca 0ajJaHCHUM MHKDPOCTPHUII BOJIOM W METAJIHE BHje KOja MOBE3Yyje
TOPEH U JIOBH MPOBOJAHKMK OaJaHCHOT BOA, Kao MTO je npuka3ano Ha Ci. 2. Jenan nap SRRS
J€ CMEIITEeH Ha TOPH0j, a IPYTH Ha JI0K0j CTPaHU AUENIEKTpUKa ca 00e cTpaHe BoJa.

hifter ports

Cun. 2.Wsrnen dasnor nmomepaua ca crumuT-punr pezonaropuma (It = 4.8 mmw; = 0.75 mm,
L = 15 mm).®a3uu moMepay ce Hajaasu u3Mel)y J1Ba TUI0Ia KOju Cy IOBE3aHU OalaHCHUM
BOJIOM KOjH j€ Ha CPEJMHHU KPATKO-CII0jeH METAJITHOM BHjOM (MaJiu Oesin Kpyr).

[Ipu nu3ajuy mudTepa mokasano ce na cnpera msmehy SRRSu GamancHor Bona uma
BEJIMKU YTHILQj HA YKYIIHE KapaKTepUCTHKe MHdTepa, Na je OMI0 HEONXOAHO MaKCUMU30BaTH
oBaj edekar. To je MPBOOMTHO YUHE-EHO TAKO IITO j€ YMECTO KJIAaCMYHHMX KBaapaTHux SRRS
kopuithen SRR koju je u3nyxeH Ayxk Boaa. TakBa CTpYKTypa 3axTeBa IOCTOjame J10JaTHA
nBa SRRca npyre crpane Boaa 1j. ykynno 4 SRRs.



[udrep ompehyje kapakTepuUCTHKE CKEHHpPAHE AaHTEHE, OJHOCHO Yrao M OICer
CKeHHUpama. therosu cumynupanu napamerpu cy natu va Ciu. 3.
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Cn. 3. Cumynupanu mapaMeTpu Ga3Hor noMepava, MarHutyaa u gasza
(oceH4eHH J1€0 je pajIHu OIICET).

(dB)

-12
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\ 4

Ca cmuke ce Bumu na je mpuiaroheme (Si1) unme no ucmon -20 dB Ha meHTpasiHOj
Y4ECTaHOCTH, Ha K0joj yHeTo ciabmeme (Si2) O6ome on -1 dB. Iludrep y cymTuHn
nmpejacTaBjba (UATAp TPONYCHUK OICera, a yhnpaBo Op3e NpoMeHe merose (asne
KapaKTepucTUKe ca ydecraHomhy omoryhaBajy 3Havajan ¢a3HM momepaj 3a KOjU y JaToM
oricery ca rpaduka BUIUMO Ja u3HOCH 88 crerneHu.

®abpukoBanu mnpototun je gatr Ha Cn. 4. Usmehy cymcrpata ca aHTeHOM U
pedrexTopa Kao MoTHOpa MOCTaB/bEHA j€ TOJMYpPETaHCKa IeHa BeoMa Maye JHUEIeKTpHYHE
KoHcTaHTe & ~ 1.05.

(a) mormen omo3ro



(6) moruien ca crpane
Cin. 4. W3raen peann30BaHOT MPOTOTUIIA AHTEHCKOT HU3a

Ha Cn 5. je nmar mpuka3 W3MEpEeHHUX BPEIHOCTH Si1 aHTEHE, TJe C€ BHIU Ja je

npuitaroheme cByna 6osbe o1 -10 dBusyser Ha caMoM MOYETKY OIicera, 10 y4eCTaHOCTH OJ1
10.5 GHz.

Cn 5. U3smepeHe 1 cuMyliipaHe BPeTHOCTH Sp1aHTEHE.

W3mepenu nujarpamu 3padewa y H-paBHu mpukaszanu cy Ha Ci. 6. rae ce BHIH
oricer ckenupama o1 10510 135°.ITpopeheme MepeHUX ¥ CUMYJIUPAHUX pe3yJiTaTa JIaTo Ha
Cun. 7.Ca ciuke ce BHIM Jia je TIPH CKEHUpamy HUBO 004HMX JI0OoBa oko -10 dBy oxHOCy
Ha HHUBO TJIABHOT CHOMA, MTO je 3a YHH(OPMHY pacroneny 3padehux ejreMeHara BeoMa
J00po, jep je TeOpHjCKH MaKCUMyM 3a JinHeapHu yHupopmun Hu3 -13.3 dB [5].
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Cn. 6. U3mepenn nujarpam 3pauema y H-paBHU Ha pelieBaHTHM y4eCTaHOCTUMA.
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Cn. 7.Cumynupanu u u3MepeHu (ca MapkepuMa) adjarpaMmu 3padema y H-paBHu.



TexHuuke KapaKTEPUCTUKE

* paana yuectanoct: 10 GHz -10.35 GHz

* mpuiaroheme npuctymna antene: > -8.5 dB

 omcer ckeHupama 105-135°

* (¢pekBenijcka armaaoct 0.086°/MHz

* 3dB mmpuna rnaBHOT cHOna oko 16°y asumyty

* 3dB mmpuna rnaBHOT cHONa oko 88°y eneBauuju

* 06ounu 1060BH -10 dBy oHOCY Ha TJIaBHU CHOII

» cynctpar: Rogers RT/duroid 588@:£2.17,tg0=0.001)

* 1muMeH3uje anTeHcKor Hu3a: 146.2 mm X 35.75 mm x 7.5 mm

| IIpumena |

Ckenupajyha aHTeHe ce MOXKe yIOTPEOUTH 3a palapcke CEH30pCKe MpekKe, y MEIUIMHHU 3a
o6exxnuno mepeme EKI-a, 3a mpaheme u nerexnmjy O6muckux objekara, 3a ayTOMOOHIICKE
pamape uT.

Pedepenrre:
tl] A. Nesic and S. DragasFrequency scanning printed arragtenna, Antennas and

Propagation Society International Symposium, 1995. AP-S. Digest.

[2] L. Cui, W. Wu and D. FangPrinted Frequency Beam-Scanning Antenna with Flat Gain
and Low Sidelobe LevelsAntennas and Wireless Propagation Letters, vol. 12, 2013.

[3] A. Fackelmeier, E.M. Biebl;Narrowband frequency scanning array antenna at 5.8 GHz for short
range imaging",Microwave Symposium Digest (MTT), 2010 IEEE MTT-S International , vol., no.,
pp.1266,1269, 23-28 May 2010

[4] http://www.wipl-d.com

[5] Thomas A. Milligan,"Modern Antenna DesignJohn Wiley & Sons, Inc., Hoboken,
New Jersey. 2005.




Yuusep3uret y beorpany
EnexktpoTrexHUYKH akynTeT
Bbpoj unpexca: 2010/3056
bpoj: M20100257

Hatym: 20.09.2011.

Ha ocHoBy unmana 161 3akona o onmreM ynpaBHoM noctynky ("Cayx6enu nuct CPJ", 6p.
33/97, 31/2001 u "Cnyx6enu rnacuuk PC", 6p. 30/2010), no3Bone 3a pag 6poj 612-00-588/2008-04
ox 17.11.2008. ronune Kojy je uznano MunuctapctBo npoceete Peny6auke Cpbuje u cinyxbeHe
eBHJIeHIMje, YHUBep3UTeT y beorpaay - EnexkrpoTexuuuku ¢akyiaTeT, u3aaje

YBEPEHWhLE

Huxona bowikoeuh

ume jeonoz pooumesna Mupowyo, JMEI 0606986791812, pohen 06.06.1986. cooune, Ilooceza,
Penyonuxa Cpbuja, ynucan wxoncke 2010/11. 2o0une, oana 20.09.2011. 2o0une 3aepuwiuo je macmep
akademcke cmyouje Ha cmyoujckom npozpamy Enexmpomexuuxa u payyHapcmeo, mooyn
Muxpomanacna mexnuxa, y mpajary o0 jeone 2ooure, oouma 60 (meszoecem) ECIIE 600osa, ca
npoceunom oyerom 9,67 (desem u 67/ 100).

Ha ocHOBY HaBeJeHOT M3Jaje My cCeé OBO yBepewme O CTeYEHOM BHCOKOM o0Opa3oBamy U
aKaJIeMCKOM Ha3WBY MacTep MHXKemep eJeKTPOTeXHUKe W pauyyHapcTBa.

JlexkaH

'\/</~‘:°/\-\-—-\r

[Tpod. ap Muoapar I[Tonosuh




PCYRAHKA CPRHIA

YHHRCPSHTET Y KEOIPAAY
CACKTPOTEXHHYKH MARYATCT

AUTTAOA A

0 CTCUCHOM BHCOKOM OBPA3OBAHY

BOLIKORHT (MHpodyd HHKOAA

POBEH-A 06. 6. 1986.N0AHHE Y TTOKSTHPENYEAHKA CP RHIA,
YMHCAH-A 2005/06. TOAHHE, A AAHA 07.10.2010. TOAHHE 3ABPIIHO-AA € CTYAHIE
HA €AEKTPOTEXHHUKOM MDAKYATETY HA OACEKY 34 TEACKOMYHHKALHIC H HHMOPMA-
LIHOHE TEXHOAOIHIE~CMEP MHKPOTAAACHA TEXHHKA, CA ONMWTHA YCICXOM 8,11
(0CAa®M  11/100) Y TOKY CTYAHIA H OLUEHOM 10 ( ACCET ) HA AHNMAOMCKOM
HCIHTY.

HA OCHORY TOIA H3AAJE MY-JOJ C& OBA AHIMAOMA O CTCYSHOM BHCOKOM
ORPA3OBAHY H CTPYUHOM HA3ZHBY AHMAOMHPAHH HHHCHCP €ACKTPOTCXHHKC.

PEAHH BPOJ H3 €BHACHUHIC O H3AATHA AHMAOMAMA 18015.
Y KEOrPagy, 08.10.2010. MNOAHHE.

ACKAH CKIOP
ot
Mpod. Ap AHoApar MonogHkK Mpd®. Ap BpaHKO KOBAYCEHR









YHHUBEP3UTET Y HULLIY
EJEKTPOHCKH ®AKYJTET

Anexcannpa Mensenesa 14 - Tomranckn dax 73
18000 Hum - Cpouja
Tenedou 018 529 105 - Tenedaxc 018 588 399

E-mail: efinfo@elfak.ni.ac.rs; http://www.elfak.ni.ac.rs
Texyhn pauyn: 840-1721666-89; TTHB: 100232259

UNIVERSITY OF NIS
FACULTY OF ELECTRONIC ENGINEERING

Aleksandra Medvedeva 14 - P.O. Box 73
18000 Ni§ - Serbia

Phone +381 18 529 105 - Fax +381 18 588 399
E-mail: efinfo@elfak.ni.ac.rs
http://www.elfak.ni.ac.rs

HACTABHO-HAYYHO BERE
bpoj: 07/03-003/19-006
Harym: 04.04.2019. rogune

Ha ocnoBy unana 152. crag 8. Craryra YHusepsurera y Huuy (,.I'nachuk Yuusepsurera y Huny”,
Op. 8/17, 6/18 u 7/18), unana 11. IMpaBuixuka o TMOCTYIKY MPHIPEMe W YC/0BUMA 3a 0/10paHy AOKTOpCKE
nuceptaumje (..l macauk Ynupepsurera y Huwy™ 6p. 4/18 u 5/18) ) u unana 43. u 123, cras 7. Craryra
Enexrponckor daxynrera y Huumry, HactapHo-nayuno Behe ®dakynteTa, HaKOH pa3Marpama H3pemraja
Komucuje 3a oneHy HayuHe 3aCHOBAHOCTH TeMe JOKTOPCKe AMcepTauMje KaHauaaTa Mactep MHxk. Hukone
bowkoenha, na cenuunum onprkanoj 04.04.2019. rogune, goHeno je

OJUIYKY

YCBAJA CE npennoxkeHa Tema NOKTOPCKE AMCEpTAlHje MOJ HACIOBOM »Cepujckn HanajaHu
I/IAHAPHM aHTEHCKH HM30BH Ca M0GOJBIIAHMM KapaKTepHCTHKama® KaHauaaTa macrtep k. Hukone
Boukorwuha.

O6pa3ziaoxeme

Ha cennmum Hayuno-ctpyuHor Behia 3a TexHuuko-TexHonowke Hayke Yuupepsutera y Humy,
onpxanoj 25.02.2019. ropune, a Ha npeanor Hacrasho-Hayusor seha ®akynrera, noHera je omnyka (6p.
8/20-01-002/19-026) o mmenoeamwy Komucuje u npenceannka Komucuje 3a OlLIEHY Hay4He 3aCHOBAHOCTH
TEME JOKTOpCKE Juceprauuje non HaciosoM ,.CepHjckM HamajaHW TUTaHAPHH AHTEHCKH HHU30BM ca
no6oJblIaHUM KapakTepucTHKaMa® KaujauaaTta mactep uik. Hukone Bowkosuha.

Hakon obaemwene jaBne mpesenTaumje teme nama 26.03.2019. rogume, WMeHoBaHa Kowmucuja y
cactapy: np Hebojuwa lon4oe, penosnu npodecop Vuueepsurera y Huury, Enekrporckor gakynrera y
Huwy (yxa nayuna obnact Tenekomynukaumje), npeaceanuk Komucuije, np Bepa Mapkosuh, penosuu
npodecop Vuusepsurera y Humy, Enextponckor akyarera y Huury (yka HayuHa obnacT
Tenexomynukaumje), wnan, ap bpanko Konysuuja, penosnu mnpodecop Vuupepsutera y beorpany,
Enexrporexnnukor ¢akynreta y Beorpagy (yxa Hayuna o6macT EnekTpomarHeruka, aHTeHe wu
MHKpoTanach), wiat, Ap bpaxka JokaHoeuh, Hayunu caBeTHuk MHcTuTyTa 33 (U3MKY beorpany (yxa
HayuHa obsact Enektponnka u TenekomyHukatuje), wial u ap 3opan Crankouh, YHusepautera y Humy,
Enextponckor ¢akynreta y Humy (yxa Hayuna obnact TenekomyHukaumje), una, mosmHena je nmaHa
28.03.2019. ronune ®axynrery MUssewraj, koju je y apxusu DakyireTa 3aBeieH Moj 6pojem 07/03-003/19-
005. Komucuja je y Mspewrrajy ouenuna aa je Tema JOKTOpCKe JMCepTallije Hay4yHO 3acHOBaHa M
npepnoxuna HacraBuo-HayuHoM sehy ®akynrera na mactep k. Hukonu Bowkosuhy omobpu m3pajy
NOKTOpcKe auceprauvje noa ,,Cepujckd HamajaHu TIUIAHAPHM AHTEHCKH HH30BH ca  MOGOJBIIAHUM
KapaKkTepucTHKaMa'.

Ha ocnoBy H3spemrraja Komucuje 0 Hay4HOj 3aCHOBAHOCTH TeMe 3a M3pajy JIIOKTOpPCKE McepTalluje,
HacrasHo-Hayuno sehe @akynrera je OTY4HIO KAO Y JIMCIIO3UTHRY.

Omnyky nocraButn Hayuno-cTpyunom Behy 3a Te€XHMYKO-TEXHOJOLIKE Hayke YHHMBep3uTeTa Yy
Humy, pagu naBama carnacHocTH.
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Ha ocHoBy unaHa 40. 3akoHa O BMCOKOM obpa3soBamy (,CnyxbeHn rnacHmk PC" 6poj
88/2017, 27/2018 n 73/2018), unaHa 50. ctaB 1. Tauka 5. Cratyta YHuBep3uTeTa y Huwy
(,TnacHuk YHuBep3unTeTa y Huwy" 6poj 8/2017, 6/2018 n 7/2018) v unaHa 16. MNMpaBuiHuKa o
NOCTYMKY Npunpeme n ycnosmma 3a oabpaHy goktopcke gmuceptaunje (,MnacHuk YHuBep3nTeTa
y Huwy" 6poj 4/2018 n 5/2018), Hay4Ho-cTpyuyHO Behe 3a TEXHMYKO-TEXHOJIOWKE HayKe, Ha
cegHuum ogpxanoj 20. 5. 2019. rogmHe, goHeno je cnepehy

oanykKkKy

Ynan 1.
[aje ce carnacHoct Ha Oanyky HactaBHo-HayyHor Beha EnekTpoHckor dakynrterta y
Huwy o ycBajarby TeMe AOKTOpCKe aucepTauumje Hukone bowkosBuha nog HasmeoM ,Cepujcku
HanajaHu NaaHapHW aHTEHCKN HU30BM ca NobosbluaHMM KapakKTepucTnkama®.

YnaHn 2.
Oanyky poctaButn Hukonm bowkosuhy, EnekTpoHCKOM dakyntety y Huwy n apxmsu
YHuBep3uteTa y Huwy.

HCB 6poj 8/20-01-004/19-018
Y Huuwy, 20. 5. 2019. roamHe

NPEACEAHUK HAYYHO-CTPYYHHOI BERA 3A PEKTOP
TEXHUYKO-TEXHOJTOLWWKE HAYKE YHUBEP3UTETA Y HUWly

Mpod. ap Bnactumnp Hukonunh Mpod. ap AparaH AHTHMH





