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Abstract
Introduction. This work considers the problem of radiator synthesis with the 50-Ohm port at the input in the

frequency range of 0.9...5.8 GHz. At the present time, this frequency range is most relevant for the electromag-
netic environment analysis, since information exchange with the on-board equipment of unmanned aerial vehi-
cles most often uses this frequency range.

Objective. To synthesize a radiator for an ultra-wideband antenna array in the frequency range of 0.9...5.8 GHz.
Materials and methods. The finite element method of electrodynamics modelling was applied for the synthe-
sis of a broadband radiator using HFSS software tools. The characteristics of the radiator optimised by means
of simulation were con-firmed by experimental investigations of the radiator electrodynamic model. Antenna
radiation pattern measurements were carried out in an anechoic chamber with standing wave ratio (SWR) and
calculated by using a network analyser.

Results. The study proposes a non-analytical method of the parametric optimisation model considering the
SWR<2 criterion suitable for use in electrodynamic modelling tools (HFSS, CST, FEKO, etc.). Examples of the op-
timised model with final values of all geometric parameters of the radiator were reported. The study also pre-
sents calculated distributions of the electric field over the antenna, calculated radiation patterns at the extreme
frequency points of the operating range (0.9 GHz...5.8 GHz) and the calculated SWR of the model. These results
supported the general performances of the antenna under consideration. The radiator model thus produced
took simulation and parametric optimisation of the geometry of radiator results into account. The measured
main cross-sections of the radiation pattern and SWR of the model were shown.

Conclusion. The paper shows the design of a broadband radiator model in the frequency range of 0.9...5.8 GHz.
Machining and a brief comparative analysis of the calculated and measured antenna characteristics were car-
ried out. It demonstrated a good correlation between the calculated and measured radiation patterns and the
dependences of the SWR on the frequency. The advantages of the proposed method and designed radiator
model were de-scribed. The results of the work are relevant in the areas of observation, direction finding and
signals reception from unmanned aerial vehicles.
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AHHOTaUmA

BBepeHue. PaccmoTpeHa npobaema CMHTe3a HarnpasieHHOro msny4vatens ¢ 50-oMHbIM MOPTOM Ha BXOZ4e, B
YacTOTHOM AuanasoHe 0.9..5.8 ITu. JaHHbIM AnanasoH Ha CeroAHAWHNI feHb SBASeTCA Hanbonee akTyanb-
HbIM AN aHaNn3a 31eKTPOMarH1MTHOM 06CTaHOBKM, Tak Kak B 3TOM MONOCe YacToT Hanbonee YacTo peannsyeT-
cs1 o6MeH nHdopMaLmein ¢ 6opToBOM annapaTypor 6ecnnOTHbLIX NeTaTe/lbHbIX annapaToB

Lienb pa6oTtbl. CHTE3 HanpaBAeHHOrO LUMPOKOMO/I0CHOMO 13/1yYaTens B YacTOTHOM AgmnanasoHe 0.9...5.8 [Ty,
MaTepuansl n metoabl. [INg CMHTE3a LUMPOKOMOJOCHOIO U3/ydaTens UCMOoNb3YeTCs MeTOZ KOHeYHbIX 3/e-
MEHTOB NpW 31eKTPOANHAMUNYECKOM MOLENNPOBAHMN B NporpaMMHoM cpegctee HFSS. XapakTepuctuku nsny-
yaTtens, oNTUMMU3NPOBAHHbIE HAa 3N1eKTPOANHAMUYECKON MOJenu, NMOATBEPXAAKTCA C MOMOLLLIO HAaTYpPHbIX
3KCMepMMEHTOB Ha MakeTe u3ny4vaTens. VisamepeHus gnarpamMmel HarnpasneHHOCTY, MPOBOANMbIE B 6€33X0BOA
Kamepe, n KoapdurumeHTa ctoauen BonHbl (KCB) ocyLLecTBASIOTCS C MOMOLLbIO aHann3aTopa Lenei.
Pe3ynbTaTbl. [TpejioxeH HeaHaNUTUYECKUA MeTOA MapameTpuyeckor onTuMM3aLmm Mogen no KpUTepuro
KCB < 2 y06HbI AN NpUMeHeHNs B CpeAcTBaxX 31eKTpojmHamMmyeckoro mogenmposanus (HFSS, CST, FEKO n
4p.). MprBeaeHbl 3CKN3bl pa3paboTaHHOM ONTMMU3MPOBAHHOM MOAENN C YKa3aHeM UTOrOBbIX 3HaUYeHNn BCex
reoMeTpuyecknx napameTpos usnydatens. [peacTaBneHbl CHUMKM pacyeTHOro pacrnpejeneHuns snekTpuye-
CKOro Mofs Ha MOSIOTHE aHTEeHHbI, pacyeTHbIe AMarpamMMbl HaNPaBAEHHOCTU Ha KPaHWX YacTOTHbIX TOUKaXx
pabouero grnanasoHa (0.9 Iw,...5.8 I'Ty), pacuetHbIn KCB Mogenu. MonyyeHHble pe3ynbTaTel AAKOT NpejcTasne-
H1e 06 OCHOBHbIX XapaKTEPUCTUKaX CUHTE3VPYeMOl aHTeHHbI. [10 pe3ynbTatam MOAENMPOBaHNS U NapamMeT-
puyeckolr onTUMM3aLmMm reoMeTpum n3nyyatens N3rotToBneH MakeT aHTeHHbI. MNprBeAeHbl M3MepeHHble rnaBs-
Hble ceyeHUs guarpaMmel HanpasneHHocTu 1 KCB makerTa.

3aknto4yeHune. B pesynbTaTe npeAcTaBNeHHOro MccnefoBaHWa pa3paboTaHa Mogenb LUMPOKOMONOCHOMO U3-
nyyatens B gnanasoHe 0.9..5.8 Tu, NpoBeseHO MakeTUpOBaHWe N KPaTKNN CPaBHUTENbHbLIA aHanmn3 pacyeT-
HbIX U NU3MEPEeHHbIX XapaKTepUCTUK aHTeHHbI, AeMOHCTPUPYIOLLNKA XopoLlee coBrnajeHe pacyeTHbIX U U3Me-
PEeHHbIX AnarpaMM HamnpasieHHOCTU 1 3aBucumocteir KCB oT paboueli yactoTbl. OnmncaHbl NpenMyLLecTsa
npeaaoXeHHOro MeToja 1 CaMoil Mogenn mnsnydatens. PesynbtaTbl paboTbl akTyanbHbl B 3aja4ax Habatoge-
HVA, NeneHraumm 1 npruemMa CUrHanoB OT 6eCrnMNOTHbLIX eTaTe lbHbIX annapaTos.

KntoueBble CNOBA: CBEPXLLNPOKOMONIOCHAA aHTeHHa, aHTeHHa Bueanbay, CBY-avanasoH, 3/1eKTpoarHaMmyeckoe
MoZennpoBaHme

Ana yutuposaHus: Jintosckuii . A, MaBpbiveB E. A. CHTe3 HanpaBNeHHOro mM3fny4vaTens B AvanasoHe
0.9..5.8 I'Ty // N3B. By30oB Poccun. PagnoanektpoHuka. 2019. T. 22, Ne 4. C. 45-52. doi: 10.32603/1993-8985-
2019-22-4-45-52

KOH$NNKT nHTepecoB. ABTOPbI 3aABASIOT 06 OTCYTCTBUM KOHOANKTa MHTEPECOoB.

CraTtbs noctynuna B pegakumto 09.04.2019; npuHaATa K nybamkaumm nocne peLieH3nposanHms 02.08.2019; onybnvkoBaHa
OHnaiiH 27.09.2019

Introduction. There is a growing interest in ul-  the ability to recognise objects for radar systems, as
tra-wideband radio systems due to their numerous  well as a wide bandwidth and the ability to convert
benefits [1, 2]. These benefits are high resolution and  data transmission for radio communication systems.
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The development of high-frequency channel ele-
ments for ultra-wideband systems requires special
approaches which differ significantly from traditional
ones. These elements are radiating devices.

The objective of this work is the synthesis of a
directional broadband radiator in the frequency range
of 0.9...5.8 GHz, with a target parameter in the radi-
ator operating bandwidth. In a narrow sense, the an-
tenna bandwidth is a frequency range where the radi-
ator’s standing wave ratio (SWR) does not exceed 2.
In present work, the frequency range of 0.9...5.8 GHz
was selected since information (telemetry, control,
and video data) exchange with the on-board equip-
ment of unmanned aerial vehicles most often uses
this frequency range.

In a broad sense, there is an additional require-
ment for the independence of electrical characteris-
tics (for example, directional properties) from the
operating frequency, in addition to the matching re-
quirement in the given frequency range. At the same
time, the radiator needs to be compact.

Existing types of broadband radiators. There
are no strict criteria for the classification of antennas
by bandwidth, however, specialists use the following
frequency (v) parameter differentiations [3]:

2Vmax ~ Vmin <01
Vmax ~ Vmin
stands for the resonant narrowband radiator;
o ¥max ~Vmin _ 15
Vmax t Vmin

stands for the broadband radiator;

\%

Vmin
stands for the ultra-wideband (UWB) of frequency-
independent radiator.

An additional balancing device in a power supply
unit is often used to expand the operating frequency
band [4-6]. These measures do not allow a significant
frequency band increase, but introduce limitations on
the maximum signal power, radiator minimum charac-
teristic dimensions, signal reception and transmission
minimum losses, etc. Therefore, when designing a
UWB antenna it is reasonable to choose ultra-
wideband rather than narrowband radiators.
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At the present time, there are several known
types of UWB antennas: namely spiral, fractal, log-
periodic, as well as Vivaldi antennas.

Fractal radiators have many operating frequency
ranges; however, there are large ranges of mis-
matched frequencies between them. Examples of
successful fractal UWB antennas include particular
cases designed on the basis of a section of a self-
similar geometric figure (for example, spiral and log-
periodic antennas). At the present time, fractal forms
in radiator synthesis have not been fully studied [7,
8]. Log-periodic antennas are rejected due to the in-
applicability of volumetric geometries in the fre-
quency range of 0.9...5.8 GHz. Due to feeder path
particularities, printed log-periodic antennas must be
implemented by using a 3-layer-board. This signifi-
cantly complicates the technological process. Fur-
thermore, little research has been carried out into ra-
diators for such high-frequency ranges. For similar
reasons, spiral antennas must also be rejected [9].

Vivaldi antenna is a generic name of a class of
antennas with different UWB properties. The radiator
itself has a popular name about which there can be
little argument. However, according to the scientific
classification it is a class of printed travelling-wave
slot antennas (PTWSA) with an etched slot in the
metallisation antenna layer as their radiating part.
The first mention of PTWSA dates back to 1979 in
the experimental work of Gibson [10]. Various meth-
ods for obtaining radiation characteristics of analyti-
cal electromagnetic antenna models have been de-
veloped and later studied. Thus, profiles with expo-
nential change in width of the gap, Fermat-Dirac
profiles, etc., emerged [11-13].

UWB radiator model. At the present time, there is
no single simple method for UWB PTWSA synthesis.
An analytical method of the PTWSA synthesis has been
developed and considered in [3, 14]. The method is
based on the multiplicative criterion choice and the fur-
ther search for geometries that meet it. These methods
do not take field distribution in power nodes into ac-
count, but they quite accurately describe the fields on
the antenna profile and sheet. The analytical approach
involves integration of the required output characteris-
tics as functions of antenna sheet geometry [15]. Thus,
the analytical task of the PTWSA synthesis is reduced
to approximation of the required output characteristics
dependencies and further selection of sheet geometry
by considering all possible approximations. This calcu-
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Fig. 1. Scheme of the radiating part
of the printed traveling-wave slot antenna

lation method is extremely difficult to apply in practice
and in production.

In a certain sense, the PTWSA synthesis method
utilising the latest electromagnetic simulation tools
(CST studio, HFSS, FEKO, etc.) is less complicated.
This method is also based on parametric geometry
optimisation. However, it does not require output
characteristics analytical approximation, since the
antenna geometry is analysed using the finite ele-
ment method [16].

At the present time, the parametric optimisation
method is widely used [17]. Resolution of the Vivaldi
antenna synthesis problem begins with the selection of
the optimal and general structure of the radiator model.

For the solution described, the structure of the in-
itial PTWSA model is taken from [14] in which cer-
tain PTWSA cases are studied in higher frequency

[ i
/_\ Wfin Ltr :

o Soldering place
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bands. The scheme of the antenna radiating part
(Fig. 1) has an exponential slot profile W (x). The
substrate rectangular profile is supplemented by a
phase-correcting lens in a form of a circular sector of
a radius Rg. Oscillation circuits in the form of slots

with parameters Rp, Wj, located at a distance Hy

from the antenna sheet edge are etched on the lateral
faces of the model’s radiating part, in order to reduce
the side radiation level at low frequencies. The shape
and number of circuits vary. They are ultimately se-
lected in accordance with the optimal shape of the
radiation pattern (RP) at low frequencies, so that
there are no unacceptable resonant effects which de-
lay or modulate the signal when the antenna operates
in pulsed mode [14]. In this case, RP at upper fre-
guencies remains practically unchanged.

A microstrip-to-slot transition (Fig. 2) [3], which
can be implemented on a printed circuit board
common with the PTWSA, is chosen as a PTWSA
power node. The power line metallisation is on the
dielectric substrate reverse side with respect to the
radiator sheet.

The length section Ly, (puc. 2) Fig. 2) is a step-
up transformer between the 50Q line and capacitor of
a circular sector of a radius Rg.

The power line and radiating part are simulated
and optimised separately. Variable parameters of the
model (Fig. 1, 2) are W, Ly, Win, Wout» R, Ro,
Rs, L3, Lg, Ry, Wy in the radiating part (Fig. 1),
Ra, Rs, Wein, Weouts Lt Ls, and the aperture

angle v and circular sector orientation & in the power
line (Fig. 2). The maximum half-length and wave-

We out *

\ ILR5

Fig. 2. Power node of the printed traveling-wave slot antenna
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lengths in the operating frequency range are selected
as the initial antenna dimensions Wy, L,, respec-

tively. The value W;; is selected to be equal to the
sheet width. The initial value of the slot width W, is

taken to be equal to the 50Q asymmetric microstrip
line width for the dielectric used (0.508 mm thick
Rogers RO4003C material).

Parametric optimisation of the PTWSA model is
carried out in several iterations by means of
electromagnetic simulation using the finite element
method. The output characteristics are calculated for all
possible variations of the model parameters, in order to
determine optimal parameters values in the given
ranges. The set of parameters when the area under the
SWR graph is minimal in the operating range, is the
optimal set of the current iteration. The variation
interval of each of the parameters ceased to vary when
the parameter current optimal value is inside the
interval, but not at its edge. Further parameter
optimisation is carried out by the bisection method, so
long as satisfactory SWR changes are significant.

Results. The following results were obtained for
model optimisation according to the SWR < 2 criterion
in the entire range and considering the minimum de-
pendence of the directional properties on the frequency:

W =252 mm, L, =245 mm, W, =0.35 mm,

Wout =167 mm, Ry =7 mm, Ry =11mm,
R3=84mm, Ry =1.2mm, Rg=7.8mm,
L3 =8 mm, Lg =29.5 mm, Pg =27 mm,

Wy =3 mm, Wty =3 mm, Wgqy =0.35 mm,
Ly =13.9mm, Ly =6.8 mm.

The resulting field distributions over the antenna
aperture for the average frequency of the range at

171
y
h
I
{1
4

Fig. 3. Field distribution over the antenna aperture
at a frequency of 2.4 GHz for two time moments (simulation)

Antenna calculated characteristics after optimization

Frequency,| Maximum gain, | Radiation pattern width, ...°
GHz dB E-plane H-plane
0.9 8.4 60 114
2.4 9.0 66 44
5.8 10.9 72 32

two-time moments are shown in Fig. 3. Antenna
characteristics calculated after optimisation are
shown in the table.

The PTWSA model based on the simulation and
optimisation results is thus obtained. (Fig. 4).

Fig. 4. Model of the printed traveling-wave slot antenna

The results of measuring the radiation pattern of
the model in an anechoic chamber and calculated val-
ues of the normalised RP (NRP) D are presented in
Fig. 5. The antenna gain values at the range cut-off
frequencies are calculated by considering the NRP
measurements. They are 9.8 dB at a frequency of
0.9 GHz and 13.9 dB at a frequency of 5.8 GHz.

The results of the antenna SWR calculation and
measurements are shown in Fig. 6. These results fully sat-
isfy the optimisation criterion.

Discussion. In the electromagnetic simulation,
an ideal 50Q power line connects with the mi-
crostrip-to-slot transition. The real model differs
from the ideal model by the RFS-50-751FA connect-
or presence at this point, introducing its own mis-
match resulting in the slight SWR curve difference in
the high-frequency region.

The dielectric lens barely affects the phase front
shape (Fig. 3). This is due to the fact that the model
parameters are optimised according to the SWR < 2
criterion without additional restrictions. Thus, ceteris
paribus, the lens can be excluded to reduce the an-
tenna size. The lens parameters should be optimised
separately to optimise the phase front shape, since the
lens shape weakly affects the antenna matching. Fig. 3
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E-plane (calculated)
-180 -90 0 90 0, ...°
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5

5.8 GHz
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Measurements

Calculations

0 1 2 3 4 5 6
Fig. 6. Antenna matching characteristics

v, GHz

shows the nodes and antinodes of the wave propagating
along the antenna sheet which indirectly indicates radia-
tor conformity at the middle frequency of the range.

The maximum difference between the directivity
and antenna gain (see table) in the operating frequen-
cy range is observed at a frequency of 5.8 GHz. Thus,
the minimum antenna efficiency is 10.9-13.9=—3 dB or
about 50%. This is a relatively high efficiency for a

ORIGINAL ARTICLE

H-plane (calculated)

-180 -90
0 [

09GHz /

D, dB—

H-plane (measured)
Fig. 5. Experimental normalized radiation patterns of the radiator model at the cutoff frequencies

printed antenna with a characteristic sheet size of 1-6
wavelengths, depending on the selected frequency.

Fig. 5 shows that antenna maintains the radiation
directivity in the operating range. The main lobe
width in the H-plane decreases with the frequency
increase, and the main lobe width in the E-plane is
frequency independent. The calculated RPs are wider
than those measured due to the differences between
the simulated model and real model (presence of the
connector in the power line and imperfectly flat front
of incident radiation in the anechoic chamber).

The measurements carried out on the designed
PTWSA model demonstrate similarities with the re-
sults of non-analytical synthesis method of UWB ra-
diator based on the given structural model. The pro-
posed method is convenient for practical use in engi-
neering and is reliable for the given UWB radiator
structural model. The antenna is inexpensive and can
be easily reproduced
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