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ABSTRACT The work carried out the calculation and synthesis of antenna arrays used in radio-electronic
complexes on unmanned aerial vehicles. The analytical model is designed to find asymptotic estimates of the
polarization components of the electric field of the grating in the far zone of the carrier surface; the results
obtained with its use are the initial data for constructing a technique for the numerical solution of a boundary
value problem for a grating on a carrier surface in the CST MWS electrodynamic simulation environment.
The synthesis of gratings with the maximum achievable coefficient of directional action is carried out with
the control of radiation patterns at a given set of angles. A two-mirror antenna system has been calculated. It
is shown that with an increase in the number of re-reflections taken into account, the convergence of the result
for the calculated characteristics of the antenna is observed. To test the proposed method, the same antenna
was calculated using the integral equation method. The comparison showed a high degree of agreement
between the results obtained by two different methods. The results of the simulation based on a software
algorithm designed to quantify the input matching at the input of a multichannel frequency-scanning antenna
array power divider are presented. It was found that when performing wide-angle scanning in a relative
frequency band of more than a few percent, the disadvantage of the known method for eliminating the normal
effect is a sharp deterioration in matching in the lower and upper frequencies of the operating range. A new
method is proposed based on an automated iterative process of optimizing the divider geometry, which makes
it possible to obtain an acceptable match over the entire operating frequency band. The feasibility of switching
from a serial power divider construction scheme to a series-parallel scheme is analyzed for wide-angle
scanning in a relative frequency band of about 5%.

INDEX TERMS Radiation patterns, Antenna arrays, Directional factor, Side lobe level, Surface utilization,

Power divider.

I. INTRODUCTION

hip antenna arrays, the dimensions of elements that

do not exceed the wavelength of the operating range,
are used in radio-electronic complexes on unmanned aerial
vehicles. According to [1, 2], due to the possibility of
matching antenna elements with distribution (feeding) lines
in a wide frequency band, due to the absence of sign
alternating reactive components of input impedances and
significant radiation resistance [3, 4], arrays of this type are
used:

- in the means of monitoring the radio-electronic situation
for the detection and direction finding of sources of radio
emissions;

- in devices for setting deliberate interference to disrupt
the stable operation of information and telecommunication
systems while maintaining the electromagnetic compatibility
of objects not intended for destructive effects;
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- in the communication equipment of unmanned aerial
vehicles with ground control points for information
exchange and transmission of commands to control onboard
target loads and their carriers.

Given the low profiles of the structures, pin gratings meet
the requirements for the weight and size characteristics of the
target loads; when they are placed on the sides, the external
appearance, flight performance, and radar signature
indicators [5-7] of unmanned aerial vehicles do not change.

At the same time, when designing whip antenna systems,
it is necessary to take into account that the type of their
radiation patterns and the values of the directivity
coefficients significantly depends on the shape, dimensions,
and electrical properties of the bearing surfaces [3-5].

Interrelations between the parameters of antenna
structures and the objects on which they are located, with
indicators of spatial-frequency selectivity of transmission
(reception) of radio signals are established based on the
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results of electrodynamic analysis based on solving the
problems of excitation of receiving-radiating structures by
fields (currents) of external sources [8, 9]. When
constructing electrodynamic models of antenna systems,
carriers are represented by bodies in a simple form with
minimal deviations of the coordinate surfaces from the real
ones [6]. Rational parameters of antennas and bearing
surfaces that provide the required characteristics of the
transmission (reception) of wave processes are found by
performing the synthesis of receiving and emitting structures
by the established criteria [10]. The search for parameters is
carried out with a given topology of objects; the choice of
the technical appearance of the design of the antenna system
from a variety of equivalent alternative options is carried out
taking into account the complexity of the technical
implementation and the levels of development of production
technologies [9].

Il. MATHEMATICAL MODEL AND CALCULATION
METHOD

When constructing a mathematical model of the antenna array
under study, we will assume that a round cylinder with a cross-
sectional radius a and generatrix length 4, acting as a carrier
surface, is located in a homogeneous, isotropic, infinitely
extended space. To describe the location of the lattice elements
and calculate the surface currents, we set a cylindrical
coordinate system in (p, ¢, z), which the Oz axis coincides
with the central longitudinal axis of the cylinder. In the
interests of reducing the complexity of mathematical
transformations without loss of generality of reasoning, we
place the point O at an equal distance from the edges, i.e.
planes z = £A/2 pass through its ends. To calculate the
polarization components of the field, as well as the radiation
patterns and the directional action of the grating, we define the
spherical coordinate system (r, ¢, §), aligning its center with
the origin of the cylindrical coordinate system.

The antenna array is a system of N elementary electric
vibrators arranged with a step d; the position where the first
(closest to one of the ends) an element characterized by
coordinates (a, 0, [); distance / satisfies the following
conditions: || < +/4/2 and || < h— (N - 1)d.

According to [10, 11], the normalized complex radiation
pattern of the array has the form

. N
F(0,0) =i 1,(0,), (1)
n=1

where i, is the complex current amplitude of the n-th antenna
element, n=1,..., N,

2z
£0.0)=D,@.pyexp] T 7 COXOTO )
xsin@ + ({ + (n—1)d)cos )
- partial diagram of the n-th vibrator at a wavelength A,
D, (8, p) —diffraction factor of the bearing surface, which

establishes the patterns of change in the shape of the
radiation patterns of the grating (1), located in free space, due
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to the induction of surface currents of the cylinder [3, 4], * -
is the sign of complex conjugation. When analyzing a lattice
placed in free space, the factor is D (0, ¢) = 1,and the parts

diagram (2) takes the form of a complex exponential (at
®, =(0 and /=0(). Based on the definition of the

directional patterns of the array (1), the expression for the
directional coefficient determines the degree of excess of the
power of the emitted (received) electromagnetic field over
the level characteristic of a hypothetical isotropic antenna
[9], can be represented as

G(6,9) = 47r{i Yi'C (6.0)i } {iii;‘Sﬂiﬂ f ,(3)
where o -

C,(0.0)=1,0.9)/,(0,0),n,p=1,...,N,*®

- are the space-energy coefficients of the electromagnetic
interaction of the n-th and p-th antenna elements [11],

2rm

S =[]£.(6,0)f (0,p)sinbd&dp,n,p =1,..,N,®

- is an expression for calculating the power of the field
emitted (received) by a hypothetical isotropic antenna,
according to the level at which the power of the array field
changes from the radiation patterns (1).

Using the method of induced currents [8] to calculate the
diffraction factor, we write down the asymptotic estimates of
the polarization components of the grating electric field in
the far zone of the carrier surface [12-16].

ex—'z—ﬂr
R
]7)(

2ri (6)
X {ﬂoczM& (0,0)+ ZLW (0, (P)},

Eg(r,H,(p)z—

n=1 n=1

) eXp _]7
E¢(V,9,(0):—JTX (7)

X {IIJOCZMW 0,0)+ ZL&(H:@)}:

n=1

where

MH((p)n (9’ ¢) _ M9(¢) (87 ¢) o
LH((p)n 0, 9) LH((p) 0, 9)

2 .
—j—”(acos((p—(po)sm49+
X exp A

+({+(m—-1d)cos8)
- local diffraction functions characterizing the change in
the field distribution of the n-th vibrator, n=1,..., N, due to
scattering on the carrier surface

{Mo(é’,(p)} . 9” {Hw(a,co',Z') }(

=asin
- E{,,(aa (0,’ Z,)

L,(0,9) ©)

0 —h/2

X exp{— Jj Zj (acos(p—@')sinf+z' cos G}dz'dqo',
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(10)

x exp{j 2; (acos(p—¢@")sin @+ z' cos Q}dz’d(p',

- are the diffraction functions of the magnetic and
electric fields of the cylinder [17], Hw(z) (r',(p"z') and

E ( )(I" ¢’, z' ) —are the components of the magnetic and
4

electric fields on the surface of 7' = a an infinitely extended
cylinder, M, ~ magnetic permeability of free space, ¢ is the

speed of light.

To calculate definite integrals in (9) and (10), we use the
principle of equivalence of fields and surface currents
induced by them and the method developed in [18] for
approximating the currents of objects with axial symmetry
by a series of cylindrical functions. In this case, the
diffraction functions of the cylinder fields (9) and (10) are
calculated in an analytical form, and the local diffraction
functions of sources located at the points of attachment of the
array elements on the carrier surface are found by summing
the series of trigonometric functions of azimuthal harmonics
[18] with weight coefficients in the form relations of the
Hankel functions.

As a result of these procedures, from (2) and (6)-(10) we
obtain

D,(0,9)=/D.,(6,¢)+D.,(0,¢),n=1,..,N, (1)

where

D,,(0,9) =

2rula
7

27 .
2cosﬁcosgoexp[j7ﬂsm0cosgoJ— (12)
X

- &,j" cos(mp)y?,
m=0
2l a
D,,(0,p) = - E0

/12

. 2 .
2sin @ exp ]751n¢9c0s¢1 - (13)
X
=2 J"sin(me)y?,
m=1
- are the azimuthal and axial components of the

diffraction factor of the cylinder [19-22] for the nth array
element, n=1,..., N, l is the length of the electric dipole,

1,m=0,
A =
" 12,m#0.

The coefficients 7fma m >0, and 7/:)”,’ m > 1, included
in (12) and (13) are calculated according to the rules [8]
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ynm 7 - X
oa H(z)(Zﬂa ) 27 H(z)(Zﬁa a]
2z
exp{j — M-+ (n-1)d))cosd - k)}
A (14)
X X
cosd—k

x [_ exp{— j 2;@ —(+(n- l)d))(cos 0 - k)}jdk
Hmfmaj

J/nﬂl = J. X
o H(Z)( aj
A

exp{jzf (h—(+(n-1)d))cosO — k)}
cosf—k *

X, (— exp{— j 27” (z -(l+(n- l)d)j(cos 0 - k)})dk

(15)

X

where ¢y = /1 —k? — is the longitudinal wavenumber [20],
H ' (...) — is the Hankel function of the second kind of the

. 2ma
m-th order, H ,(nz) (—
A
the variable r at the point » = a.

Thus, expressions (1), (2) and (11)-(15) make it possible
to analyze the radiation patterns of an array of electric
vibrators on the side surface of a perfectly conducting
cylinder of finite length. When expressions (3)-(5) are used
together, taking into account (2) and (11)-(15), relationships
can be established between the grating directivity factor and
its design parameters and cylinder dimensions.

aj — 1is its derivative concerning

. A METHOD FOR SYNTHESIZING AN ANTENNA
ARRAY WITH A MAXIMUM DIRECTIVITY FACTOR WITH
RESTRICTIONS ON THE SHAPE OF THE RADIATION
PATTERNS

In the presented work, based on the method of indefinite
Lagrange multipliers, the synthesis of an antenna array was
performed according to the criterion of maximizing the
directional coefficient when forming nulls of the radiation
patterns in fixed directions. In this case, unlike [9, 11], the
single Lagrange multiplier, which minimizes the integral
difference between the initial and required radiation patterns
in the circular sector of angles [10], is replaced by a set of

Lagrange multipliers for O<N-1 directions
@.,.9,).q9—1,...,0.
Using the definition of radiation patterns

F(0,p)= ‘ F(Q, (p)"in which the levels a, are controlled

at (Gq,(pq ),q —1,...,Q,and expression (3) to calculate the

directional effect of the array, taking into account (2), (4) and
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(5), by analogy with the synthesis criterion [20], we define
the system of equations

G(6,,¢,) > max (16)

F@,p)=a,q=1..,0,0<N-1
According to the method of indefinite Lagrange

multipliers, the currents of the antenna elements

i,n=1..N, in (1) and (3), ensuring the achievement of

the maximum directivity at Q fixed levels of the array
radiation patterns, satisfy the parametric distribution
corresponding to the minimum of the functional

N N 0 N

T= ;;anpzp +;/1q;ﬁ(0q,(oq)zn, (17)

where ] are indefinite Lagrange multipliers, q=1..0,
q

acting as parameters of complex current amplitudes.
Calculating the first derivative of the functional (17)

concerning the components of the column vector

in ,n=1,..., N, and equating it to zero, we obtain a system

of linear algebraic equations concerning the desired
distribution of grid currents

L= SRS L00) 0

where §~' — are elements of the matrix inverse
P

S,.np=1..,N.

The indefinite Lagrange multipliers included in (18) are
the roots of the system of linear algebraic equations formed
as a result of substituting the current distribution (18) into
(1), and the resulting expression into the second equation of
the system (16).

0 N N
ZI;Z an(gq,(oq)S:fp(@S,(gs):

n=l p=1 (19)
=-a,,4=0,..,0.

The solution of the resulting system of equations was
found using the simplex method when converting the
invertible matrix on the left side of (19) to the canonical form
with the choice of the largest coefficient in absolute value.
Antenna element currents satisfying distribution (18) with
Lagrange multipliers converting equations of system (19)
into identities. Due to the performed transformations, it
became possible to correct the amplitudes and phases of the
currents of each vibrator. An electrodynamic simulation was
carried out in the CST MWS environment.

The radiation patterns of a linear array of N =15 vibrators
with a height of [0 / A =0,2 are calculated, located with a

step d /A =0,25 on a cylinder with a normalized length
h/A=5 a/A=0,3. The

calculation results are shown in Fig. 1, a. Fig. 1, b shows the
radiation pattern of the same grating when zero is formed
with a depth of 20 dB according to criterion (16).

From a comparison of the presented results, it follows
that in the direction of the local maximum of the radiation
patterns in Fig. 1, a, a deep extremum of the radiation
patterns in Fig. 1, b is created with an increase in the back

and an electric radius
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lobe. In Figure 2, solid lines show the radiation patterns of
arrays of N=>5 (Fig. 2, a) and N =7 vibrators (Fig. 2, b) with
directivity of 7,4 dB and 9,2 dB, respectively; the dotted line
shows the radiation patterns with synthesized nulls. For an
array of N =5 elements, zero was obtained in the direction
of 180°, and the minimum values of the radiation patterns
fall on a sector of angles with a width of about 60°; the
directional coefficient reaches a value of 6,2 dB, the increase
in the rear lobe does not exceed 2 dB. For an array of N =7
elements, the zero of the radiation patterns was formed in the
direction of 135°; at the same time, the sectoral failure of
radiation patterns with an angular width of 10° with a
decrease in the directivity to 8,1 dB.

To assess the possibilities of increasing the directivity of
antenna arrays with the formed zeros of the radiation
patterns, cyclic multiple corrections of the distributions of
the amplitudes and phases of the currents on the vibrators
were carried out.
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FIGURE 1. Normalized radiation patterns of an antenna array of N = 5 elements

without specially created zeros (a) and with one generated synthesized (b).
0 0

FIGURE 2. Normalized radiation patterns of antenna arrays of N = 5 (a) and
N = 7 elements (b) without specially created zeros (solid lines) and with zeros

formed according to criterion (16).

By adjusting the directivity of the array of N=15 elements,
it increased from 7,4 dB to 7,5 dB due to the narrowing of the
main beam and reduction of the angular sector, where the
depth of extremes does not exceed - 20 dB, from 60° to 35°
when performing requirements for radiation patterns
established by the second equation of system (16). For an array
of N = 7 elements, it was found that with a practically
unchanged directivity factor (9,2 dB), due to diffraction
distortion of currents at the points of attachment of the
vibrators on the carrier surface, the sector dip of the directivity
patterns narrows from 10° to 5°.

IV. ANTENNA SYSTEM CALCULATION
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Fig. 3, 4, and 5 show the calculated directivity in the range
of angles at frequencies f= 1,7 GHz, 3,4 GHz, and 5,1 GHz,
respectively (we compared the calculation by the method of
physical optics (MPO) and the calculation by the method of
integral equations). It is easy to see that there is almost a
complete coincidence between the directional coefficient in
the region of the main lobe and the first side lobe. The
successful result of comparing the characteristics of a two-
mirror antenna obtained by different methods allows us to
conclude that the MPO, taking into account re-reflections, is
suitable and highly accurate for the problem under

consideration.
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FIGURE 3. Estimated directivity at f=1,7 GHz.
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FIGURE 4. Estimated directivity at f= 3,4 GHz.
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FIGURE 5. Estimated directivity at f=5,1 GHz.

Fig. 6 shows the design gain of the antenna at maximum
radiation patterns in the frequency range from 1 to 10 GHz. It
is easy to see that there are oscillations on the curve that violate
the monotonic growth with increasing frequency.

Fig. 7 shows the corresponding calculated antenna surface
utilization factor in the frequency range from 1 to 10 GHz. On
the surface utilization curve, oscillations are more
pronounced, have a maximum amplitude at the left edge of the
operating range, and gradually decay with increasing
frequency. Fig. 8 shows the calculated surface utilization of a
two-mirror antenna in a narrow frequency range from 1,4 to
1,9 GHz. According to the graph, we determine that the
oscillation period here is =~ 90 MHz.
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FIGURE 6. Estimated directivity in the frequency range from 1 to 10 GHz.

VOL. 11, NO. 4, OCTOBER 2022



JOURNAL
¢ ORG

AE

The calculation by the MPO showed that in this case the
oscillations practically disappear, and in the entire frequency
range there is a surface utilization factor of approximately 0,7.
The physical reason for the presence of oscillations in the
antenna surface utilization factor in the frequency range is a
change in the amplitude-phase distribution of the electric
current on the main mirror due to multiple reflections in the
open mirror resonator. At the right end of the frequency range,
multipath fades quickly and has less effect on antenna
per[formance.
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FIGURE 7. Estimated surface utilization factor in the frequency range from 1 to

10 GHz.
1

A ACRTA A
AN A NN
R IRITARN
ERIELYE VIR

04

Efficiency

02 e-e-¢ MPO
0.1
0 T T T T
14 145 15 155 16 165 17 175 1§ 185 19
f.GH:

FIGURE 8. Estimated surface utilization factor in the frequency range from 1,4
to 1,9 GHz.
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V. SIMULATION OF AN ANTENNA DEVICE WITH
FREQUENCY SCANNING

The work carried frequency scanning antenna arrays, widely
used in airspace surveillance and air traffic control radar
systems, in most cases represent a flat equidistant array of
linear radiators connected to a multichannel traveling wave
power divider based on couplers that are connected in series
to the sinusoidal delay line. configurations [23]. It is known
that a significant disadvantage of such antennas is a sharp
increase in the voltage standing wave ratio at the input of the
power divider at a frequency corresponding to the formation
of a radiation pattern beam in the direction of the normal to
the radiating aperture, as a result of in-phase addition of a
large number of even small reflections from periodic
inhomogeneities - bends delay lines and taps. This
phenomenon, which leads to a significant loss of gain and
unacceptable distortion of the shape of the radiation pattern,
is called the “normal effect” in the literature [24]. At present,
the most widely used method is to eliminate the normal
effect, based on the displacement of even and odd groups of
periodic inhomogeneities of the power divider relative to
each other by an odd integer number of quarters of the
wavelength in the delay line [25]. However, the results of
experimental tests of the characteristics of antenna arrays
with frequency scanning, in which this method is
implemented [26], show that when wide-angle scanning is
carried out in a relative band of more than a few percent,
there is a sharp deterioration in matching in the lower and
upper frequencies of the operating range.

This paper describes an algorithm for analyzing the
frequency response of the standing wave ratio concerning the
voltage at the input of a multi-element antenna array with
frequency scanning at a known level of reflections from
periodic inhomogeneities of the power divider, taking into
account the amplitude-phase distribution formed in the
frequency scanning plane.

The work aim to simulate the effect of the normal in an
antenna array with frequency scanning, to find effective
ways to eliminate this phenomenon based on the proposed
algorithm.

VI. DESCRIPTION OF THE ALGORITHM

The studied model of the antenna array with frequency
scanning, shown in Fig. 9 is a flat equidistant array of linear
emitters (R1, Ra,. .., RN) separated by a distance d and excited
from input 1 using a series power supply system - a
multichannel traveling wave power divider, which is built
based on power couplers 3 included in the delay line
sinusoidal configuration 2. Power is removed from the delay
line at regular intervals having a length S (delay line period).
The output of the delay line, if necessary [27], is matched
with an absorbing load 4.

It is known that the position of the directional pattern
beam @ in space depends on the phase relations of electrical
oscillations in the emitters and (if we denote the wavelength
in free space by 4, and the wavelength in delay line by Ag) is
determined based on the following equation [28-30]:

2—”dsiné?z2—7T5‘—27zz', (20)
A A,
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where i is an integer. Respectively, as
_ _ 10
0 = arcsin| —| ——— | |. 21 a
;Lg S where n 2, 3,.. N; Pd =(-P)10" —power

The algorithm for quantitative estimation of the
frequency response of the standing wave ratio by the voltage
at input 1 of the antenna array with frequency scanning is
implemented based on the following relations, intended for
the analytical description of the design parameters and
electrical characteristics of the model (Fig. 9).

| @

2 -
FIGURE 9. Structural diagram of a frequency-scanning antenna array with

serially fed emitters.

The investigated frequency ranges in the discrete form:

fo=fi =l -, )

where f; and f; are, respectively, the extreme lower and upper
frequencies of the studied range; M is the number of
frequency points in the range; m =1, 2,..., M.

Delay line period length:

S=21,n, (23)

where g is the wavelength in the delay line at the frequency
Jfn (normal frequency) corresponding to beam formation of
the radiation patterns in the direction normal to the antenna
array aperture, i.e. at & = 0°; ns is the number of wavelengths
at the frequency of the normal Ag., forming one period of the
delay line.

Amplitude distribution formed at the outputs of the
power divider:

A, = p+ (1= p)cos(zX, ), (24)
where N is the number of outputs of the power divider;
n—-1 1

n=1,2,.., N, =

= ——; p and g are variable
" N1 2 p g
coefficients that determine the shape of the amplitude
distribution.

Normalized power distribution formed at the outputs of
the power divider:

2
P = 4, 25)

n N *
2
24,
n=1

Power propagating in the nth period of the delay line:

28

propagating in the 1st delay line period after the 1st coupler;
as = aS — power loss in one period of the delay line; a -
loss per unit length in delay lines in dB/m.

Coupling coefficients of the power divider couplers from
the delay line:

n—1

P
cf, =101g -1 | @7

Pd
where n 2, 3,., N; Cf, =10lg(Pn)—-coupling
coefficient of the 1st coupler of the power divider with delay
lines; # - efficiency, determined by the power loss in the
power divider. In the absence of an absorbing load in the

power divider Cf,, = 0dB.

The amplitude of the reflection coefficient from the n-th
periodic inhomogeneity of the power divider:

| 0 R -1
"R +1
where R. is the voltage standing wave ratio of the n-th
periodic inhomogeneity, for power couplers R, = Rca, and for
delay line bends R = Rbn.
Power propagating in the n-th period of the power divider
delay line:

(28

Cfa as

Pt =Pt, |1-10 1 [10°, (29)

where n =2, 3,..., N; Pt1 = 1 - power at the input of 1 power
divider.
Power reflected from the n-th periodic inhomogeneity of
the power divider:
2
Ph, =Pt O . (30)
The power reflected from the n-th periodic
inhomogeneity and arrived at the input of 1 power divider
(taking into account the attenuation when passing through
the couplers during backpropagation):

n-1 G as(n-1)
Pe,=Ph|[1->101 10 © , (31
n=1
where n = 2, 3,..., N; Pe1 = Phi1 power reflected from the 1st

inhomogeneity.
The phase of the reflection coefficient from the n-th
periodic inhomogeneity de:

4
arg(Q,,,) ==~ =S =D+, (32)
where Agn is the wavelength in the delay lines corresponding
to the m-th frequency point f» of the studied range ¢, and
is the initial phase of the reflection coefficient.
By the principle of superposition, the total reflection
coefficient at the input 1 of the antenna array power divider
at the m-th frequency point:
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0, = Zl[ Pe, e"arg(Q”’*”)l (33) VSR, = 1+ ‘chm +0b,,e"" , )

where j = \/—_1

The standing wave ratio for voltage at the input of 1
power divider at the m-th frequency point:

VSWR, = % (34)

1 - |le

Thus, using the operating frequency range, the level of

reflections from periodic inhomogeneities, and the

amplitude-phase distribution formed in the frequency

scanning plane with a known delay line configuration as

initial data, a calculation estimate of the standing wave

coefficient from the voltage at the input of a multielement

antenna array can be made.

VIl. SIMULATION RESULTS

The simulation was carried out based on developed and
experimentally studied prototypes of a single-channel S-
band antenna array, which preceded the creation of a
monopulse antenna [31-34]. These antenna arrays are a flat
equidistant array of linear radiators (rows) installed with a
pitch of d =70 mm and connected to a 54-channel waveguide
power divider built based on 53 T-slot directional couplers
connected in series in the delay lines [35-38]. In this case,
the final load of the delay line is the last emitter Rss. The
scanning sector of the antenna array in the vertical plane in
the operating frequency range is 50°.

The chosen option for constructing a power divider
makes it possible to perform simulation without taking into
account the final level of radiator matching [39] since the
main part of the power reflected from the radiators is
dissipated in the balanced loads of the directional coupler.
The simulation was performed taking into account the
following initial data: operating frequency range of the
antenna: from 2,7 GHz to 2,85 GHz (5,4%); number of power
divider outputs: N = 54; analyzed frequency range: fi= 2,68
GHz, fi = 2,87 GHz, M = 1901; normal frequency: f» = 2,77
GHz; type of delay line waveguide: rectangular (section
axb=62,4x17 mm); linear losses in delay lines: a = 0,07
dB/m; the number of wavelengths at the frequency of the
normal forming the period of the delay line: n: = 2,5;
coefficients that determine the shape of the antenna array:
p=0,19, g =1,65; efficiency of the power divider: # = 79%;
standing wave coefficient for the voltage of the bends of the
delay line (Rb»): distributed according to a random uniform
law in the range from 1,02 to 1,04; standing wave ratio for
the voltage of the directional coupler (Rcx): distributed
according to a random uniform law in the range from 1,05 to

1,07; the initial phase of the reflection coefficient ¢ :

distributed according to a random uniform law in the range
from 170° to 190°.

According to the principle of superposition, the resulting
voltage standing wave ratio at the input of the antenna array
at the m-th frequency point can be calculated by the formula:
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1 - ‘chm + lemejAgom
where Qcim - calculated by expression (34) the total
reflection coefficient at the input 1 from the directional
coupler, similarly Qbin - the total reflection coefficient from
the bends of the delay line, 4¢w - the phase difference due to
the physical separation AS of the places of reflections from
the directional coupler and bends delay lines.

Ap =——"_AS. (36)
A8,

The calculation of the standing wave coefficient from the
voltage at the input of the antenna array by the algorithm
presented above was carried out in two stages. In the first
stage, simulation modeling was carried out for 3 variants of
the location of periodic inhomogeneities in the power divider
considered in [36] (Fig. 10).

2gnl4

FIGURE 10. Variants of the location of periodic inhomogeneities in the power
divider: a) there is no shift between even and odd periodic inhomogeneities;
b) even and odd periodic inhomogeneities are spaced relative to each other by
Agnl4; v) even and odd directional couplers are spaced relative to each other
by Agn/4, there is no shift between the even and odd bends of the delay line;
1 - input of the antenna array; 2 - sinusoidal delay lines; 3 - directional coupler;

4 - balanced load directional coupler.

Fig. 11 shows typical implementations of the frequency
characteristics of the standing wave ratio for the voltage at
the input of the antenna array modeled by the given initial
data for the cases of Fig. 10, a (red curves) and Fig. 10, b
(blue curves). A typical implementation of the frequency
response of the voltage standing wave ratio for the case of
Fig. 10, is shown in Fig. 12.

An analysis of the obtained results shows that in the
absence of a shift between even and odd groups of periodic
inhomogeneities (Fig. 11, red curves), there is a sharp
increase in the standing wave coefficient for voltage at the
input of the antenna array at the frequency of the normal f,
as a result of the in-phase summation of a large number of
reflections delay line bends and directional coupler. When
the even and odd groups of periodic inhomogeneities of the
power divider are displaced relative to each other by a
distance Ag./4 (by the method of eliminating the normal
effect presented in [37]), at the normal frequency fu, the
reflections from the even and odd groups of the directional
coupler cancel each other out and delay line bends due to
their antiphase addition at the input of the antenna array (Fig.
11, blue curves). However, due to the dispersion properties
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of the delay line, the reflections in the low and high
frequencies are added almost in phase, which leads to an
unacceptable increase in the voltage standing wave ratio at
the edges of the operating range. Under conditions of
displacement of even and odd groups of the directional
coupler relative to each other by Ag./4 in the absence of
separation between the bends of the delay line, voltage
standing-wave coefficient surges are observed both at the
normal frequency f» and in the lower and upper frequencies
of the operating range (Fig. 12). Based on the results
obtained, it can be concluded that the recommendations
given in the literature on eliminating the effect of the normal
in the antenna array, when performing wide-angle scanning
in a relative frequency band of more than a few percent,
cannot always be successfully applied in the practical
implementation of antennas.

1 - standing wave voltage coefficient at the input 3
7 of the antenna array from delay line bends .
2 - standing wave voltage coefficient at the input
6 of the antenna array from a directional coupler
2 2

5 Y ¥
g
i
H

3
1
2

2.68 2.69 2.7 2.71 2.72 2.73 2.74 2.75 2.76 2.77 2.78 2.79 2.8 2.8]1 2.82 2.83 2.84 2.85 f, GHz

3 - resulting standing wave 1
voltage coefficient at the input | §
of the antenna array J"‘.

FIGURE 11. In a typical implementations of the frequency characteristics of

the standing wave ratio for voltage at the input of the antenna array.
8

7

6

5

VSWR

4

3

f A

2.68 2.69 2.7 2.71 2.72 2.73 2.74 2.75 2.76 2.77 2.78 2.79 2.8 2.81 2.82 2.83 2.84 2.85 f,GHz

FIGURE 12. In a typical implementation of the frequency response of the
standing wave ratio for voltage at the input of the antenna array with a shift of
even and odd groups of directional couplers relative to each other by Agn/4,

there is no shift between the even and odd bends of the delay line.

In the second stage of modeling, to eliminate the
identified shortcomings in the construction of the antenna
array by the options shown in Fig. 10, a new method is
proposed based on an automated iterative process of power
divider geometry optimization. The essence of the method
lies in the violation of the periodicity of the power divider
structure due to the displacement of each n-th directional
coupler and the bending of the delay line relative to the
center line of the divider (Fig. 10, a) by distances ASh, and
AScy, respectively, changing from period to period according
to a certain law, at which the minimum achievable level of
the standing wave ratio for the voltage at the input of the
antenna array in the analyzed frequency range is provided. In
this case, the phase of the reflection coefficient from the n-th
directional coupler (delay line bend), taking into account
expression (32), can be written as:
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Consider the process of optimizing the geometry of the
power divider. At the first iteration, using the built-in
software functions, a data file is written with a certain
number (usually from 100 to 500) of realizations of the
values ASh. and AScn, distributed in the nth period of the
delay line according to a random uniform law in the interval
+1g./4, and also corresponding to each implementation,
calculated taking into account expression (34), the maximum
level of the standing wave ratio for voltage from the
directional coupler and bends of the delay line at the input of
the antenna array.

Then, the recorded data file is analyzed to seclect the
minimum recorded values of the voltage standing wave
coefficient and the corresponding realizations of the values
ASbh, and ASc,, which for the first iteration are denoted as
ASbh1, and AScl.. At the second iteration, implementations
for ASb. =ASbl.,+rbl, and AScn = ASclutrcl, and the
maximum voltage standing wave ratio level corresponding
to each of them are added to the data file. In this case, the
quantities rbl, and rcl. are distributed according to a
random uniform law in the reduced interval +1g,/8. Next, the
selection of the minimum fixed values of the voltage
standing wave coefficient and the corresponding realizations
of the values ASh. and AScx, which are designated as ASH2,
and ASc2, at the second iteration, is also performed. Further,
5 more iterations are performed similarly with a twofold
reduction at each subsequent iteration of the distribution
interval of the wvalues rb2,, rb3.,..., rb6,, and rc2,,
rc3n,...,rcbn to £4gn/256. At each iteration, the selected
realizations ASh, and ASc, are normalized (if they go beyond
the range of +4g»/4) by adding to the value of +1g./2. After
the 7th iteration, a change in the maximum level of the
voltage standing wave ratio is observed only in the 3" and
4th decimal places, while it is obvious that the iterative
process of optimizing the geometry of the power divider
converged.

Based on the proposed method, as well as the above
initial data, the geometry of the power divider was optimized
(Fig. 10, a), according to the results of which the
displacements ASb, and ASc, (Fig. 13) were found relative
to the axial line of the divider for each n-th directional
coupler and bending of the delay line. The block diagram of
the antenna array with the optimized geometry of the power
divider is shown in Fig. 14, where 1 is the input, 2 are the
delay lines, 3 is the directional coupler, and 4 is the center
line of the divider. The frequency characteristics of the
standing wave ratio for the voltage at the input of the antenna
array, calculated by expressions (34) and (35), taking into
account (37), are shown in Fig. 15.

Analyzing the obtained results, we can conclude that the
presented method, with a slight increase in the average level
of the standing wave ratio for voltage, eliminates the normal
effect and provides acceptable matching in the entire
operating frequency band of the antenna.
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FIGURE 13. Offsets of the bends of the delay line (1) and directional coupler

(2) relative to the center line of the power divider.
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FIGURE 14. Structural diagram of an antenna array with an optimized

geometry of the power divider.
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FIGURE 15. Standing wave ratio for voltage at the input of the antenna array

after iterative optimization of the power divider geometry.

VIil. TRANSITION TO A SERIES-PARALLEL SCHEME
FOR CONSTRUCTING A POWER DIVIDER

The presented method of matching the antenna array in
the operating frequency band is considered in the framework
of constructing a power divider based on a delay line with a
period of an S-shaped configuration. To implement wide-
angle scanning in a relative frequency band of the order of
5% or more, a relatively dense step of installing radiators in
the antenna opening is required. In this case, to ensure an
adequate design of the antenna array, it is necessary to carry
out the spacing of the even and odd outputs of the power
divider in opposite directions relative to its center line. The
period of the delay line in this case should have a U-shaped
configuration.

By the proposed method for matching the antenna array,
a violation of the periodicity of the power divider structure
is required due to the displacement of the directional coupler
delay line at each period and bends relative to the center line.
The disadvantage of using this method with a U-shaped
configuration of the period of the delay line (in contrast to
the S-shaped one) is a change of up to + 90° in the electrical
length of each period, and, as a result, a violation of the
linearity of the phase distribution in the opening of the
antenna array. Preliminary calculations based on the given
initial data show that to eliminate this shortcoming, it is
advisable to make the transition from a serial scheme for
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constructing a power divider to a series-parallel one (Fig.
16).

When implementing a power divider in the form of a
series-parallel circuit, the length of the n-th serial period:

Ss =S+ASh (38)

where ASh. is the displacements of the delay line bends,
found from the results of iterative optimization of the
geometry of the series-type power divider.

To calculate the length of the n-th parallel period Sp., the
expression is valid:

Sp, =S, + > ASh,, (39)
n=1
where So is a constant length compensating for negative
values when summing delay line bend offsets ASh.
AScn = 0, since the offset of the directional tap relative to

the center line of the power divider, is not required, which is
due to the change in the electrical length of each period of

the delay line by the found distribution law ASh..
Rs Ry Ry

p—
Sy
So

1 - entrance
2 - delay lines
3 - directional coupler

4 - balansed load directional coupler
5 - power divider centerline

FIGURE 16. Structural diagram of an antenna array with serial-parallel power

supply of emitters.

Fig. 17 and 18 present the results of simulation modeling
of an antenna array with serial-parallel power supply of
radiators (Fig. 16), obtained based on the above initial data,
taking into account the offsets of the delay line bends (ASbh.)
calculated during iterative optimization of the geometry of a
serles type power divider.

T T ‘

190 ol standing wave v oltage coefﬁclem at the input
of the antenna array from delay line bends

1.8 . . .
----- standing wave voltage coefficient at the input

L7 of the antenna arrav from a directional coupler
x16 resulting standing wave
; 15 voltage coefficient at the input
= 4 of the antenna array
13 A i A AR
\
oY Y ho YN I
- i) n A A
11 ANNIZR 5 A ."-‘ ! W APENIE I 2I1R
1 N 4 DA O 4 b

2.682.69 2.7 2.712.722.73 2.74 2.75 2.76 2.772.78 2.79 2.8 2.81 2.82 2.83 2.84 2.85 f. GHz
FIGURE 17. A typical implementation of the voltage standing wave ratio at the
input of the antenna array with serial-parallel power supply of emitters after

iterative optimization of the power divider geometry.

According to Fig. 18, it can be seen that all values of the
lengths of the parallel periods Sp. do not exceed the length
of the serial period S and are within the range from 0,25/gx
to 1,6Agn, therefore, in the practical implementation of the
power divider in the form of a series-parallel circuit, a
significant increase in the overall dimensions of its design is
not expected. compared with the dimensions of the structure,
made based on a sequential scheme.
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FIGURE 18. Normalized lengths of serial and parallel periods of delay lines

were obtained by optimizing the power divider.

IX. CONCLUSION AND DISCUSSION

The work carried out the calculation and synthesis of antenna
devices used in radio-electronic complexes on unmanned
aerial vehicles. According to the provisions of the method of
indefinite Lagrange multipliers, the synthesis of antenna
arrays was carried out. Thus, the combined application of
analytical and numerical methods of electrodynamic
modeling of antenna systems on bearing surfaces makes it
possible to find their realistically achievable characteristics
and design parameters. The results obtained make it possible
to successfully solve applied problems of developing and
designing antenna systems intended for use as part of mobile
radio-electronic complexes. To improve the accuracy of
antenna calculation by the method of physical optics, it is
proposed to use the method of multiple reflections. It is
shown that with an increase in the number of re-reflections
taken into account, the convergence of the result for the
calculated characteristics of the antenna is observed. To test
the proposed method, the same antenna was calculated using
the integral equation of the electric field. The comparison
showed a high degree of agreement between the results
obtained by two different methods.

As aresult of the research, a new method for matching an
antenna array with a series or series-parallel supply of
emitters was proposed. This method makes it possible to
obtain an acceptable level of the voltage standing wave ratio
at the input of the antenna array in the entire operating
frequency band, which makes it possible to expand the

antenna scanning sector without reducing the gain
requirements.
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