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Aiming at the multiband pattern synthesis problem of time-modulated conformal array antenna, a quadratic convex optimization
algorithm is proposed for sum and difference beamforming with low sidelobe levels. This articles method synthesizes a difference
beam with a low sidelobe level by generating nulls at the center frequency band and optimizing the switch-on duration time of
array elements. And the sum beamforming and sidelobe suppression of the first-order sideband are realized by optimizing the
switch-on instant time of the array elements. The proposed algorithm has excellent properties of sidelobe suppression and
angular sweep. The simulation results of circular and satellite array antenna verify the effectiveness of the algorithm.

1. Introduction

Microsatellites have the advantages of small size, short
development period, and low cost. Microsatellites are mainly
used in electronic communication, remote sensing, and sci-
entific research [1]. The spaceborne antenna is the hub of
the microsatellite communication system. The design of
the spaceborne antenna should not only take account into
its complex working environment but also the requirements
of volume and performance [2]. Therefore, the optimization
design of the spaceborne antenna layout is of great signifi-
cance. The geometry of the spaceborne antenna is mostly
conformal array to achieve the purpose of full airspace beam
coverage such as curved array [3], spherical array [4], and
cylindrical array [5]. Conformal array antennas have better
aerodynamic properties [6].

A modified Bernstein polynomial is introduced for the
amplitude control variable, and a particle swarm optimiza-
tion algorithm is used to obtain a conformal array antenna
pattern with low sidelobe levels [7]. A conical wide-angle
scanning conformal-phased array antenna for drone plat-
forms is designed [8]. Although conformal array antennas
have superior aerodynamic properties, conventional confor-

mal array antenna have high cross-polarization horizontal
and amplitude excitation dynamic ranges. In recent years,
the introduction of time modulation technique to conven-
tional conformal arrays has been an attractive area of
research. Time modulation technology refers to the intro-
duction of time dimension in the traditional phased array,
and the switching state of the array element is controlled
by the radio frequency switch [9]. Multibeamforming is
implemented based on a time-modulated subarray architec-
ture. Sideband radiation is minimized by suppressing side-
band level in a given static mode [10]. Aiming at the
harmonic beamforming problem of time-modulated planar
array, a beamforming method based on partitioned subar-
rays is proposed [11]. In some studies, the global optimiza-
tion algorithm is applied to the synthesis and optimization
of band pattern of time-modulated conformal arrays. A par-
ticle swarm optimization algorithm based on the nonlinear
characteristics of radio frequency switch is used to achieve
pattern synthesis for time-modulated array [12]. Jiang et al.
use a differential evolution algorithm to optimize amplitude
weights and time-modulated pulse widths to achieve low
sidelobe pattern synthesis in the center frequency band and
an optional sideband, and suppress other sideband levels
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[13]. In order to minimize the sidelobe level of the nonuni-
form circular antenna array under the constraint of fixed
beam width, genetic algorithm is used to determine the opti-
mal weight and antenna element separation [14]. The
improved invasive weed optimization method by introduc-
ing the crossover operation of the genetic algorithm is used
for the harmonic beamforming of the array antenna to
obtain the optimized excitation values [15]. An improved
differential evolution algorithm (IDE) is used for sidelobe
level synthesis and optimization of time-modulated circular
array antenna [16]. A new differential evolution method is
used for pattern synthesis of time-modulated planar array,
which achieves high directivity and low sidelobe pattern syn-
thesis and reduces the complexity of large-scale array
antenna feed networks [17]. To solve the problem of
antenna excitation optimization, a harmonic search algo-
rithm and particle swarm optimization algorithm for con-
centric ring antenna array are proposed, which achieve
wide uniform power density and reduce the complexity of
satellite antenna system hardware [18]. The above research
effectively solves the beamforming problem of time-
modulated arrays. However, the swarm intelligence global
optimization algorithms have high complexity and are easy
to fall into the local optimal solution when solving the prob-
lem of large-scale conformal array pattern synthesis. It is
possible to effectively improve the synthesis efliciency by
transforming the pattern synthesis problem of the time-
modulated conformal array into a convex problem since
the local optimal solution of the convex optimization
(CVX) problem is the global optimal solution. Hong et al.
use two different solutions for convex relaxation of noncon-
vex problems and realized the beam pattern of phased array
[19]. Zhang et al. use a quadratic Taylor expansion to make
the nonconvex problem of maximizing the directivity coeffi-
cient into convex problem and use a two-stage convex itera-
tion for sidelobe constraints [20]. An efficient method for
near-field sparse array synthesis based on Bayesian com-
pressed sensing and convex optimization is presented [21].
Prisco and D’Urso solve the synthesis problem of maximum
sparse linear array based on minimization-weighted L1
norm and sequential convex optimization algorithm [22].
A convex optimization based directional pattern synthesis
algorithm of radiation focused sparse array is proposed,
which finally achieves sparse linear array and planar array
with fewer elements and lower maximum sidelobe level
[23]. The beam pattern synthesis problem is transformed
into a relaxed convex optimization problem, and a sequen-
tial convex optimization algorithm is used to solve the
relaxed convex optimization problem to realize beam pat-
tern synthesis [24]. Aiming at the synthesis problem of
four-dimensional antenna array, pattern synthesis is carried
out based on the sequential convex optimization algorithm
by suppressing range ambiguity without increasing azimuth
ambiguity and system complexity [25]. For the synthesis
problem of four-dimensional array antenna, an iterative
convex optimization algorithm is proposed to suppress mul-
tiple sideband levels while performing beamforming at the
center frequency [26]. A frequency-invariant nonuniform
linear array and planar array synthesis method is proposed

to obtain the array excitation weights for all frequency sam-
pling points through weighted convex optimization [27]. A
system-driven convex algorithm is proposed for pattern syn-
thesis of uniform amplitude and irregular planar phased
array, which is capable of multibeam optimization [28].
These studies use convex optimization algorithm to effi-
ciently achieve beamforming and sidelobe suppression.
However, the above convex optimization work does not dis-
cuss the multiband pattern synthesis problem of time-
modulated conformal array antenna.

In this paper, a multiband pattern synthesis algorithm
for time-modulated conformal array is proposed. The qua-
dratic convex optimization algorithm solves the problem
that the amplitude excitation is difficult to control when
the traditional conformal array is synthesized. And the mul-
tiband pattern synthesis is divided into the main frequency
band and the first-order sideband beam synthesis to realize
the utilization of arbitrary sideband and suppression of the
maximum sidelobe level.

The paper is organized as follows: Section 2 presents the
optimized model for multiband pattern synthesis of time-
modulated conformal array. Section 3 describes how to solve
the optimization model using a quadratic convex optimiza-
tion algorithm. Section 4 verifies the effectiveness of the pro-
posed method in the pattern synthesis of time-modulated
conformal array by numerical analysis, realizes the multi-
band pattern synthesis of circular and spaceborne conformal
array, and discusses the angular scanning characteristics of
conformal array antenna. Finally, the conclusions are drawn
in Section 5.

2. Mathematical Model

As shown in Figure 1. Conformal array is a three-dimension
antenna composed by N array elements arbitrarily arranged.
The conformal array introduces a switching function u,,(¢)
for time modulation. Without considering the mutual cou-
pling of the array elements [29, 30], the far-field radiation
intensity of the time-modulated conformal array is

N
E(r,t)= Z w,u,(t)E, (r) eIKoPut o2t (1)
n=1

where u, () is the switching function, the radiation direction

of the array is r=[sin 6 cos ¢ sin 0 sin ¢ cos 6], 6 is the
elevation angle, and ¢ is the azimuth angle. w, is the
complex excitation coefficient, and E,(r) is the radiated
electric field vector. InK, = 271/, A is the wavelength of inci-
dent wave. p, is the position vector of the n-th
elementp, =[x, v, z,]"

The radiation characteristics of the elements in the con-
formal array are anisotropic. The radiated electric field vec-
tor of the n-th element in the array global coordinate
system (x, y, z) can be expressed as

E,(r)=f(A.)e,=f(A)[cos (v,)ey +sin (v, )ex),  (2)

where f(4,) is the electric field of the n-th element, A, =
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FiGure 1: Conformal array of N elements.

arccos (d, ©r) =arccos (d!r) is the angle between the nor-
mal vector d,, of the array element and the radiation direc-
tion r. e, =cos (y,)e, +sin (y,)ey is the direction of the
electric field. The vertical polarization direction vectors is
e, = [cos B cos ¢ cos @ sin ¢ —sin 6] . The horizontal polar-
ization direction vectors are ey = [—sin ¢ cos (pO]T, respec-
tively, which satisfy the Ampere’s Law e, ® e =r. p,, is the

array polarization direction coefficient, satisfying

! ! T . ! ! T
cos (yn) =Cos (yn) (Rnenv) ey +sin (yn) (RnenH) ey,

sin (y,) = cos (y;) (Rnen'v) TeH +sin (y;) (Rnen’H) TeH.
(3)

In the formula,

cosd, cosp, —sin¢, sind, cos ¢,
R,=|cosd,sing, ~cosp, sind,cos¢, | (4)
—sin 0, 0 cos 0,

is the conversion relationship between the radiation direc-
tion r of the array global coordinate system and the radia-
tion direction r, of the array element coordinate system
(x',y',2"). 9, and ¢, are the radiation elevation angle and
azimuth angle of the normal vector d, of the array element,
respectively.

In the array element coordinate system (x',y’,z"), the
array element polarization direction coefficient is y!. e/ =
cos (y,)e,y +sin (y, e is the electric field direction of n-
th element. e, e, are the vertical and horizontal polariza-
tion direction vectors of the array element, respectively, and
e/ ®e, , =rl.y, canbe obtained by Equation (3). The array
global coordinate system and the array element coordinate
system are shown in Figure 2.

The conformal array introduces the switching function
u, (t) with modulation period T,. The time-modulated con-
formal array can control the radiation characteristics
through the radio frequency switch, as shown in Figure 3.

un(t)zs(t_tn) _s[t_(tn+7n)]’ (5)

<V

$/
!
x x',

FIGURE 2: Array global and array element coordinate system.

u, (t)

FIGURE 3: Switch function of ratio frequency switch.

where ¢, is the switch-on instant time and 7, is the switch-
on duration time.

Equation (5) is transformed from the time domain to the
frequency domain by Fourier transform.

Y 1,f, sinc (wm, f,)e MG it (6)

m=—00

uy (1) =

where f,=1/T, is the modulated frequency and m =0, 1,
--- Denoting a,, =7,.f,, B, =t,f, (0<a,, 3, <1), we get

u,(t) = Z a,, sinc (rma,, )e TP gl2mmiit - (7)

m=—00

From Equation (2) and Equation (7), we get Equation
(8), where e/2"ormfo)t i abbreviated.

co N

E(r)= )

m=—00 n=

. » I
x sinc (mma, )e M 2Piren) giKopar

o, w,f(4,)[cos (y,)ey +sin (, )ey] (8)

Then, the far-field radiation intensity of the time-
modulated conformal array in the vertical polarization
direction is

oo N

Ey(r)= Z

m=—00 n=

o, w,f (4,) cos (v,)ey

. i : T
x sinc (mma, )e M 2Piren) giKopur

)

In order to deal with the pattern synthesis problem of
multiband, we decompose the radiation intensity of the
time-modulated conformal array into the main frequency
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band f, and multiorder sideband f, + mf, and obtain the
far-field radiation intensity of the central frequency band
and multiorder sideband E,(r),Ey,,(r), which are
expressed as follows:

Eyo(r)= ) oy, cos (p,)f(4,)e"P7, (10)

© N

Ey,,.(r)= Z Z a,w, cos (y,)f(4,) sinc (nmocn)e‘jnm(zﬁ””")ejK"pZ'.
m=—00 n=1

(1)

This paper discusses the multiband pattern synthesis of the
time-modulated conformal array in the vertical polarization
direction. The goals of synthesis are (1) achieving maximum
power radiation in a given direction in two different frequency
bands. (2) Sidelobe level at the center frequency and the first-
order sideband is less than the constraint ¢,, €,. Then, the math-
ematical model of multiband pattern synthesis is as follows:

ur}l‘% & &
s.t. Ey(ry) =0
Ey,(r)=1
EVO(TZ) =1 , (12)
Eyo(r;) =1
EVO(rS) < € rs € ‘Qs
Ey (rg) <enrgey
0<a,fB,<1

where w,a, f is the time modulation parameter, w =
[w, ---wy]" is the complex excitation coefficient, a=

[ - ay]” and B= By - ﬁN]T are the time modulation
parameter, respectively. Ey(r,) is the radiation intensity in
the direction of r,, at the center frequency band, and ¢, is the
sidelobe constraint parameter at the center frequency band.
Ey, (r,) is the radiation intensity in the radiation direction
r, at the first-order sideband, and ¢, is the sidelobe constraint
parameter at the first-order sideband. E\,((r,) and E(r) are
the radiation intensities in the direction of 0, and 0, at the
center frequency band, respectively. Ey(r,) and Ey,(r,) are
the radiation intensities at the center frequency band and the
sidelobe region Q,, 2, in the first sideband, where the sam-
pling directions are r and r , respectively.

3. Quadratic Convex Optimization Algorithm

This paper proposes a quadratic convex optimization
method to solve the mathematical model in Equation
(12). The method can realize the multiband pattern of
the time-modulated conformal array at the center fre-
quency and first-order sideband. The implementation of
quadratic convex optimization algorithm is divided into
the following two steps.

Conformal Array parameter initialization

|

Calculatee,, f(A ), R, 7', €,

!

Calculate y,

l

Calculate Eyy(r), Ey, (1)

l

Quadratic convex optimization algorithm

l

The optimal solution for y, g

!

Time modulation array parameters w, «, 3

!

Outputs synthesis results and multiband pattern

v

End

FIGURE 4: Flow chart of the proposed algorithm.

Firstly, this paper solves the synthesis problem of pattern
synthesis at the central frequency band. When m =0, from
Equation (10), we can get that the vertical polarization elec-
tric field radiation intensity E,(r) at the center frequency
band is only related to the complex excitation coefficient
vector w and the normalized switch turn-on duration a.
Denoting y = [w,a, --- wyay]” =w- a is the time complex
excitation vector, and then, Ey(r) can be expressed as

Eyo(r) = x" by, (13)

where by, = [cos (y,)f (4,)& i - cos (y,)f(A,)eloPam]
is the array steering vector at the center frequency band. In
Equation (12), the optimal expression for the beam pattern
synthesis problem of the center frequency band is

min £

s.t. 2Tby, =0
x'b, =1 > (14)
xTby=1

’){TbVS| <e,r. €0,

where by, =[cos (y,)f(4,)& 1" - cos (y,)f(4,)e "]
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FIGURE 6: Synthesis pattern of the circular array (¢ = 0°, 0 = 90°).

TaBLE 1: Pattern parameters for different algorithms.

o, IDE CVX
SLL’/dB -19.81 -36.25
SLL'/dB -20.74 -18.71
SBL"/dB -1 0
BW?/° 20 20
BW!/° 18 10
CPU time/min 408.25 0.84s

is the steering vector of the center frequency band. b,, b, are
Fioure 7: 3D pattern of the circular array when ¢ = 0,0 = 90°. the steering vectors in tbe beam dlrec.tlon 62., 0, of the center
frequency band, respectively, and ¢, is the sidelobe suppres-
sion parameter at the center frequency band.
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TaBLE 2: Timing switch sequence of time-modulated circular array.
N &, B, N @, B,
1 0.0078 0.4023 9 0.6259 0.8077
2 0.0078 0.4553 10 0.0078 0.0634
3 0.2277 0.3957 11 0.0078 0.7373
4 0.3783 0.4336 12 0.0078 0.6300
5 0.0078 0.6299 13 0.3781 0.4338
6 0.0078 0.7366 14 0.2279 0.3956
7 0.0078 0.0634 15 0.0078 0.4555
8 0.6252 0.8079 16 0.0078 0.4023
1 — N —
0.9
0.8
0.7 ]
% 0.6
g 05
f: 0.4 ™
E 0.3
0.2
0.1 ]
0 4 8 10 16

Equation (14) is a linear programming problem, using a
convex optimization algorithm to optimize the pattern of
center frequency band and suppress the side lobe level.
A vector y can be found using convex optimization

methods.

Normalized switch-on time

Element number

(b)

8§ 9 10 11 12 13 14 15 16

Element number

FIGURE 8: Time series of (a) proposed method and (b) IDE method.

Then, this paper solves the synthesis problem of pattern
synthesis at the first-order sideband. When m # 0, from the
Equation (11), the vertical polarization electric field radiation
intensity E,,, (r) at the sideband is related to w,a,, sinc (mm
a,) e 2B:+e) which is a nonlinear complex vector and cannot
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FIGURE 9: Multiband pattern in (a) ¢ =1° and (b) p =4".
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F1GURE 10: Time series of (a) ¢ =1° and (b) ¢ =4°.
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be solved directly by using the convex optimization. When m
=1, denoting the partial coefficient term g, = sinc (7))

e /2B, then, the vertical polarization electric field radiation
intensity of first-order sideband is

Ey (r)=(x- g)Tpr (15)

where by, = [cos (y,)f (A))e" 0P -+ cos (y,)f (A,)e/oPm]
is the array steering vector at the first-order sideband. In Equa-
tion (12), the optimal expression for the beam pattern synthesis
problem of the first-order sideband is

mgin &
s.t. (x-9)'by=1 (16)
(x- Q)Tde <e,r €l
lg| <1

where by, =[cos (y,)f (417 - cos (y,)f (A, )e/oPr]
is the array steering vector at the first-order frequency band, g

=[g, -~ gy]" is the unknown optimization variable, |g| is
the modulus of the complex vector g, and &, is the sidelobe sup-
pression parameter at the first-order sideband frequency.

From Equation (16), we can find that the pattern syn-
thesis problem of first-order sideband also becomes a lin-
ear programming problem through deformation, which
can be solved by convex optimization method to obtain
the vector g that satisfies the condition. Pattern synthesis
of vertically polarized electric field radiation of first-order
sideband is realized by convex optimization algorithm.
The pattern has maximum power radiation and sidelobe
suppression.

The quadratic convex optimization algorithm solves the
multiband pattern synthesis problem of time-modulated
conformal array at the center frequency band and the first-
order sideband, respectively. And obtaining the correspond-
ing time-modulated array parameters w, «, f§ by

— L. -1
Oy = ; S (|gn|)’
1
ﬁn:_ﬁ[angle(gn) +0cn+27rp],Vp,OanS 1, (17)
wﬂ: &
[44

The proposed method achieves the pattern synthesis of
the center frequency band and the first-order sideband with
maximum power radiation and sidelobe suppression in
given direction.

The multiband pattern synthesis process of time-
modulated conformal array based on quadratic convex opti-
mization algorithm is shown in Figure 4.

(1) Initialize the conformal array, set the number of array
elements N, the position of the array element p!, the

z (m)

FIGURE 11: 3D pattern of the circular array when ¢ =4°, 0 =90".

TaBLE 3: Multiband pattern parameters when changing ¢.

or 1 2 3 4 5 6
SLL’/dB  -3537 -36.39 -34.68 -33.02 -34.53 -33.02
SLLY/dB  -204  -222  -23.95 -30.06 -34.15 -42.4

center frequency f,, the radiation direction r, the
polarization direction coefficient y,, and the normal
vector of the array element d,,

(2) Calculate the vertical polarization direction vector e,
of the array according to the radiation direction r,
and according to the radiation direction r and the
normal vector of the array element d,, calculate the
included angle A, and the radiation value f(4A,)

(3) Calculate the transformation matrix R, according to
the depression angle 0, and azimuth angle ¢,, of the
normal vector of the array element d,,. The array ele-
ment coordinate system r, is calculated by the radi-
ation direction r and the transformation matrix R,

(4) Calculate the vertical polarization direction vector
e,y of the array element according to the radiation
direction | of the array element coordinate system

(5) Calculate y, according to the polarization direction
coefficient y, of the known array element

(6) Obtain the electric field strength E(r), Ey,(r) of
the time-modulated conformal array in the main
radiation direction r, r;

(7) The optimal solution of y, g is obtained by quadratic
convex optimization algorithm

(8) Find the time modulation array parameters w, a, f.

4. Simulation Results

4.1. Simulation of Circular Array Antenna. In order to verify
the correctness and effectiveness of the quadratic convex



International Journal of RF and Microwave Computer-Aided Engineering

10

Normalized pattern (dB)

-150 -100 -50

— f
- o+t

-20
-30

-40

Normalized pattern (dB)

-50

-60 L

0 100 150

Azimuth (°)

-150 -100 -50

—f
-~ fotf

0 100 150

Azimuth (°)

(b)

FiGurg 12: Multiband pattern when (a) BW =7° and (b) BW =13°.

optimization algorithm in multiband pattern synthesis of
time-modulated conformal array, under the condition that
the center frequency f, = 10GHz, the multiband pattern syn-
thesis of the circular array antenna is considered in this paper.

4.1.1. Design of 16-Element Circular Array. The circular
array is composed of 16 array elements arranged at A/2 equal
intervals. The array wavelength is A =0.03m. The straight
line segment on the array element represents the normal
vector direction of the array element, and the normal vector
of all array elements is outward from the center of the ring.
The layout of the 16-element circular array antenna is shown
in Figure 5.

4.1.2. Multiband Pattern Performance Analysis. The main
radiation direction of the initialized circular array antenna
is ¢ =0°,0=90°. The quadratic convex optimization algo-
rithm is used to realize the multiband pattern synthesis of

the 16-element circular array antenna. The optimized main
band beamwidth is 20°, and the maximum sidelobe peak
level is -36.25dB. The first-order sideband beamwidth is
10°, and the maximum sidelobe peak level is -18.71dB.
The two-dimension pattern is shown in Figure 6. The energy
radiated by the circular array antenna is concentrated in the
main direction, and the sidelobe level of the antenna is sup-
pressed, as shown in Figure 7.

In order to reflect the superiority of the quadratic convex
optimization algorithm in improving the comprehensive
performance of the multiband pattern of the time-
modulated conformal array, this paper compares the pattern
parameters results synthesized by IDE [16]. Numerical
results of 16-element circular array antenna pattern synthe-
sis of different methods are shown in Table 1.

The proposed multiband pattern synthesis result based
on quadratic convex optimization algorithm has low side-
lobe level and faster synthesis speed. After optimized by
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FiGUure 13: Time series of (a) BW =7° and (b) BW =13°.

quadratic convex method, the peak sidelobe level of the
main frequency band is -36.25 dB. Compared with IDE algo-
rithm, the peak sidelobe level decreased by 16.44 dB.
Comparing the complexity of the proposed method and
IDE algorithm from the pattern synthesis time, the proposed
quadratic convex optimization algorithm only needs 0.34s
and 0.5, respectively, a total of 0.84s. However, IDE need to
perform multiple iterations, and the calculation time is more
than 400 minutes. Therefore, the proposed quadratic convex
optimization method has low complexity and fast pattern syn-
thesis compared with the global optimization algorithm.

4.1.3. Time Series Distribution Diagram. The radiation angle
of the multiband is symmetrical with respect to the center
position of the circular array. The switch sequence by the

proposed method presents the symmetry of the array
elements. Table 2 shows the time series of circular array after
using the quadratic convex optimization algorithm.

Comparing the time series of the 16-element circular
array antenna with IDE, we can see the difference between
the time series of the quadratic convex optimization algo-
rithm and the IDE algorithm. The switch turn-on duration
time of the array elements in the time series results in this
paper is shorter than IDE, as shown in Figure 8.

4.1.4. Angular Scanning Characteristics of Circular Array
Antenna. The multiband pattern by the proposed method
can perform angular scanning. The pattern by IDE can only
generate beams in a fixed radiation direction and cannot
perform angular scanning.
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When the ¢ =1°, the peak level of the sidelobe at the
center frequency band is -35.37 dB, the peak level of the side-
lobe at the first-order sideband is -20.4 dB. When the ¢ = 4°,
the peak level of the sidelobe at the center frequency band is
-36.39 dB, and the peak level of the sidelobe at the first-order
sideband is -22.2dB, although the sidelobe levels of the cen-
ter frequency band and the first-order sideband have
decreased. When the ¢ = 4°, the power in the main radiation
direction can no longer meet the airspace radiation require-
ments. As the azimuth angle increases, the switch-on dura-
tion time of the array element gradually increases. The
simulation results of the multiband pattern during azimuth
scanning are shown in Figure 9. The time series results of
the azimuth scanning are shown in Figure 10.

The simulation results when the circular array antenna
changes the radiation azimuth angle ¢ show that when the
radiation azimuth angle ¢ increases, the sidelobe levels of
the center frequency band and the first-order sideband will
decrease, but the energy in the main radiation direction no
longer meets the given airspace radiation index. When the
azimuth angle ¢ = +2°, all 16 elements of the circular array
antenna work. With the continuous increase of the azimuth
angle scanning range, the working elements of the circular
array antenna will decrease, so the performance of the mul-
tiband pattern will decrease, as shown in Figure 11.

Numerical results show that the performance of the mul-
tiband pattern synthesis is excellent when the circular array
antenna radiates the azimuth angle ¢ =0°. The pattern
parameters of the azimuth scanning are given in Table 3.

4.1.5. Performance Analysis of Changing Beamwidth. The
simulation results of the multiband pattern after changing
the beamwidth (BW) of the circular array antenna are given
in Figure 12. The time series results when the beamwidth is
changed are shown in Figure 13.

When the BW =7°, the peak sidelobe level of the center
frequency band is -22.25dB, and the peak sidelobe level of
the first-order sideband is -23.4 dB. The peak sidelobe level
of center frequency band increases 13.7dB compared with
BW =10° . The peak level of the sidelobe becomes higher,
and the performance of the antenna is not ideal. When the
BW =13°, the peak sidelobe level of the center frequency
band is -46.91dB, and the peak sidelobe level of the first-
order sideband is -29.06 dB. Although the peak sidelobe level
of the center frequency band and the first sideband is
reduced compared with BW =10°, the energy cannot be
concentrated to the main lobe so that the detection perfor-
mance of the target position and angle is reduced.

As the beamwidth continues to increase, the energy is
more concentrated in the main radiation direction, but the
accompanying wider bandwidth results in poorer target
detection performance, as shown in Figure 14. The perfor-
mance of changing BW is shown in Table 4.

4.2. Simulation of Satellite Array Antenna. The multiband
pattern synthesis method of time-modulated conformal array
antenna proposed in this paper can be used in the design of
spaceborne antenna. This paper considers multiband pattern
synthesis of time-modulated satellite array antenna.

FIGURE 14: 3D pattern of the circular array when BW = 13°,

TaBLE 4: Multiband pattern parameters when changing BW.

BW/° 4 7 10 13 16
SLL’/dB -2.57 -22.55 -36.25 -46.91 -54.13
SLL'/dB -12.16 -23.4 -18.71 -29.06 -32.91

4.2.1. Satellite Array Antenna Layout. This satellite array
antenna is a six-sided cone composed of 276 array elements
arranged at A/2 equal intervals, and the default array element
type is patch antenna. The array wavelength A =0.024m.
The layout of the 276 array element satellite array antenna
is shown in Figure 15.

4.2.2. Performance Analysis of Multiband Pattern of Satellite
Array Antenna. The main radiation direction of the initial-
ized satellite array antenna is ¢ = 0°,0 = 30°. The quadratic
convex optimization algorithm is used to realize the multi-
band pattern of the satellite array antenna in this paper,
forming a beam with a peak sidelobe level of -40.98dB at
the center frequency band and forming a pencil beam with
peak sidelobe level of -31.52dB at the first-order sideband.
The side lobe level of the satellite array antenna is effectively
suppressed. The multiband pattern of the 276-element satel-
lite array antenna is shown in Figure 16.

The 276-element satellite array antenna have six planes
working at ¢ =0°,0=30°. The working state is shown in
Figure 17.

4.2.3. Elevation Plane Scanning Characteristics of Satellite
Array Antenna. The satellite array is angular scanning char-
acteristics because of three-dimensional solid. The angular
scanning characteristics of the satellite array antenna can
show the spatial coverage ability of the antenna.

This paper considers elevation plane scanning of satellite
array. Under the condition of fixed azimuth angle ¢ =0°,
changing the radiation elevation angle of the satellite array.
When the 6 = 25°, the sidelobe level of the center frequency
band is -43.82dB, and the side lobe level of the first-order
side band is -31.34 dB. When the 0 =75, the sidelobe level
of the center frequency band is -20.56dB, and the first-
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FIGURE 16: Multiband pattern of satellite array antenna.

order sideband side lobe level is -27.3 dB. At the same time,
the distortion of the beam pattern is serious, the main radi-
ation direction cannot meet the radiation requirements, and
the suppression ability of the sidelobe is poor. The multi-
band pattern of satellite array by proposed method is
obtained in Figure 18.

Under the condition of fixed azimuth angle ¢ =0°, the
satellite array antenna scanning characteristics show that
when the elevation angle gradually from 0° to the normal
vector direction of the array element, the beam sidelobe level
of the satellite array antenna pattern gradually tend to be
optimal. The elevation scanning characteristic of the satellite
array antenna is excellent when the elevation angle is [-50°
,—20°] and [20°, 50°]. The elevation plane scanning perfor-
mance is shown in Table 5.

When the radiation elevation angle is [0°,45°], the sat-
ellite array works on six faces. When the radiation eleva-
tion angle is [46°,63°], the satellite array works on five

F1GURE 17: Six plane working states of the satellite array antenna at
9=0,0=30".
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TABLE 5: Scanning characteristics of elevation plane (6).
or 5 15 25 35 45
SLL’/dB -136.3 -62.76 -43.82 -32.57 -29.3
SLL'/dB -84.3 -48.58 -31.34 -31.48 -32.08
or 55 65 75 85 90
SLL°/dB -35.89 -17.76 -20.56 2391 -17.98
SLL!/dB -45.26 -23.85 -27.3 -31.63 -41.33

faces. When the radiation elevation angle is [64°,90°], the
satellite array antenna works on three planes, as shown

in Figure 19.

4.2.4. Azimuth Plane Scanning Characteristics of Satellite
Array Antenna. This paper considers azimuth plane scan-
ning of satellite array. In the case of a fixed radiation eleva-
tion angle 0 =30°, changing the radiation azimuth of the =
satellite array, the multiband pattern of satellite array azi- = DOOODHDOnn
muth plane scanning by proposed method is obtained, as

shown in Figure 20.
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performance of [0°,30°]. When the ¢ =5°, the side lobe 0.1 - & o2°
level of the center frequency band is -48.48dB, and the T T g e T T
sidelobe level of the first-order side band is -45.38dB. 0.1 0.05 0 -0.05 -0.1
When the ¢ =25°, the beam at the center frequency band x (m)

is seriously distorted, and the first-order sideband beam

cannot reach the spatial radiation index.
Under the condition of fixed elevation angle 6 = 30°, the

FiIGUre 19: Three plane working states of the satellite array

antenna.

satellite array antenna scanning characteristics show that

when the azimuth angle gradually from 0° to 30°, the beam
sidelobe level of the satellite array antenna pattern gradually
tend to be worse. The azimuth scanning characteristic of the
satellite array antenna is excellent when the azimuth angle is

Table 6.

[-15°,15°]. When the radiation azimuth angle is [0°, 30°], the
satellite array works on six faces. The beam parameters of
the pattern after azimuth plane scanning are shown in
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FIGURE 20: Multiband pattern of azimuth plane scanning at (a) ¢ =5 and (b) ¢ =25".

TABLE 6: Scanning characteristics of azimuth plane (¢).

@I 5 10 15 20 25 30
SLL’/dB -48.48 -53.32 -14.48 -11.76 -29.87 -33.59
SLL!/dB -45.38 -89.75 -61.8 -65.09 -69.77 -74.17

5. Conclusion

In this paper, a quadratic convex optimization algorithm for
time-modulated conformal array multiband pattern synthe-
sis is proposed. The proposed method can synthesize differ-
ent beam and sum beam with low sidelobe level at the center
frequency band and the first-order sideband, respectively,
which solves the multiband pattern synthesis problem of
complex time-modulated conformal arrays. The simulation
results of the time-modulated circular and satellite array
antenna show that the quadratic convex optimization algo-

rithm has low sidelobe level and excellent angle scanning
performance compared with IDE algorithm.
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