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ABSTRACT Compared with the traditional antenna array, the time-modulated array can increase the
flexibility of the array by adding time switches. However, due to the introduction of time switches, the
time-modulated array antenna is more sensitive to random errors than the traditional array. Besides random
errors caused by unavoidable factors such as array deformation and defects of processing and assembly
in the traditional array, time-modulation parameter errors will be introduced by time switches. As errors
in the traditional array can degrade the performance of the array, time-modulation parameter errors can
lower the performance of the array pattern as well, which will lift the side-lobe and increase the dynamic
range of the side-lobe. Aiming at the time-modulation parameter errors in the time-modulated array, an anti-
error robust pattern synthesis algorithm (AERPS) based on the convex optimization (CVX) is proposed in
this paper. In the algorithm, the optimization model for the pattern synthesis of the time-modulated array is
established and analyzed. Then the model is divided into two sub-models of the center frequency and the first
sideband, and the convex optimization solution is first performed on the center frequency model. After the
center frequency model is solved, the convex optimization solution is used to solve the first-order sideband
model to obtain the final results. The simulation results of the time-modulated array in this paper show that
the algorithm can reduce the average value and the dynamic range of the normalized side-lobe level, thus
verifying the effectiveness and the robustness of the algorithm.

INDEX TERMS Array antenna, convex optimization, error analysis, pattern synthesis, time-modulated array.

I. INTRODUCTION

Array antenna can achieve higher performance than a single
antenna by combining signals with each other. However, due
to the manufacturing mistakes and other unavoidable factors,
array antenna will be affected by various kinds of errors, such
as the position error of elements, the amplitude and phase
excitation error, the interval error of elements, etc. These
errors will raise the side-lobe of the pattern of arrays, resulting
in degradation of the radiation pattern performance. In order
to reduce the negative impact of errors, it is necessary to make
analysis of errors.

Many researchers have studied the amplitude and phase
excitation error in array antenna. Appasani et al. proposed
a pseudo measurement technique for detection and correc-
tion of excitation error of the array antenna [1]. Zahedi and
Arand proposed a phase compensation method based on the
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genetic algorithm to realize the phase error correction for
large phased array antennas [2]. Huang et al. proposed a
non-iterative technique for the self-calibration of the ampli-
tude and phase error of the sensors of the airborne array
antenna with unknown source location [3]. Aiming at the
amplitude and phase error of the microwave feed network
of the phased array radar, Xie et al. proposed an array mon-
itoring method based on the compensation and correction
technology [4]. Zhang et al. proposed an improved calibration
method using coefficient matrix for the amplitude and phase
error in the phased array radar [5]. Dai et al. proposed a new
method that does not require a priori calibration information
for the problem of amplitude and phase error calibration
for large-scale planar arrays [6]. Wang etr al. proposed a
calibration method for circular array antennas with mutual
coupling and amplitude and phase error, and obtained a more
accurate DOA (Direction of Arrival) estimate [7]. Rocca et al.
proposed a statistical method based on the interval analysis to
analyze the influence of the amplitude and phase excitation
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with random errors on the radiation pattern of the phased
array [8]. He et al. introduced how to use the probability-
based method and method based on the interval arithmetic
to evaluate the effects of the phased array antenna with exci-
tation errors [9].

There are also many literatures that have analyzed and
studied the position error of array elements. For the array
antenna with element position errors, Lou et al. considered
the mutual coupling effect in the traditional compensation
method to reduce the influence of the array deformation [10].
Yoo et al. studied the phased array radar where the antenna
feed position is not in the center of the antenna, and proposed
a compensation technique that does not collect information
at the center of the antenna [11]. Ye et al. proposed an
equivalent method for estimating signal parameters based
on the single-signal source rotational invariance technique,
which can effectively balance the position error caused by the
vibration deformation of the array [12]. Sippel et al. analyzed
the antenna array with mutual coupling, unknown time delay
and position errors, and proposed a calibration method using
an incoherently transmitting beacon [13]. Wang et al. pro-
posed the coupled structure-electromagnetic statistic model
for the randomness of the position of elements in the antenna
array, which can quickly and effectively obtain the antenna
performance [14]. Sa et al. proposed a hybrid tolerance
design method for antenna array with geometric errors, which
improved the performance of the antenna [15]. Wang et al.
proposed a prior knowledge-based algorithm for large array
antennas with interval errors, phase excitation errors and
position errors, which improved the robustness of the antenna
array [16]. Zhang et al. analyzed the position error existing in
the conformal array and proposed a position error calibration
algorithm to reduce the influence of the error [17].

In addition to the excitation error and position error men-
tioned above, other kinds of errors (including interval error,
beam pointing error, etc.) have also been studied in related
literature. Zhou et al. analyzed the joint array antenna with
the array pointing error, and found the error will increase
the side-lobe of the array pattern and reduce the gain [18].
Frid et al. analyzed installation errors such as platform reflec-
tion, diffraction from metal edges, and reflection and refrac-
tion in the radome, and proposed a post-processing method
to improve DOA estimation accuracy [19]. Guo et al. studied
large-scale array antennas containing assembly errors. They
established an accurate gain prediction model based on the
improved extreme gradient boosting algorithm and transfer
learning method, and proposed a compensation method to
control the error [20]. Aiming at the beam pointing error
of phased arrays, Zhang et al. proposed a sequential phase
feeding algorithm with the minimum beam pointing error
for centrally symmetric planar array antennas, and deduced
the theoretical expression of the beam pointing error caused
by phase quantization errors [21]. Lee and Song conducted
a detailed mathematical analysis of the array antennas with
the quantization error and interval error, and theoretically
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FIGURE 1. Time-modulated linear array.
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FIGURE 2. Rectangular time-modulation function.

obtained the statistical characteristics of the radiation pattern,
which is in good agreement with the simulation results [22].

Compared with the traditional antenna array, the time-
modulated antenna array deploys the time-modulation
switches, so it will introduce time-modulation parameter
errors. These errors in time-modulated arrays have also
been studied by some literature. Yurtsev et al. analyzed the
time interval random errors in the time-modulated array and
pointed out that the side-lobe level of the pattern increases
faster than that of the array without time-modulation [23].
Amjadian and Fakharzadeh studied the effect of non-ideal
time switches on the performance of time-modulated arrays,
and pointed out that time error has a little effect on beam
pointing and beam width, but more on main-lobe level [24].
Howeyver, there is still a lot of room for research on various
kinds of errors in time-modulated arrays.

Aiming at the time-modulation parameter errors in the
time-modulated array, this paper proposes an anti-error
robust pattern synthesis algorithm (AERPS) to optimize time-
modulation parameters and the excitation coefficients of
array elements, so as to minimize the influence of the errors
on the array pattern and further improve the low side-lobe
and robust performance. The structure of this paper is as
follows: Chapter II introduces the pattern synthesis model
of the time-modulated linear array under error conditions.
The proposed AERPS algorithm is discussed in detail in
Chapter III. Numerical simulation results are presented in
Chapter IV to demonstrate the effectiveness and robustness
of the proposed algorithm. Finally, conclusions are given in
Chapter V.

Il. MATHEMATICAL MODEL OF TIME-MODULATED
LINEAR ARRAY PATTERN SYNTHESIS UNDER

ERROR CONDITIONS

Time-modulated linear array composed of N isotropic array
elements is shown in Fig 1 and the far-field radiation intensity
can be expressed as

E (9, [) = szun (t) eikxn Singe]zﬂfot (1)
n
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where fy, x, and w, represent the center frequency of the
array, the position and complex excitation coefficient of the
n—th element in order. k = 2xf, / c is the carrier propagation
coefficient in free space, and c is the speed of light.

As shown in Fig 2, in the time-modulation repetition period
T,, uy, (t) is the rectangular function, and its mathematical
expression is

Uy (1) = I L <t<ty+ 1w )
0 others
where #, and 7, are the opening time and duration time, all
satisfying 0 < ¢,, 7, < T,. Expanding the Fourier series of
the u, (1), we have

Un (1) =) @™ m =0, £1.... 3)
m

where f, = 1/T,, and a,,,, is the expansion coefficient, whose
expression is

A = Tof Sin ¢ (TMTyfy) €77 Mr Clntn) 4)
therefore formula (1) can be further expressed as
E(©,1)
=ZZ wiay, sin ¢ ( moy,) &/*n SinO—jrm2fyten) pi27 (fo+mft

n m

&)

where o, = 1,f; and B, = t,f; are the normalized duration
time and opening time, respectively, satisfying 0 < «,, B, <
1. The radiation intensity expressions of the array at the center
frequency fy and the m — th sideband fy + mf; are

Ey(0,1) = Z W oty /Ko sin p27for (6)
n

E,@©,t) = Z whoysine (Tmay,)

n
X ejkxll Sing_jnm(zﬂn+an)ej277(fO+mfr)t (7)

Ignoring the common factor terms /20! and /27 o+t the
above expressions are rewritten as

Eo(0) =) whae™nin? 8)

E, ) = Z Wi asine (Tmoy,) el sinO0=jrmQputen) ()
n

Next we will discuss the effect of errors on the radiation
intensity. Array errors usually contains the following types:
excitation errors of the array elements, position errors of
the array elements, and time-modulation parameter errors.
Only the time-modulation parameter errors are studied in this
paper, that is, the opening time error and duration time error
are studied.

Assuming that the time switch of the n — th element has
normalized opening time error AB, and normalized dura-
tion time error A«,, the modified expression of the array
antenna’s m — th radiation intensity is

Fn(6) = Z (Wi (an + Aay) sine [mr (an + Aaty)]

n
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« ¢/ken sin0—jmm (2B, +an+2Aﬂn+Aan))

= Z [ [wﬁansinc (mmay,) e /m™ (2ﬂn+an)]
n

A0

% efjmn(ZAﬂn+Aan)] Xejkx,, sin0} (10)

sinc [mm (a, + Aay)]

sinc (mmoy,)

The part in {} is the sum of the error terms caused by the
time-modulation parameter errors Ao, AB,.

For the pattern synthesis of the time-modulated linear
array affected by the errors, we have studied the follow-
ing problems: 1)Beamforming in the given direction at the
center frequency fp. 2)Beamforming with given parameters
on the first sideband fy + f.. 3)Making the peak side-lobe
level (PSLL) as low as possible at the center frequency fy and
first sideband fy + f;-.

In summary, the comprehensive optimization model of the
pattern synthesis is given below

min &1, &

o, B,w

s.t. Fo(6p) =1
F1(01) = 1

Fo (65) < €1,05 € Q2
Fl (95) =< é, 93‘ € Qx
0<anpu<l (11)

In the model, & = [a1 e an]T, B= [51 cee ﬁn]T are the
time modulation parameter vectors that need to be optimized,
and they forms the optimal solution vectors of the optimiza-
tion problem together with the complex excitation coefficient
vector w = [wy -+ wy ]T. Fo (0p) represents the radiation
intensity in the beam direction 6y at the center frequency fj.
F (61) represents the radiation intensity in the beam direction
60, at the first sideband fy + f;, and w1 is its maximum value.
Fo (65) and Fp (05) represent the radiation intensity of the
sampling direction 6; in the side-lobe area €2, at the center
frequency and first sideband, respectively, and €1, &> are the
side-lobe constraint parameters.

IIl. ANTI-ERROR ROBUST PATTERN SYNTHESIS OF
TIME-MODULATED LINEAR ARRAY
The model (11) will be divided into two sub-models of the
center frequency fp and first sideband fy + f;-.

At the center frequency m = 0, according to (10), we have

Fo(0) =) w) (on + Acy) 517 (12)

Defining a new parametric variable x, = w}a, and its
vector form x = [ x1 -~ Xn]T = w* . « which need to be
optimized. Denoting by = [e/k"' sing .. @ik sind ]Tas the
steering vector at the sampling direction 6. At the same time
we define by = [i—‘f‘ elkasind %e’bw sin® ]T, SO we
have

Fo () = x"bg + x"ba (13)
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Assuming X is a random vector, and £ (X), D (X) are
the expectation and variance of X, respectively. Under the

assumption of A« e~ N (0, 012), ba is a complex Gaussian

random vector and the expectation and variance are £ (bp) =
. 1 1

On i and D (by) =612-dlag(z —)

a2 ) respectively.
According to (13),the error term in Fy () is x ' ba,whose

statistical average power is

Po(6) =& {(beA) (beA)H} =of Y. "(‘1—2'2 (14)

therefore when the parametric vector x remains unchanged,
increasing o, can reduce the error power. At the same time,
for further analysis, according to the triangle inequality in
vector form |X| — Y| < |X 4 Y| < |X]+1Y| and the Cauchy
inequality in vector form |XTY| < [IX[l, [Y|l,, there is

[X"ba| = 12 Il < 1Fo @)1 = [xba|+11x112 Iballa
(s)

2
where [bal2 = bfby = Z(A—“) Iball, =
n

()

We further introduce the positive real parameter n which
is the upper bound of the error term, and for the random
vector ba, P{||ball, < n} = 1 statistically holds. We intend
to enhance the robustness of the pattern under the error con-
dition by setting the upper bound n. With (15), we have

[x"ba| = nllxll2 < 1Fo @) < [x"ba| +nllxll2 (16)

The term x”bg in the above formula is exactly the radi-
ation intensity without error, that is Eq (6), therefore the
upper/lower bound of the radiation intensity under the error
condition is obtained

[Eo )] —nlixlly < Fo @] < Eo@)|+nllxly, (17)
El(Aay)?}

2
@,

because of the equation 5{||bA||%} = Y
n
01220%, n = 5{||bA||%} = 0] ZD% can be selected
n " n "
as a typical value. In summary, the anti-error robust pattern
synthesis problem at the center frequency can be solved by
two steps:
1)Enhance the robustness of the array pattern with the
parameter 1 introduced, whose model is

min &;
X

st "o = 1 lxl = 1

T
Kb+l <e6e0 as)
e si e si T . .
where by = [e’kxl sinfo ... glkov S”‘90] is the steering
vector in the main radTiation direction 6y, and by, =
[ e/kvisings ... gikwvsinfs 17 s the steering vector in the sam-

pling direction 6; in the side-lobe area.
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2)In the case of keeping x solved at the previous step
unchanged, increase «, to reduce the error power Pg (0).

From above we solve the pattern synthesis problem of
the center frequency, and next we will focus on the pattern
synthesis problem of the first sideband. At the first sideband
m = 1, according to (10), we have

Fi0) =) (W} (@ + Aay) sinc [ ( + Acy)]
n
X ejkxn sin e_jn(zﬂn+all+2A,Bn+AaM)) (19)

In the following of this part, with x calculated, only the
influence of ApB, is considered, and similarly we assume
j.i.d.
AR KN (0, 03), so
Fl (9) — Z W:ansinc (jTan) e/erl Sing_jﬂ(zﬂn"l'an"'zAﬁn)

n

(20)

Denoting 1, = wiaysinc (ay,) e™Chten (20) can be
transformed into

F1(0) = Zhnejkxn sin @ + Z (e—j2nAﬁ,, . 1) hnejkx” sin@
n n

(21

Further writing (21) in vector form, we have
F1(0) =h"bg +h'b's (22)
For the convenience of analysis, we defineh = [/ - - - hy, ]T

and

b A =[(e 2B 1) ghrising .. (=27 AN _1) gk sine]T

which is the term related to the error. The steering vector is

also represented by by = [e/k"' sing ... gl sinf ]T. Analyz-

ing the error term b’ 5, we have
E(ba) = (7% —1) by
D(Wa) = (1- 7% ) Iy
e(Ibal3) = (1-e ) 23)

where Iy« y represents identity matrix.
It can be seen from (22) that the error term in F (6) is
hb o, whose statistical average power is

PL(6)=¢E {(th’A) (th/A)H} - (1 — 6_4"2‘722) h"h
24)

So when the parametric vector h is unchanged, the greater

the variance 022 is, the greater the error power Pp (0) is.

Furthermore
h'h =" %7 sinc? (o) (25)
n

2
Xn

So we get

Pro)=(1—-e*) 3

n

x2|sinc? (ma,)  (26)
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FIGURE 3. The influence of different duration time errors on the center
frequency pattern.

With 022 and x, unchanged, increasing the normalized dura-
tion time of array elements can reduce the error power.

Defining a new parametric vector g = [g1 <o 8n ]T of
which the n—th entry is g, = sinc (wa,) e 77 Zhrten) soh =
X - g holds. The robust pattern synthesis problem at the first
sideband can be solved through the following optimization
model.

max (|
g

st |(x - g) b1l > w1
[(x - 8)bs| < &2,05 €
lgl < 2 27)

where y is a known parametric vector solved by (18), by =
[eikxl sinfi ... gk sin6 ]Tis the steering vector of the main
radiation direction of the first sideband, and g is the paramet-
ric vector we need to obtain. p; is the maximum radiation
intensity at the radiation direction of the first sideband, and
&y is the side-lobe constraint parameter. py is the control
parameter, and the smaller u; is, the smaller sinc (wo;,) and
error power are obtained, so that the side-lobe performance
of the first sideband can be better.

Denoting the amplitude and phase of g, are ag, and @,
respectively, after obtaining g by the convex optimization
method, we can calculate o, and B, through the following
relationship

Lsinc™! (agn)

Bn = —% ((pgn + sinc ! (ag,,) + 27Tp)

oy =

(28)

In the above formula, it’s necessary to take an appropriate
integer p tomake 0 < o, B, < 1, and the complex excitation
coefficient of each element can be obtained by w}; = x, / oy

57196

TABLE 1. 500 simulation results of different o, (unit: dB).

o, 01 005 002 001  0.005 0

Mean{F,(6,)] ~ -003 003 -001 0 0 0
Var{F,(6,)} 095 019 003 001 0 0
Mean{PSLL} 1380 -19.00 2395 2606 -27.28 -28.64
Var{PSLL} 245 242 139 053 018 0
Max{PSLL} 935 -1423 2003 2406 2571 -28.64

Note: Mean{ } ,Var{} and Max{ } respectively represent the
statistical mean, statistical variance and maximum value.
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FIGURE 4. The influence of different opening time errors on the first
sideband pattern.

TABLE 2. 500 simulation results of different o5 (unit: dB).

o, 0.1 005 002 001  0.005 0
Mean{F,(8,)} 217 098  -0.63 058  -056  -0.56
Var{F,(6,)} 023 001 0 0 0 0
Mean{PSLL} 1335 -17.90 2297 2535 -26.86 -28.64
Var{PSLL} 206 152 095 043 017 0
Max{PSLL} 942 -1429 -1998 2340 2557 -28.64

IV. SIMULATION

In order to verify the performance of the proposed algorithm,
we design a set of simulation experiments, and at the same
time provide corresponding figures and tables from four
aspects. The configuration of the experiment is listed as fol-
lows. The time-modulated array has N = 30 elements and the
interval of each element is d = 0.5A. The pattern synthesis
parameters are listed below: 1)The radiation direction of the
center frequency is 6y = 0°. 2)The radiation direction of the
first sideband is 8; = 10°. 3)the beam width of the center
frequency and first sideband are all 10°.
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FIGURE 5. The influence of different 5 on the center frequency pattern
with ¢; = 0.05.

TABLE 3. 500 simulation results of statistical average of normalized
side-lobe levels under different parameters(unit: dB).

9
n 0.1 0.05 0.02 0.01 0.005 0

0 -13.89  -19.03  -23.94 -26.02 -2731 -28.64
1 -13.75 -19.08 -2391  -26.00 -2726 -28.64
2 -13.89  -19.03 -23.88  -26.06 -27.28  -28.64
3 -1349  -1823 2197 -23.15 -23.70 -24.28
4 -13.03 -16.99  -19.14  -19.68  -19.89  -20.09
5 -1224  -1459  -1480 -1487 -14.88  -14.88

A. COMPREHENSIVE ANALYSIS OF DUAL-BAND PATTERN
UNDER TIME-MODULATION PARAMETER ERRORS

This section describes the effect of time-modulation param-
eter errors on the dual-band pattern. It can be seen from (12)
that the radiation intensity of the center frequency is only
related to the normalized duration time error Ac,, and has
nothing to do with the normalized opening time error Ag;,.

Fig 3 shows the influence of different normalized duration
time errors on the center frequency pattern. It can be seen that
due to the normalized duration time error Ac,,, the side-lobe
performance deteriorates, and as the variance of the error 012
increases, the rise of the side-lobe level is more obvious.

Table 1 shows the statistical data of the 500 repeated
simulation results. It can be seen that the average value of the
PSLL has risen from the error-free —28.64dB to —13.80dB,
—19.00dB, —23.95dB, —26.06dB, and —27.28dB, respec-
tively, which is consistent with the above conclusion.

As for the first-order sideband, it can be seen from (20)
that when y is determined, the radiation intensity is affected
by the normalized opening time error Ag,,.

Fig 4 shows the influence of different normalized opening
time errors on the first sideband pattern. As the variance of the

error 022 increases, the side-lobe level rises more obviously.

VOLUME 10, 2022

TABLE 4. 500 simulation results of statistical root of variance of
normalized side-lobe levels under different parameters (unit: dB).

n ‘1 0.1 0.05 0.02 0.01 0.005 0
0 322 2.34 1.19 0.47 0.18 0
1 2.78 2.19 1.33 0.49 0.18 0
2 3.24 2.32 1.35 0.54 0.17 0
3 3.29 2.39 0.87 0.33 0.10 0
4 2.68 1.95 0.67 0.21 0.06 0
5 2.10 1.67 0.41 0.09 0.03 0

10
max(a)=0.211
max(«a)=0.4
0r max(a)=0.6
max(a)=0.8
max(a)=1
-10 r
m
o
E-20 &
2
&
-30
-40
-50
60 v ) ® i . Ve
-50 0 50
Angle/®

FIGURE 6. First sideband pattern with different maximum duration time.

Table 2 shows the statistical results of 500 experiments.
It can be seen from Table 2 that with the increase of o7, the
maximum radiation intensity of the main-lobe is decreasing,
while the mean of PSLL is increasing.

B. ANALYSIS OF ANTI-ERROR ROBUST PATTERN
SYNTHESIS OF CENTER FREQUENCY

In this section, we will study the influence of the parameter n
on the performance of the center frequency pattern according
to (18).

Fig 5 shows the influence of different n on the center
frequency pattern with o1 = 0.05. It can be seen that as
increases, the maximum of the radiation intensity increases,
and the PSLL also increases. In order to further obtain the
statistical performance of the algorithm we proposed, we per-
formed 500 repeated simulations on multiple sets of parame-
ters, and the results are shown in Table 3 and Table 4.

Table 3 shows the statistical average of the normalized
side-lobe level in 500 random experiments under different o
conditions when 7 takes a specific value, from which we can
see: 1)When keeping 1 unchanged, such as the row of n = 3,
the normalized side-lobe level increases as the parameter o
increases. 2)When keeping o1 unchanged, for example, in the
column of o1 = 0.05, from a statistical point of view, the
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TABLE 5. 500 simulation results of different max («p) (unit: dB).

TABLE 6. The statistical average value of the maximum radiation
intensity of the first sideband in 500 simulations under different
parameters(unit: dB).

max (e, ) 0.21 04 0.6 0.8 1
O
Mean{NPSLL} 2191 2305 2384 2417 2425 0 2 0.1 0.05 0.02 0.01 0.005 0

/Var{NPSLL} 0.98 0.37 0.06 0.0044  0.0002 0.5 -7.65 -6.43 -6.09 -6.04 -6.02 -6.02
Note: NPSLL means normalized-PSLL. 0.6 -6.10 -4.85 -4.50 445 -4.44 -4.44
0.7 -4.70 3.52 -3.16 3.1 -3.10 -3.10
20 1 0.8 -3.57 235 -2.00 -1.95 -1.94 -1.94
—6— Main-lobe 0.9 2252 -1.33 -0.98 -0.93 -0.92 -0.92
10 t ©— side-lobe 0.99 172 050 015  -0.10  -0.09  -0.09

0 M
_gocw

Value/dB
oy
o

0.5 0.6 0.7 0.8 0.9 1

Ky

FIGURE 7. The influence of 1, on the maximum radiation intensity and
peak side-lobe level.

normalized side-lobe level increases with the increase of 7,
which shows that setting the upper bound parameter n cannot
improve the deterioration of side-lobe level.

Table 4 shows the statistical root of variance of the nor-
malized side-lobe level, that is, the deviation degree of the
normalized side-lobe level in 500 random experiments under
the different o7 conditions when 7 takes the specific values,
respectively. From this table we can see clearly: 1)When
keeping n unchanged, such as the row of n = 3, the degree of
deviation increases with the increase of o1. 2)When keeping
o1 unchanged, such as the column of o1 = 0.05, the degree
of deviation decreases as 1 increases, which shows that set-
ting the upper bound parameter 1 can reduce the side-lobe
deterioration range.

Combining the conclusion of the Table 3 and Table 4, it can
be seen that although the upper bound parameter n cannot
lighten the uplift of the side-lobe caused by the error, it can
reduce the dynamic range of its fluctuation, which is exactly
the meaning of the so-called ‘robustness’ in the algorithm.

Furthermore, in order to make the side-lobe performance
better, we can reduce the statistical average and the statis-
tical root of variance of the normalized side-lobe level by
increasing max (¢,). Table 5 shows the statistical results
of 500 repeated simulations of the center frequency pattern
when «, is increased proportionally under the setting of n =
3,01 = 0.02.

However, increasing «;,, proportionally will affect the radi-
ation characteristics of the first sideband. As shown in Fig 6,
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TABLE 7. The statistical average value of peak side-lobe level of first
sideband in 500 simulations under different parameters (unit: dB).

9
% 0.1 0.05 0.02 0.01 0.005 0
0.5 -18.85 -23.46 -28.49 -30.84 -31.77 -31.85
0.6 1725 2194 -2696  -2925  -30.12  -3027
0.7 1595  -2058  -2558  -2790  -2885  -28.93
0.8 -1470  -1945 2441 2677 2765 2177
0.9 21369 <1833  -2339 2573 2663  -26.74
0.99 21292 41751 -2255 2492 2578 -25.92

the first sideband need to be further optimized for robust
pattern synthesis of dual frequency bands.

C. ANALYSIS OF ANTI-ERROR ROBUST PATTERN
SYNTHESIS OF FIRST SIDEBAND

It can be seen from the previous part that increasing o, will
worsen the radiation characteristics of the first sideband. So it
is necessary to adjust the parameter wo, according to (27),
to further control the value of «;, to improve the radiation
characteristics of the first sideband fy + f;.. This part shows
the influence of w, on the first sideband pattern.

Fig 7 shows that as w, takes the value 0.5, 0.6, 0.7, 0.8, 0.9
and 0.99 in turn with oo = 0.05, the statistical average value
of the maximum radiation intensity of the main-lobe and
PSLL are increasing. Furthermore, in order to obtain the sta-
tistical results of the maximum radiation intensity and PSLL
of the first sideband under different parameters, we perform
500 repeated experiments on multiple sets of parameters. The
results are shown in Table 6 and Table 7.

Table 6 and Table 7 respectively give the statistical average
values of the maximum first sideband radiation intensity and
PSLL in 500 repeated experiments when the specific values
of the parameter (1, are taken respectively under the different
values of o7, from which we can find : 1)When keeping the
parameter pp unchanged with the increase of o7, the maxi-
mum radiation intensity decreases along with the increase of
the PSLL.

2)When keeping o, unchanged, as the parameter o
increases, the maximum radiation intensity increases, and the
PSLL also increases.
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FIGURE 8. Results of the maximum radiation intensity and peak side-lobe
level of the two algorithms.

TABLE 8. Comparison of 500 simulation results of two algorithms
(unit: dB).

cvX AERPS
i Lot o St

Mean{max (F (6))} 002 -L18 727 3.57
Var{max (F (6))} 0.8 017 0.03 0.2
Mean{PSLL) -19.08 <1593 -1448  -1232
Var{PSLL} 2.02 1.91 0.79 L61
Mean{NPSLL} -19.06  -1475 2175 -15.88
Var{NPSLL} 2.02 1.99 0.79 1.84

Note: F () here means F,(6,) and F, (6,) corresponding to the
different frequency band.

It can be concluded that adjusting parameter 11, can control
the performance of the main-lobe and side-lobe under the
error condition, but the performance improvement of the
main-lobe and side-lobe are often contradictory. Therefore,
it’s necessary to select the appropriate @, based on the prior
knowledge of the error variance 022 to achieve a better trade-
off between the main-lobe and side-lobe performance.

D. ANALYSIS OF ANTI-ERROR ROBUST PATTERN
SYNTHESIS OF DUAL-BAND

Combining the analysis results of above parts, we will take
a specific setting of the parameters n = 3, u2 = 0.7 to
verify the performance of the algorithm we proposed(another
setting of the parameters can also reflect the performance
of the algorithm to vary degrees), and compare with the
algorithm of n = 0, up = 1 (that is, the CVX algorithm
without processing).
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Fig 8 shows the dual-band normalized pattern under two
algorithms. It can be seen that the proposed algorithm can
make the side-lobe performance better. In order to further
give the performance of the algorithm in a statistical sense,
we have done 500 repeated experiments, and the results are
shown in Table 8.

Table 8 shows the performance comparison between the
unprocessed CVX algorithm and AERPS algorithm under the
specific setting of o1 = 0.05, 02 = 0.05. It can be seen
that the radiation intensity of the proposed AERPS algorithm
in the direction of the center frequency 6y = 0°and first
sideband 6; = 10° all increases, and the statistical variance
is significantly reduced.

The statistical variance of the maximum radiation intensity
at the center frequency is reduced from 0.18dB to 0.03dB,
and the statistical variance of the maximum first sideband
radiation intensity is reduced from 0.17dB to 0.02dB, which
embodies the significant improvement of the robustness of
the pattern synthesis.

V. CONCLUSION
Aiming at the dual-band time-modulated linear array pattern

synthesis model with errors, this paper proposes an AERPS
algorithm, which can reduce the side-lobe lift caused by
errors and improve the robustness of the pattern synthesis.
Our basic idea is to divide the model into two sub-models
and further solve the revised model step by step through
making reasonable assumptions about the distribution of the
time-modulation parameter errors. We first perform convex
optimization solution for the center frequency band, and then
perform convex optimization solution for the first sideband
after obtaining the intermediate parametric variables, and
finally obtain the complex excitation coefficient, opening
time and duration time of each element. This paper shows
the effectiveness and robustness of the algorithm through the
simulation results of 30-element linear array. It can be seen
from the results that the algorithm proposed in this paper can
reduce the normalized side-lobe level in a statistical sense,
and reduce the dynamic range of the normalized side-lobe
level.
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