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Abstract This article presents an approach for the synthesis of time-modulated cir-
cular array patterns with specified null width constraints. The time-modulated circular
antenna arrays with uniform amplitude excitations are designed through the dif-
ferential evolution algorithm with their excitation phases, and the switch-on time
intervals of each element of the time-modulated circular arrays are the variables to be
optimized. Several examples synthesized from the time-modulated circular array with
the prescribed null width and depth are compared with some published results of the
conventional circular array. Simulation results illustrate the achievable performance
of the approach in successfully synthesizing patterns with desirable broad nulls, even
if the amplitude excitations are uniform.
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1. Introduction

The use of a null adjustable position in the radiation pattern of a receiving antenna array
is often suggested as a means of “eliminating” an interfering signal, thus improving the
quality of reception of the wanted signal (Gething & Haseler, 1974). Antenna arrays
with low side-lobe radiation patterns cannot guarantee good reception of the desirable
signal in the presence of strongly polluted electromagnetic environments. In order to reject
interference signals, it is often necessary to place deep nulls in the pattern. However, in the
case that the interference signals are incident from several different directions or variable
slightly with time, the positions of the pattern nulls have to be continuously adjustable.
In order to avoid the inconvenience of continuous null steering, a relatively wide null
on the mean directions of arrival of the interference signals is desirable. Thus, there has
been considerable interest in the synthesis of antenna array patterns with prescribed broad
nulls (Giusto & De Vincenti, 1983; Er, 1988, 1990; Guney & Onay, 2007; Lu & Yeo,
2000; Karaminas & Minikas, 2000; Gome-Tomero et al., 2010). However, most of these
studies were on the linear arrays, and to the best knowledge of the authors, studies were
rarely conducted on the synthesis of antenna patterns with broad nulls in circular arrays,
especially in recent years.
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On the other hand, in recent years, the time-modulation technique has been widely
used to synthesize low/ultra-low side-lobes (Kummer et al., 1963; Yang et al., 2003,
2004b, 2005, 2009; Rocca et al., 2009, 2010). With the additional degree of design
freedom—time—the dynamic-range ratio of the excitation can be significantly reduced.
As for the time parameter, it can be adjusted easily, rapidly, and accurately; the stringent
requirements on various error tolerances can also be relaxed. However, the inherent
drawback of the time-modulated arrays is that there are many sideband signals spaced at
multiples of the modulation frequency, which implies that part of the radiated or received
power is shifted to the sidebands. In order to overcome such a drawback and to improve
the performances of the array, the sideband radiation (SR) can be minimized through
optimization. Most of the studies on the time-modulation technique are focused on linear
antenna arrays, while studies on the time-modulation circular arrays are relatively rare to
be seen. Moreover, conventional circular antenna arrays have found many applications
in situations where a 360° scan of the main beams are desired, and they play important
roles in radio direction finding, radar, sonar, and wireless communication systems, among
others (Goto & Tsunoda, 1977; Huang et al., 2009). In addition, antenna arrays with
uniform amplitude excitations are easier and less expensive for practical feed network
implementation (Yang et al., 2005; Goto & Tsunoda, 1977; Huang et al., 2009; Fondevila
et al., 2004). Therefore, with the motivation to overcome the difficult amplitude control
problems in a conventional antenna array, a time-modulated circular array (TMCA) with
uniform amplitude excitations is utilized to synthesize radiation patterns with prescribed
broad nulls in this article. The differential evolution (DE) algorithm is used to optimize
the excitation phases and the switch-on time intervals of each element to produce desired
wide nulls and suppress the side-lobe levels (SLLs) and the sideband levels (SBLs)
simultaneously. A TMCA of 32 identical dipoles with uniform amplitude excitations
is considered. Simulation results show that patterns with wide nulls can be achieved
successfully, even if the amplitude excitations are uniform.

2. Theoretical Analysis

2.1. TMCA

Consider a circular array of N identical elements equally spaced on the x-y-plane
(Figure 1). If a plane wave of frequency f is incident at an angle (6, ¢) with respect to
the spherical coordinate system of the array, the output signal from the array is given by

N
E(@, 0. l) — ejZJrf()t Z Akfk(ea ¢)ej[ka sin@cos(gﬂ—gﬂk)+ak]’ (1)
k=1

where a is the radius of the circular array; A, and oy are the static excitation amplitude
and phase of the kth element, respectively; and ¢ (¢ = 2wk /N) is the angular position
of the kth element on the x-y-plane. f;(0, ¢) is the element pattern of the kth element.
To produce an in-phase collimated beam at (6, ¢), select

ar = —kasin 6 cos(py — @). 2)
Then the output signal can be rewritten as

N
E@®,p.t) = e/ 2mfot Z A i (6, (p)ejka[siHGCOS(w—wk)—sin o cos(po—gx)] (3)
k=1
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Figure 1. Scheme of an N -element circular array.

Suppose that in the TMCA, each element of the circular array is controlled by a high-
speed radio frequency (RF) switch and is excited with a static complex weight Ae/%
(k = 1,2,...,N). The periodic switch-on time function Uy(t) (k = 1,2,...,N)
(Kummer et al., 1963) for each element can be expressed in the form of

1 0<t<t
Ur(t) = . 4
0 otherwise

In Eq. 4), w (0 < 7 < T,) is the switch-on time of each array element in each
modulation period 7',. The time-modulation frequency is ', = 1/T),. Substituting Eq. (4)
into Eq. (1) and decomposing it into a Fourier series with different frequency components
Jo+m-F, (m=0,£1,%£2,..., +00), the mth-order Fourier component is given by

N
En0,0,1) = e/ 2w (fotmEp)t Z Apic (6. (p)ej[ka sin f cos(p—gr) o] (5)
k=1

Thus, the radiation patterns of the sideband components (fo + m - F,, m # 0) can be
written by Eq. (6):

N
3" Ay fi (60, )l sind costyg e | ©
k=1

|Em(9, §0)| =

The complex amplitude A, is given by

1 Tp .
Ak = —/ [Ak - U (t) - e=727mEt] - di
T, Jo
©)

Ar - T . sin(mmry - Fp) e iTmFy

T, amy - F,
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At the center frequency fy (m = 0), the radiation pattern can be specified as

N

|Eo (6, ¢)| = ZAOkfk(9,¢)€j[ka sin  cos(p—pr)+ak] | )
k=1

A()k = Ak . ‘Ck/Tp. (9)

Therefore, Eq. (9) can be used to synthesize specific patterns at the center frequency
Jfo. It is known from Eq. (9) that although amplitude excitations are always uniform
(Ax = 1) throughout this study, the additional variable 7; can be used to flexibly control
the radiation pattern at the center frequency fy. Thus, the pattern control capability is as
good as the amplitude control methods in conventional arrays without the difficulty of
implementing a feed network with higher amplitude ratios.

For specific restrictions, assume that the elevation is fixed at 90° and the elements
are identical dipoles. The element pattern is f; (6, ¢) = sin6 for each identical dipole.
Considering that there are M elements uniformly spaced along the circumference of
radius a (where M is assumed to be an even number here) and the symmetric property
of the arrays, the excitation amplitude of each element will be A = 1, and the phases
at the kth, —kth, k’th, and —k’th elements will be oy, a—i, ay, a—i, Tespectively, as
shown in Figure 2. Due to the symmetric property of the array, the far-field pattern in
the azimuth plane can be simplified into the following form:

N
) 2k
E(p,t) = 2e /2ot k_E_N Ay cos [ka cos ((p + —ﬂ) + ocki| , (10)

where the phases are assumed to be

Ol = 0—f = —0Upr = —0—)/ fOI‘kZO,l,Z,...,N—l

oy =a—y =0 for M = 4N

(1)

In Eq. (10), A = A except that Ay = A_y = A/2.

o _k__o
-1 Ty N

Figure 2. Circular array of 4N elements.
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The time intervals of each element in the TMCA are assumed to be

=T =T =T fork=12,...,N—1
T0 = Ty . (12)
IN = T-N

Thus, the radiation pattern of the specific TMCA above would be concretely ex-
press as

N
j 2
E(p,t) = 272Nt Z A Ui (t) cos [ka cos ((p + —) + aki|
k=—N

. ejZJT(.ﬁ)‘l’mF[,)t’ (13)

> al i 2k
= Z 2 ZAmkcos acos g0+7 + oy

m=—00 k=—N

where A,,x is the same as Eq. (7).

2.2. DE Algorithm

In recent years, many evolutionary optimization algorithms have been successfully applied
to the synthesis of arrays patterns (Yang et al., 2002, 2004a; Haupt, 1997; Benedetti et al.,
2006; Cutello et al., 2010; Manica et al., 2009; Poli et al., 2010). These optimization
techniques, such as the genetic algorithm (GA), simulated annealing (SA) algorithm,
particle swarm optimization (PSO) method, and DE algorithm, have been proven to
have the ability of finding global minima and can be used to solve various engineering
problems. As a global optimization method, the DE algorithm has proved to be an
excellent optimizer for various challenging engineering problems, such as electromagnetic
inverse scattering (Qing, 2003) and magnetic bearings design (Stumberger et al., 2000).
Also, the DE algorithm has been successfully applied to array synthesis problems (Yang
et al., 2003, 2005). In many cases of real-valued problems, the DE algorithm outperforms
some of the other evolutionary algorithms (Yang et al., 2005; Panduro & Brizuela, 2009).
And, it shows better performance in circular antenna arrays as compared with GA and
PSO (Panduro & Brizuela, 2009). Therefore, the DE algorithm was chosen to optimize
the phases and the switch-on time intervals of each element in this article. The main
optimization procedure of the DE algorithm is introduced briefly in what follows.

The DE algorithm operates on a population of NP candidate solutions X;¢ (i =
1,...,NP), where the index i denotes the population and G denotes the generation to
which the population belongs. It follows a general procedure of an evolutionary algorithm
using the three kinds of operators: mutation, crossover, and selection; however, these are
quite different from those in the GA.

The DE algorithm starts by initializing the population randomly to cover the entire
space uniformly. It differs from the GA in that the mutation operator takes place first, and
the process at each generation begins by randomly selecting three individuals {ry, 5, r3}
in the population set of NP elements. The i th perturbed individual V; g4 can be generated
according to

Vi1t = X + F x(Xr 6 — Xr6), (14)
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where i = 1,...,NP, ri,ry,r3 € {1,..., NP} are randomly selected such that ry # r, #
ry # i; F is the control parameter (mutation factor) such that F € [0, 1]. The mutation
applies the vector differentials between the existing population members for determining
the perturbation of the individual. This process can avoid the harmful mutation exist
in the GA.

Then the perturbed individual V;g4+1 = (ViiG+1,--.,UniG+1) and the current
population member X;¢ = (x1,G,...,Xnic) are subject to the crossover opera-
tion, which finally generates the population of candidates (child vectors) U;g+1 =
(M1iG+1s---UniG+1) according to

VjiG+1 if randj < Cr \/j =k
UjiG+1 = : , (15)
XjiG otherwise
where j = 1,...,n; k € {l,...,n} is a random parameter’s index; and rand; is a real

random number in the range [0, 1]. The crossover factor C, € [0, 1] is set by the Suser.

Finally, the selection operation takes place. The population for the next generation is
selected from the individual in the current population and its corresponding trial vector
according to the following rule:

Uiy if fUic+1) < f(Xig)
XiGg+1 = .

Xic otherwise

(16)

The fitness value of the child vector is compared with its corresponding parent vector,
and the one with the lower objective function value will survive from the tournament
selection to the population of the next generation. In this way, all the individuals of the
next generation are as good as or better than their counterparts in the current generation.
The overall procedure repeats until the maximum number of generation are used up or the
prefixed iteration accuracy is achieved.

The proper choice of the parameters (F, C,, NP) and the objective function is crucial
to the convergence of the minimization problem. The initialized population should be
spread as much as possible over the objective function surface, and for many applications,
NP = 10* D is a good choice, where D is the dimension of the vector X; g or the number
of the optimized variable (Storn & Siemens AG, 1996). However, in some applications
(Huang et al., 2009; Yang et al., 2004a), it is effective to set NP = 5 x D to speed up
the convergence rate. The crossover factors F' and C, are usually chosen as € [0.5, 1]
and [0.8, 1], respectively. The specific parameter value is set by the user for different
conditions.

In this article, the vector X; ¢ = {tx, a} is defined to indicate all the parameters to
be optimized. Meanwhile, the SRs (rm # 0) are considered to be suppressed to improve
the radiation efficiency (Bregains et al., 2008; Poli et al., 2010; Yang et al., 2002). Thus,
in order to place broad nulls in the desired direction as well as suppress the SLLs and
the SBL, the objective function is constructed as

M
[P0 =Y w

i=1

E" (v) — NLD;

+war1 - SLLYL (0) | + wars2 - SBLUL )| e (17)
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where n represents the number of evolution generations, M stands for the total number
of the specified angles of interference sources at interval of 1°, NLD; is the desired null
depth level for the ith interference source, SLLyax and SBLp,«x are the maximum SLL at
the center frequency and the maximum SBL at the first sideband frequency, respectively.
And w; (i = 1,2,...,M + 2) are the weighting factors of each term to emphasize
the different contributions to the cost function. The weighing factors are continuously
adjusted until the minimization is going to converge.

3. Numerical Results and Discussion

In order to show the capabilities of setting wide nulls in the direction of the interference
region by applying the time-modulation technique into circular antenna arrays, a TMCA
of 32 identical dipoles with uniform amplitude excitations is modeled (where M = 32,
N = 8 as shown in Figure 2); some numerical results are presented in this section. In
this study, the typical DE simulation parameters (Yang et al., 2004a) are set as follows:
NP =5x% D, F = 0.6, and C, = 0.9. The search ranges of the excitation phases oy
(in radians) are selected as [—m, 7], and the normalized switch-on time intervals 7 are
selected as [0.06, 1.0], which is determined by the minimum operating time step of the
high-speed RF switch.

3.1. Example 1

For the first example, a TMCA of 32 identical dipoles, which are equally spaced at half
a wavelength apart along the circumference (where ka = N/2 = 16), is considered. The
element pattern of the dipole is selected to be sin §. Owing to the array symmetry, there
are only 17 parameters (the zeroth, first, second, ..., seventh elements phases and the
zeroth, first, second, ..., eighth normalized switch-on time intervals) to be optimized.
As can be seen from Figures 3 and 4, the normalized radiation patterns with a prescribed
wide null in the range of [50°,70°] and [80°, 130°] are successfully synthesized. It is
shown in Figure 3(a) that the SLL is —25 dB and the null depth is —56.8 dB, where the
null depth is 7.8 dB lower than that of the conventional array in (Lu & Yeo, 2000). In
addition, as shown in Figure 3(a), an additional wide null region is also placed in the
symmetric direction of [—70°, —50°]. Also, it can be seen from Figure 4(a) that the SLL
is —25 dB and the null depth is —58.7 dB in the band [80°, 130°] as well as the symmetric
band [—130°, —80°], where the null depth is 8.7 dB lower than the result in Lu and Yeo
(2000). As stated by Haupt (1997), nulling interference sources at symmetric angles about
the main beam is difficult for phase-only nulling, but it is convenient to set symmetric
nulls in the TMCA. As shown in Figures 3(b) and 4(b), the maximum SBLs were
suppressed to —15 dB, which means that the electromagnetic energy shifted to sidebands
are relatively small. Numerical results show the achievable performance of the approach
in successfully synthesizing patterns with desirable broad nulls, even if the amplitude
excitations are uniform. The only defect is that the 3-dB beamwidth is wider than that
of Lu and Yeo (2000), and this is due to the fact that the additional wide null placed
in the symmetric angle position and the arrays are uniformly excited. However, it still
has an advantage in the case of the interference signal distributing on both sides of the
main lobe. The excitation phases and normalized switch-on time intervals of the elements
numbered 0, 1,...,7, and 8 for the two far-field patterns of different null bands in the
first example are shown in Table 1, and the excitations of other elements can be readily
obtained through Egs. (11) and (12).
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Figure 3. Normalized radiation patterns of the A/2-spaced 32-element TMCA with nulls in the
range of [—70°, —=50°] and [50°,70°] (ka = 16): (a) solid line: pattern synthesized in this article at
fo; dashed line: pattern synthesized by Lu et al. (2000) and (b) corresponding sideband patterns
at fo + Fp and fo + 2F).
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Figure 4. Normalized radiation patterns of the A/2-spaced 32-element TMCA with nulls in the
range of [—130°,—80°] and [80°,130°] (ka = 16): (a) solid line: pattern synthesized in this
article at fo; dashed line: pattern synthesized by Lu et al. (2000) and (b) corresponding sideband
patterns at fo + F, and fo + 2F),.
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Table 1
Excitation phases and normalized switch-on time intervals of the A/2-spaced
32-element TMCA (ka = 16) (Case 1—nulls in the range of [-70°, —50°] and
[50°,70°]; Case 2—nulls the range of [—130°, —80°] and [80°, 130°])

8 7 6 5 4 3 2 1 0

Case 1 (k)
af (rad.) 0.0000 —1.5789 —1.6879 —1.5071 —0.7417 1.6348 1.5191 1.1128 0.8383
% (us)  0.0600  0.6264  0.9258 0.7175 0.1216  0.6426  0.9999 1.0000 1.0000
Case 2 (k)
oy (rad.) 0.0000 1.5670 1.6676 1.6031 —0.7022 —1.6373 —1.8241 —2.0772 —2.2284
% (us)  0.0600  0.6867 0.9489 0.6618 0.0667 0.7207 0.9999 0.9619 0.9278

3.2. Example 2

The second example considers the same TMCA, except the element space was changed
from half a wavelength into a quarter wavelength (where ka = 8). Figures 5 through 7
depict the normalized power patterns with variable null width and depth of the TMCA in
the range of [-50°, —30°] and [30°, 50°], [-80°, —50°] and [50°, 80°], and [—140°, —80°]
and [80°, 140°], respectively. It is noted that the SLLs are —26, —26.3, and —26.7 dB,
respectively, which are relatively lower than the —25 dB SLL in Lu and Yeo (2000). Also
from Figures 5 through 7, it is seen that the null depths are below —54.6, —55.8, and
—54.6 dB for each null region. While in Lu and Yeo (2000), the null depth is —49 dB
for 20° null width in the band [50°,70°] and —50 dB for 50° null width in the band
[80°, 130°]. Thus, the performance of the null width and depth has been improved as
compared to the results of Lu and Yeo (2000). Moreover, the SBLs of the three patterns
were further suppressed to below —20 dB, which is a sufficiently small SBL for the

-10-
204

-304f

Pattern (dB)

-70 T T T T T T T v v v T T 1
180 135 90 45 0 45 90 135 180
o (deg)

Figure 5. Normalized radiation patterns of the A/4-spaced 32-element TMCA with nulls in the
range of [—50°, —30°] and [30°,50°] (ka = 8).
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Figure 6. Normalized radiation patterns of the A/4-spaced 32-element TMCA with nulls in the
range of [—80°, —50°] and [50°, 80°] (ka = 8).
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Figure 7. Normalized radiation patterns of the A/4-spaced 32-element TMCA with nulls in the
range of [—140°,—80°] and [80°, 140°] (ka = 8).
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reduction of the inherent power loss due to time modulation. Furthermore, it shows that
the null width, SLL, SBL, and the 3-dB beamwidth have been improved to acquire better
results as compared to the first example. In general, it shows the flexibility of this simple
approach by only adjusting the phase of the array and the switch-on time interval without
changing the amplitude excitations.

4. Conclusion

This article presents an approach of pattern synthesis with specified variable wide nulls in
the side-lobe region. The uniform amplitude TMCA is adopted, and the desired radiation
patterns with specific restrictions are successfully synthesized. Numerical results show
that by using the time-modulation technique, the excellent pattern control capability in
amplitude-phase methods is retained, while the difficulty of the higher amplitude ratios
in the amplitude control technique is eliminated. The null width can be up to 60°, which is
essentially difficult for conventional antenna arrays. The proposed approach can be used
to effectively suppress the interference signals incident from several different directions
within a certain angle range or varying slightly with time.
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