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Abstract A method that can be used to compensate for the mutual-coupling effect
in time-modulated antenna arrays for synthesizing flat-top patterns is proposed in this
article. Based on the measured complex embedded element patterns, the differential
evolution algorithm is employed to optimize time sequences and phase excitation of
each element in the array and to suppress the sideband level, leaving the amplitude
excitations to be uniform. A —20-dB sidelobe level flat-top pattern is successfully
synthesized in which the ripple level of the mainlobe is lower than 0.5 dB and
the sideband level is lower than —10 dB. An S-band eight-element printed dipole
with a double-layered structure linear array is used in the experiment to verify the
proposed method, and the measured results are in good agreement with the simulated
results.
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Introduction

The problem of synthesizing an antenna pattern for a particular application has been
receiving much attention since antennas were first introduced at the end of the 19th
century. In recent years, shaped patterns are widely used in communication systems and
electronic countermeasures. Numerous methods have been proposed over the years for
synthesizing shaped patterns such as the Orchard method (Orchard et al., 1985), the
Woodward-Lawson method (Stutzman & Thiele, 1998), and the optimization methods
(Cid et al., 1999; Gies & Rahmat-Samii, 2003). However, such methods usually have
higher amplitude excitation dynamic range ratios for synthesizing patterns with low
sidelobe levels (SLLs), which may lead to stringent error tolerance requirements in
practical implementation.
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Time-modulated antenna arrays were proposed for synthesizing low sidelobe patterns
since they only require very low excitation dynamic range ratios or even a uniform
excitation as compared to conventional antenna arrays (Kummer et al., 1963; Bickmore,
1966; Yang et al., 2004, 2005a, 2005b). Moreover, time-modulation technology can be
used to synthesize shaped patterns with low excitation amplitude ratios (Yang et al.,
2003). However, the performance of shaped patterns of time-modulated antenna arrays
is still strongly affected by the existence of the mutual-coupling effect among array
elements, similar to those issues in the conventional arrays. The amplitude and phase
characteristics of the antenna array elements are affected by the mutual coupling, which
will distort the shaped power patterns. Thus, the compensation of mutual coupling in
time-modulated antenna arrays should be taken into consideration.

In conventional antenna arrays, many methods have been proposed to compensate the
mutual-coupling effects. Steyskal and Herd (1990) proposed a simple mutual-coupling
compensation method by assuming that the element currents may change in amplitude
but not in shape. Thus, only the input impedances of the array elements are different
from each other, and the principle of pattern multiplication still applies. The mutual-
coupling coefficients can be obtained by using Fourier decomposition of the measured
array element patterns. Fletcher and Dean (1996) proposed a point-matching technique
by using experimental data of element patterns. By point matching, the nulls of a desired
pattern in the presence of mutual coupling and the complex weights of the elements can
be determined. Yang and Nie (2005) adopted the differential evolution (DE) algorithm
to compensate mutual-coupling effects for the synthesis of low sidelobe sum patterns in
time-modulated antenna arrays. By using measured complex embedded element patterns,
a —30-dB SLL discrete Taylor pattern was successfully realized in the experiment (Yang
& Nie, 2005).

In this article, the DE algorithm (Qing, 2003; Chen et al., 2008) is employed to com-
pensate the mutual-coupling effects in the time-modulated linear array for synthesizing a
flat-top pattern that matches a standard flat-top pattern. An S-band eight-element linear
array with the center frequency fy = 3.25 GHz and A/2 space between elements was
used to validate the proposed method. A target pattern of a —20-dB SLL flat-top pattern
is successfully realized, in which the ripple level of the flat top is lower than 0.5 dB and
the sideband level (SBL) is lower than —10 dB.

Compensation Method

Let us consider an N -element linear array of equally spaced identical dipole elements in
which each element is controlled by a high-speed radio frequency (RF) switch. Suppose
that the time-modulation period is 7T; the far-field power pattern of the array can be
written by (Yang et al., 2005a)

N
E@0.9.1) = eo(6. 9)e’ ™" N " Ao Uy (1) - e/ K= DBdsinG (1)
k=1

where fj is the center frequency of the antenna array, A and oy are the static excitation
amplitude and phase of the kth element, respectively, d is the element spacing, § =
27 fo/c, ¢ is the velocity of light in free space, 6 is the angle measured from broadside,
eo(0, @) is the element pattern factor, and Uy (¢) is the periodic switch-on time sequence.
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The time-modulation scheme of the variable aperture size (VAS) is adopted in this article,
and Ui (¢) is given by (Yang et al., 2004)

1, 0<t<rm
Ur(t) = o 2
0, otherwise

where t; is the switch-on time interval of the kth element. Due to that, Ui () is a
periodic function of time, the space and frequency response of Eq. (1) can be obtained
by decomposing it into a Fourier series, and each frequency component has a frequency

of n/T, (n =0,%£1,..., £00). The nth order Fourier component is given by
N
En (9’ (p) frd 60(9, (p) Z ank . ej[(k—l)ﬂd S1n9+ak]’ (3)
k=1

where the complex amplitude a,; can be expressed as

Artie sin[rnt/T)]
el . . e
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At the center frequency (n = 0), we have

Ak‘Ck
T,

ank = &)
Thus, shaped patterns can be synthesized at the center frequency.

However, the above analysis does not take into account mutual coupling. When
synthesizing actual patterns, the mutual-coupling effects should be considered. According
to Egs. (3) to (5), the complex weighting of each element at the center frequency can be
given by

T .
gszgﬁwW. 6)
P

Suppose that /fk, d, and 7, are the compensated static amplitude, phase, and switch-on
time interval of the kth element, respectively; then the compensated complex weighting
can be written by (Yang & Nie, 2005)

L T
= Ay —e’%. 7
8k = Ax Tpe (N
Consequently, the complex excitation vector g = {gx, (k = 1,2,..., N)} should be

determined. For a uniform static amplitude excitation, the amplitude excitation Ay for all
elements are the same. When g is determined, 7; and &, can be obtained accordingly.

In order to determine g, the complex pattern measurement of each embedded element
in the array should be taken when all the other elements terminated with matched loads.
Consequently, the entire array pattern after compensating mutual coupling can be obtained
as a linear summation of the measured element patterns, given by

N
E(g.0) =) &Ex(). ®)
k=1
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The DE algorithm can be used to match the actual pattern with the desired pattern E;(0)
in the H-plane in order to suppress the SLLs lower than a specified level and to keep
the SBLs as low as possible. Thus, the optimized complex weighting vector g can be
obtained with the cost function given by

M
fP@ =wi- | D |Ea6:) - E™ (g 6)

i=1
+ wy - (SLLY) (g) — SLLy)| 5, + w3 - SBLY), () fy+ 7, - )

where n is the number of evolution generations, M is the number of specified elevation
angles within the interested range, and f, = 1/T,. SLLna is the calculated maximum
SLL at the center frequency, and SLL, is the specified SLL. SBL,.x is the calculated
maximum SBL. The corresponding weighting factors for each term are represented
by w; to ws, in which w, will be zero when SLLy.x is lower than SLLy in flat-top
patterns.

Experimental Results

To validate the proposed method, an S-band eight-element linear array with a center
frequency of 3.25 GHz and A /2 spacing between the adjacent dipole elements was used.
The element used in the array is a printed dipole with a double-layered structure (Zhou
et al., 2007). The feed network was composed of a power divider, eight attenuators, eight
phase shifters, and eight high-speed RF switches. The single-pole—single-throw absorptive
RF switch has a switching time of less than 15 ns, and the isolation is greater than 50 dB
when it is off. A digital complex programmable logic device (CPLD) card generates the
required time sequences to control the high-speed RF switches.

The time-modulated linear array with static uniform amplitude excitation is used to
realize a —20-dB SLL flat-top pattern in which the ripple level is lower than 0.5 dB.
First, the eight complex embedded element patterns were measured to show the mutual-
coupling effect in time-modulated antenna arrays. Figure 1 plots the measured amplitude
and phase patterns of three elements numbered 1, 4, and 7. Obviously, each of the element
patterns is different, and the patterns of the edge elements become asymmetric. Thus,
the effects of mutual coupling can be observed clearly. In addition, some fabrication
error and measurement error also contributed to the asymmetry of the measured com-
plex embedded element patterns, which should also be considered in pattern synthesis.
Then, the mutual-coupling compensation method is applied to realize the target pattern
using the measured complex embedded element patterns. The time-modulation period
T, is set to be 10 us. The compensated switch-on time sequences in one period and
compensated phase excitations are plotted in Figures 2(a) and 2(b), respectively. It
is observed that the compensated switch-on time sequences are not symmetric about
the array center. The comparison of the simulated and measured far-field pattern with
mutual-coupling compensation at 3.25 GHz for a target —20 dB SLL flat-top pattern
is shown in Figure 3. As can be seen, the measured pattern is in good agreement
with the simulated pattern. The measured relative SLL is —20.1 dB, which is quite
close to the target SLL of —20 dB, and the measured ripple level of the flat-top is
less than 0.5 dB. The first two sideband patterns were also measured. The measured
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Figure 1. Measured complex embedded element patterns: (a) normalized amplitude patterns and
(b) phase patterns.

relative sideband patterns at fy + f, and fy + 2 f,, in comparison with those simulated
patterns with mutual-coupling compensation, are shown in Figure 4. The measured
results are also in good agreement with simulated results. The measured SBL of the
compensated time-modulated linear array is 9.7 dB, which is just 0.3 dB greater than the
simulated SBL.

In order to demonstrate the effectiveness of the mutual-coupling compensation
method, the time-modulated linear array is excited with uniform amplitude without
mutual-coupling compensation. Figure 5 shows the switch-on time sequences and phase
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Figure 2. Compensated excitations of the time-modulated linear array: (a) compensated switch-on

time sequences and (b) compensated phases.

excitations determined using the approach proposed in Yang et al. (2003) for synthesizing
a —20-dB SLL flat-top pattern. The simulated and measured flat-top patterns at 3.25 GHz
without mutual-coupling compensation are shown in Figure 6. It is observed that there
is a distinct difference between the measured pattern and the target pattern, especially at
the sidelobe region. The measured SLL is —18.4 dB, and the measured mainlobe is not

flat enough as compared to the simulated results.
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Figure 3. Comparison of the measured pattern and the simulated pattern with mutual-coupling
compensation at 3.25 GHz.
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Figure 4. Comparison of the measured sideband patterns and the simulated sideband patterns.

Conclusions

A mutual-coupling compensation method for synthesizing a flat-top pattern is proposed
in this article. The measured complex embedded element patterns are used to determine
the compensated switch-on time sequences and phase excitation by the DE algorithm.
An S-band eight-element two-layered printed dipole linear array is used to verify the
proposed method. A —20-dB SLL flat-top pattern with a 0.5-dB ripple level is successfully
obtained in the experiment, thus confirming the effectiveness of the mutual-coupling
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Figure 5. Switch-on time sequences and phase excitation of the time-modulated linear array for a
—20-dB SLL flat-top pattern without mutual coupling.
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Figure 6. Comparison of the measured pattern and the simulated pattern without mutual-coupling

compensation at 3.25 GHz.

compensation approach for the synthesis of flat-top patterns from time-modulated antenna

arrays.

Acknowledgments

This work was supported in part by the Natural Science Foundation of China (Grant No.
60571023), the New Century Excellent Talent Program in China (Grant No. NCET-06-
0809), and in part by the 111 project of China (Grant No. B07046).



Flat-Top Pattern in Time-Modulated Arrays 507

References

Bickmore, R. W. 1966. Time versus space in antenna theory. In Microwave scanning antennas,
vol. III, R. C. Hansen, ed. New York: Academic.

Cid, J. M., J. A. Rodriguez, & F. Ares. 1999. Shaped power pattern produced by equispaced linear
arrays: Optimized synthesis using orthogonal sin(N x)/ sin(x) beams. J. Electromagn. Waves
Appl. 13:985-992.

Chen, Y., S. Yang, & Z. Nie. 2008. The application of a modified differential evolution strategy to
some array pattern synthesis problems. IEEE Trans. Antennas Propagat. 56:1919-1927.
Fletcher, P. N., & M. Dean. 1996. Derivation of orthogonal beams and their application to beam-

forming in small phased arrays. IEE Proc. Microw. Antennas Propagat. 143:304-308.

Gies, D., & Y. Rahmat-Samii. 2003. Particle swarm optimization for reconfigurable phase-differ-
entiated array design. Microw. Opt. Tech. Lett. 38:168-175.

Kummer, W. H., A. T. Villeneuve, T. S. Fong, & F. G. Terrio. 1963. Ultra-low sidelobes from
time-modulated arrays. I[EEE Trans. Antennas Propagat. 11:633-639.

Orchard, H. J.,, R. S. Elliott, & G. J. Stern. 1985. Optimizing the synthesis of shaped beam antenna
patterns. IEE Proc. H: Microw. Optics Antennas 132:63-68.

Qing, A. 2003. Electromagnetic inverse scattering of multiple two-dimensional perfectly conducting
objects by the differential evolution strategy. IEEE Trans. Antennas Propagat. 51:1251-1262.

Steyskal, H., & J. S. Herd. 1990. Mutual coupling compensation in small array antennas. /EEE
Trans. Antennas Propagat. 38:1971-1975.

Stutzman, W. L., & G. A. Thiele. 1998. Antenna theory and design. New York: Wiley.

Yang, S., Y. B. Gan, A. Qing, & P. K. Tan. 2005a. Design of a uniform amplitude time modulated
linear array with optimized time sequences. IEEE Trans. Antennas Propagat. 53:2337-2339.

Yang, S., Y. B. Gan, & P. K. Tan. 2003. A new technique for power-pattern synthesis in time-
modulated linear arrays. IEEE Antennas Wireless Propagat. Lett. 2:285-287.

Yang, S., Y. B. Gan, & P. K. Tan. 2004. Comparative study of low sidelobe time modulated linear
arrays with different time schemes. J. Electromagn. Waves Appl. 18:1443-1458.

Yang, S., Y. B. Gan, & P. K. Tan. 2005b. Linear antenna arrays with bidirectional phase center
motion. IEEE Trans. Antennas Propagat. 53:1829-1835.

Yang, S., & Z. Nie. 2005. Mutual coupling compensation in time modulated linear antenna arrays.
IEEFE Trans. Antennas Propagat. 53:4182-4185.

Zhou, Z., S. Yang, & Z. Nie. 2007. A novel broadband printed dipole antenna with low cross-
polarization. IEEE Trans. Antenna Propagat. 55:3091-3093.



Copyright of Electromagnetics is the property of Taylor & Francis Ltd and its content may not be
copied or emailed to multiple sites or posted to a listserv without the copyright holder's express
written permission. However, users may print, download, or email articles for individual use.



