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Abstract—In this paper, an adaptive antenna system (AAS)
based on a time-modulated antenna array (TMAA) and
population-based metaheuristic algorithm is presented. The al-
gorithms is driven by the signal-to-noise ratio measurements and
provides real-time adaptation of the antenna pattern. This paper
also addresses the issue of multi-band reception with a TMAA,
demonstrating that the sidebands generated from frequency-
diverse signals can overlap and interfere. The effectiveness of the
AAS as part of a wireless communication system is presented in
three different experimental scenarios that consider gradually or
rapidly changing conditions as well as the interference caused by
the reception of two signals with different carrier frequencies.

Index Terms—adaptive antennas, adaptive systems, beam-
steering, communication systems, digital communication, in-
terference suppression, microwave communication, optimization
methods, radio-frequency (RF) switch, time-modulated antenna
arrays.

I. INTRODUCTION

DAPTIVE antenna systems (AASs) combine controllable

hardware and an optimization algorithm to deliver a max-
imum fidelity signal via automatic separation of the desired
signal from interfering signals by controlling the shape of
the antenna pattern. Traditionally, deterministic methods have
been used for adaptive array processing, such as the least mean
square algorithm [1], constant modulus algorithm [2], and
conjugate gradient method [3]. Nowadays, however, biological
beamforming algorithms have been widely implemented in
various electromagnetic applications [4]. One of the most
popular is the genetic algorithm (GA), which has been used
to control adaptive systems by adjusting some of the least
significant bits of digitally controlled phase shifters [5], [6] as
well as to calculate optimal values for the reactance loading
of parasitic elements [7]. Previously, algorithms based on a
binary-coded GA were applied in many adaptive antennas
[8]-[10]; however, they did not consider constantly changing
conditions or the need to readapt to new environments once
the population converges, which is crucial in practice. This
problem has since been solved using diploidy and dominance
[11] or cooperative algorithms [12]. Other types of biologically
inspired algorithms used for the synthesis of antenna patterns
include the differential evolution [13]-[15], particle swarm
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optimization [16], invasive weed optimization [17], and the
artificial bee colony [18].

The conventional types of adaptive antenna are the phased
antenna array [19], antenna with reconfigurable aperture [20],
and antenna array with digital beamforming [21]. Despite
extensive research and development, AASs are not yet suitable
for inexpensive wireless devices due to their complexity,
cost, and energy consumption. Time-modulated antenna arrays
(TMAAs) are an alternative solution that offers a series of
key advantages compared with conventional phased arrays or
digital beamforming systems. A TMAA is an electromagnetic
system whose radiated power pattern is controlled by the
application of periodic pulses to the individual elements [22].
Its known applications include beamforming [23], wireless
communication [24], [25], and reconfigurable wireless power
transmission [26]. Although the TMAA is a potential candidate
for low-cost AASs, it also possesses limitations and draw-
backs. For instance, when used in transmit mode, its inherently
generated sidebands may interfere with other systems operat-
ing in adjacent frequency bands. However, this problem could
be solved with special TMAA architectures that produce only
one sideband or significantly attenuate the power of undesired
sidebands [27]-[29]. Another solution could be to use the
TMAA as a receiving antenna, although this may also be prob-
lematic since a TMAA is usually capable of accepting signals
for a wider bandwidth than required. Therefore, for cases of
wireless networks with dense spectrum allocation, unwanted
signals from adjacent channels may be received and time-
modulated together with the desired signal. Consequently,
the sidebands generated from frequency-diverse signals may
overlap and interfere in the receiver. This peculiarity, which
does not occur in conventional antenna systems, may be a
significant disadvantage limiting the applicability of TMAAs
in practical wireless networks.

This paper is organized as follows: In Section II, the
mathematical model of a receiving TMAA is given and the
unwanted interference of sidebands is discussed. A potential
solution to this issue, i.e., an adaptive algorithm to maximize
the signal-to-noise ratio (SNR), is presented in Section III.
An experimental verification of the TMAA controlled by the
adaptive algorithm is presented in Section IV. Finally, the
conclusions are given in Section V.
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Fig. 1. General concept of a receiving AAS based on a TMAA.

II. TMAA
A. Mathematical Formulation of the Array Factor

The array factor of the receiving TMAA can be formulated

as:
N-1

AF(Q’t) — ej27rfct Z Snmn(t)ejﬁndsinG (1)

n=0

where, the term e/?7/<t expresses periodic oscillations, n €
{0,..., N — 1} is the index of an element in the array, S, is
the complex excitation of the n-th antenna element induced
by an impinging signal s(t), f. is the carrier frequency of
s(t), my,(t) is the modulating function applied to the n-th
antenna element in the array, § = 27 f./c is the wavenumber,
c is the speed of the electromagnetic wave, d is the distance
between the uniformly-spaced antenna elements in the array,
and 6 is the angle with respect to the normal to the antenna
array main axis. By virtue of the Fourier series expansion,
each periodic function m,(¢) can be expressed as a sum of
complex coefficients M, [k]:
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where k represents the index of the complex Fourier co-
efficient, Ty is the period of the modulating function, and
fo = 1/Tp is the repetition frequency of the modulating
function. If f. > f, and all modulating functions share the
same repetition frequency, then (2) can be substituted into (1)
to express the TMAA array factor as:

ZS e]ﬁndsmg Z M
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Equation (4) shows that the time modulation generates spectral
components at frequencies defined by e727(fetfok)t for | € 7.
The amplitude of each spectral component depends on the

angle 0; therefore, each can be considered a partial pattern of
the TMAA. We can distinguish:

1) the central partial pattern (k = 0) related to the carrier
frequency,

2) and the sideband partial patterns (k € Z, k # 0) related
to the frequencies located around the center frequency
fe at multiples of the time-modulation frequency fo.

The central partial pattern is suitable for the suppression of
sidelobes, whereas the sideband partial patterns can be used
for a more flexible beamforming and beam-steering [22], [30].
Hereinafter, the terms sideband and partial pattern are used
interchangeably.

B. Multi-Band Reception with the TMAA

Fig. 1 illustrates a receiving TMAA-based AAS in the pres-
ence of two transmitters. The adaptation goal is to maximize
the power of the desired signal s’(¢) while suppressing the
reception of the unwanted signal s”/(¢). The carrier frequencies
of the desired and unwanted signals are f. and f/, respec-
tively, and f. # f/. To simplify the formulation we assume
that f!/ = f/+afy, where a € Z. Two array factors related to
the desired (5) and unwanted (6) signals, respectively, can be
formulated by analogy to (4). Both are composed of spectral
components (i.e., sidebands) identified by indices &’ and k”,
respectively.

AF/ Z S/ eiB/ndsin 6 Z Wk ]eJQTF(f o+ fok')t
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(5)
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An illustration of the frequency domain representation of
the time-modulated desired and unwanted signals is presented
in Fig. 2. To extract the components of AF’ and AF", which
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Fig. 2.
the frequency domain.

Tlustration of the time-modulated desired and unwanted signals in

appear at the same frequency, we can compare the exponents
as follows:

g2n(fi+ fok')t = j2m(fl+ afo + fok")t, @)

which yields the relation between the indices of the spectral
components that overlap:

k' =k —a. (8)

Next, we can introduce variable f,, which expresses the
operational frequency of interest:

fe+ fok' = fu. €))
The partial patterns over f, can be obtained by substituting
(8) and (9) into (5) and (6):
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The shapes of partial patterns (10) and (11) may diverge be-
cause they are formed by different sets of Fourier coefficients,
i.e., M,[k'] and M,[k' — a], respectively. The resultant array
factor at frequency f, is a superposition of (10) and (11):

AF'(0, f2) + AF" (0, f.) =

N-1
SN (S MK + SYM, K — a]) /7150, (12)
n=0

where 8 = 7w(f. + f/)/c = w(2f, + afo)/c because if
fe > fo, then 8’ ~ B =~ B”. Equation (12) demonstrates
that the resultant signal at f, is a combination of the desired
and unwanted components and confirms that the reception of
frequency-diverse signals with the TMAA can cause unwanted
interference.
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Fig. 3. Configuration of the TMAA showing four partial patterns, the direction
of desired transmitter, and the direction of the unwanted transmitter.

TABLE I
CONFIGURATION OF THE TRANSMITTERS
Desired Unwanted
Modulation  Digital 16-QAM Analog FM
Symbol rate 30 MS/s N/A
Bit rate 120 Mb/s N/A
Matched filter type  Root raised cosine ~ N/A
Roll-off factor 0.22 N/A
Signal bandwidth  36.6 MHz 30 MHz
Carrier frequency 5.6 GHz 5.55 GHz
Output power 5 dBm 0 dBm
Antenna type Patch Log-periodic
Antenna gain 6 dBi 8 dBi
Antenna HPBW  60° 80°
Direction —30° —45°

C. Case Study of Two Band-Pass Signals

To demonstrate the interference generated inherently by the
TMAA from frequency-diverse band-pass signals, a practi-
cal use case was experimentally investigated as illustrated
in Fig. 3. The experimental setup was composed of two
transmitters (Table I) and the receiving TMAA arranged in
the following manner:

1) The main beam of the partial pattern related to the

first negative sideband (k = —1) was directed toward
the desired transmitter (# = —30°), and the unwanted
transmitter (# = —45°) was included within the half-

power beam width (HPBW).

2) The central partial pattern related to the carrier frequency
(k = 0) was suppressed.

3) The main beam of the partial pattern related to the first
positive sideband (k = +1) was directed toward § =
+30°.

Two frequency-diverse band-pass signals, i.e. the desired sig-
nal at the carrier frequency f, = 5.6 GHz and the unwanted
signal at the carrier frequency f/ = 5.55 GHz, were im-
pinging on the TMAA. Due to the time modulation with
the frequency of 50 MHz the sidebands of these two signals
were generated in the form of the spectral replicas at the
frequencies listed in Table II. The spectral replicas of the
desired and unwanted time-modulated signals are presented
in Fig. 4. For instance, at f, = 5.55 GHz, the first negative
partial pattern (k' = —1) of the time-modulated desired signal
overlapped the central partial pattern of the time-modulated
unwanted signal (k" = 0), causing an interference. The
amplitudes of the desired and unwanted spectral replicas were
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TABLE II
SIDEBANDS OF TWO SIGNALS GENERATED VIA TIME MODULATION

k  Desired signal Unwanted signal
Central component 0 5.60 GHz 5.55 GHz
Ist positive sideband +1  5.65 GHz 5.60 GHz
Ist negative sideband —1 5.55 GHz 5.50 GHz
2nd positive sideband +2  5.70 GHz 5.65 GHz
2nd negative sideband —2 5.50 GHz 5.45 GHz

Time-modulated unwanted signal
Time-modulated desired signal
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Fig. 4. Spectrum of the signals measured at the TMAA output for the
configuration presented in Fig. 3 and signals specified in Table I.

different due to the different shapes of their related partial
patterns. According to Fig. 3, the beam for ¥’ = —1 was
directed toward the signal source, explaining the high level
of amplitude. Meanwhile, the partial pattern for k” = 0
was substantially suppressed, however, it was not completely
canceled. Therefore, at 5.55 GHz, the sideband of the desired
signal dominated.

D. Design

The design of the TMAA used for the experimental adap-
tation study is presented in Fig. 1. The antenna array is
composed of eight elements, each of which consists of two
series-fed patch antennas. The return loss of each element is
less than —10 dB in the frequency range of 5.4-5.8 GHz and
the maximum gain is 9.8 dBi. The elements of the array are
arranged oppositely and connected to radio-frequency (RF)
switches, which are controlled by periodic rectangular signals
with a repetition frequency of 50 MHz and adjustable delays
At,, where n € {0,...,3}. Programmable digital delay lines
(DDLs) with 8-bit registers are used to apply delay values
from 0 to 15.3 ns, with a step of 60 ps. Therefore, 28 values
per DDL are possible, yielding 232 different configurations
for a TMAA composed of four DDLs. A limited subset of all
possible configurations provides practical results, e.g., beam-
steering at sideband frequencies can be achieved when the
delays progressively increase or decrease [31]. The TMAA
demonstrates linear polarization, an HPBW of 24°, and a gain
of 7 dBi, as measured at the first negative sideband. A detailed
description of the design and principle of operation can be
found in [32].

III. ADAPTIVE ALGORITHM

One of the primary motivations of this research was to
design an algorithm that allows for real-time adaptation of
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Fig. 5. Timing diagram of the AAS

a radiation pattern. The determination of an optimal radia-
tion pattern was not anticipated because, in many practical
applications, a significant improvement can be achieved even
with a quasi-optimal solution. The operation of an algorithm
is based on the quality indicator (QI) measured in the receiver.
This approach is very reliable because it considers the various
phenomena affecting a wireless transmission. In practice, the
QI can be represented by many parameters, e.g., the SNR, the
bit error rate, and the channel quality indicator (CQI). The
duration between the steps of the proposed algorithm, i.e.,
its speed, depends primarily on the reporting interval, e.g.,
the minimum reporting interval of the CQI in the Long-Term
Evolution cellular system is 1 ms [33]. For the purpose of this
work a vector signal analyzer (VSA) was used to measure the
SNR value every 200 ms.

The adaptation could be based on the GA, approach with
binary-coded chromosomes representing the register values of
the DDLs, which would lead to an extremely large search
space (232 configurations of the TMAA, of which many are
impractical). However, better performance can be achieved
with evolutionary programming (EP), in which the individuals
evolve but do not exchange information among themselves and
there are only mutation, not crossover, operators [34], [35].
In its basic form, EP is not suited for real-time adaptation
because of a long convergence time. Therefore, the following
modifications are proposed to the EP algorithm:

1) A limitation of the search space to 101 integer-coded

individuals.

2) A limitation of the population size to three individuals.

3) A formulation of the fitness function based on the

measurement data fetched from an operating receiver.

The individuals represent beams and are coded with integer
numbers according to each respective direction. The search
space is limited to 101 diverse beams directed from —50°
to +50° with a step of 1°, which leads to a switched-beam
adaptation. This increases the convergence rate, although its
performance in the presence of interfering signals may be
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moderate due to the absence of the null-forming capability.

A timing diagram, displaying the operation of the AAS
during the first four data frames is presented in Fig. 5 (a
data frame is considered as a certain amount of received
samples for which the SNR is calculated in the receiving
system). The individuals from the population are consecutively
evaluated by applying a corresponding configuration to the
TMAA. The SNR value is measured for each configuration and
assigned as a fitness of each respective individual. For a given
population X; = {x1,x2,--,Xi,--- XL }» Where i enumerates
consecutive generations, X;(I) = x; is the integer-coded
individual, [ is the index of the individual in the population,
and L is the size of the population. The flowchart of the
algorithm is presented in Fig. 6. It operates with the following
steps:

o Step 1: Initialization. The initial population Xy =
{-=30,0,30} composed of L = 3 beams directed toward
—30°, 0°, and +30° is defined. The diversely directed
beams perform a coarse sense of the space in front of the
TMAA.

o Step 2: Fitness evaluation. The beams are evaluated
consecutively by a data frame. Each beam y; is set on
the TMAA; then, a data frame is received, and the SNR
is measured by a wireless system receiver. Next, the
SNR is assigned as the fitness value of the corresponding
individual. This step repeats L times for each beam in the
population.

o Step 3: Selection. The beam for which the highest SNR
is measured is considered to be closest to the direction of
arrival (DoA); hence, it is selected as the top individual:
Xmax = n}éax SNR. The maximum of the SNR achieved

during the whole adaptation (SNR,y) is updated.

e Step 4: Reproduction. A new population X;;; (the
offspring) is created based on the properties of the top
individual Ymax. The offspring are composed of L = 3
individuals. The first one (x1) is an exact copy of Xmax»
ensuring that the best beam from the last population
is preserved. If the propagation conditions change, the
top solution from the previous population might be
obsolete. Therefore, two new beams (x2,x3) directed
into a vicinity of xm.x are added to the offspring. The
directions of these two beams are provided by a cus-
tomized mutation operator based on a random angular
change & = |[r| - SNRywp - ¢, Where 7 is a random
variable from the normal distribution A/ (0, 1), SNRgop =
max(1, SNRy,x —max{SNR(X;)}), and c is an empirical
coefficient (herein ¢ = 4). The angular change &; is
added to or subtracted from direction yma.x to obtain
two mutated individuals and, hence, two diverse beams:
X2 = Xmax — &2 and x3 = Xmax + &3. The generation of
mutated individuals is quasi-random; therefore, erroneous
beams may occur. To avoid excessive beam diversity, the
mutation range is controllable and depends on SNRp.
If the beam . is directed toward the proximity of the
DoA, then SNR(xmax) is high, and the angular change
& becomes small; hence, the beam directions in the next
set will not significantly differ from ym.x. Conversely, if
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Fig. 6. Flowchart of the adaptive algorithm.

the DoA changes significantly and causes a substantial
drop of SNR(Xmax), the new beams are quasi-randomly
selected from a wider angular range to search for the DoA
in more diverse directions. The offspring pass to Step 2
(the fitness evaluation), wherein the next three beams are
consecutively applied to the TMAA.

This procedure runs in a loop and corrects the quality of the
wireless transmission in real-time.

IV. EXPERIMENTAL EVALUATION OF ADAPTATION IN A
WIRELESS COMMUNICATION SYSTEM

Fig. 7 presents the diagram of an experimental setup com-
posed of the TMAA, a patch antenna, the log-periodic antenna
R&S HLO050, the signal generator (SG) R&S SMF100A, the
vector signal generator (VSG) R&S SMBV100A, the spectrum
analyzer (PSA) Agilent PSA E4440A, and a personal computer
running the Keysight 89600 vector signal analyzer (VSA)
software. The parameters of the desired transmitter (VSG) and
unwanted transmitter (SG) are listed in Table I. The TMAA
was used as a receiving antenna and was connected to the PSA
input. Although the TMAA provides an infinite number of
sidebands, to resemble the operation of a conventional single-
channel receiver, the PSA was configured to acquire only the
first negative sideband (k = —1) of the desired time-modulated
signal (this particular sideband was selected due to a high gain
and the beam-steering capability in a wide range of angles).
The center frequency and frequency span of the PSA were set
to 5.55 GHz and 36 MHz, respectively. The VSA software
was used to demodulate the complex in-phase and quadrature

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
http://dx.doi.org/10.1109/TAP.2020.3008633

The final version of record is available at

e S B
<)) ;
—))
Unwanted
source RF

Y

Unwanted
source

antenna Movable post

Rotary table

Desired source antenna

(d)

Fig. 8. Experimental setup for (a) two scenarios with gradual and linear
motion and (b) one scenario with rapid and rotational motion.

(IQ) samples delivered from the PSA and calculate the SNR
as the ratio of the average symbol power to the noise power
according to the following equation:

Z Sref
25:1 (Sref - Smeas)Q

SNR = 10log (13)

where NN is the number of symbols in a single data frame,
Stet 18 the 1Q reference symbol, and S, is the IQ measured
symbol (the noise power includes anything that causes the
symbol to deviate from the ideal state position, e.g., an
additive noise, distortion, and interference) [36]. A successful
demodulation required a minimum SNR of 15 dB; below this
value, the synchronization algorithm of the VSA would fail.
The experiments were conducted inside an anechoic chamber,
as presented in Fig. 8. The mobility of the antennas was
obtained with a movable post and a rotary table.

A. Scenario 1: Gradual Movement of the Mobile Terminal in
an Isolated Environment

The primary purpose of the first scenario was to examine
the performance of the adaptation when the location of a

Fig. 9. Illustration of the adaptation to the gradual movement of the desired
source (a) in an isolated environment and (b) with an unwanted source (red
dot).
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Fig. 10. Experimental scenario with a gradual change of the DoA. (a) Change
of the DoA and adapted beam direction. (b) Change of the SNR during
movement.

mobile terminal gradually changed, as illustrated in Fig. 9a.
Due to the linear motion of the transmitting patch antenna,
the DoA changed from 0° to —30° and then back to 0°, with
an angular velocity of 2.5°/s. The SNR was measured at each
0.5° increment of this change. The unwanted transmitter was
then switched off.

Fig. 10a compares the actual values of the DoA and
the direction of the TMAA beam set by the algorithm. A
histogram of the accuracy (defined as the difference between
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Fig. 11. Experimental scenario with multi-band reception. (a) Change of the

DoA and adapted beam direction. (b) Change of the SINR during movement.

the beam’s direction and the DoA) is presented in Fig. 10b.
The histogram’s distribution shows that the difference was
converging to a mean value of 2°, although 0° was expected.
The difference could be explained in that the beams selected
for the next generation were based on the three previous
measurements, which became obsolete due to the continuous
movement of the patch antenna. The beams set by the algo-
rithm matched the DoA with a maximum inaccuracy of +10°
(typically) and standard deviation (o) of 5.1°. Both values
were smaller than the HPBW of the TMAA. According to the
measurements presented in Fig. 10c, the SNR was substan-
tially improved compared with the case without adaptation,
showing a very small variation for a wide range of tested
angles and remaining above 15 dB, which is sufficient for a
successful demodulation. Occasional drops were caused by the
quasi-random characteristic of the algorithm.

B. Scenario 2: Gradual Movement of Mobile Terminal with
Multi-Band Reception

In this scenario, as illustrated in Fig. 9b, the undesired
source located at —45° was switched on. As a result, two
band-pass signals (the desired signal at the carrier frequency
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Fig. 13. Experimental scenario with rapid rotation. (a) Change of the DoA
and adapted beam direction. (b) Change of the SNR during movement.

of 5.6 GHz and unwanted signal at the carrier frequency of
5.55 GHz) impinged on the TMAA. The sidebands generated
from these two signals overlapped and created interference
in the receiver, which affected the SNR. In this section,
this is referred to as the signal-to-interference-plus-noise ratio
(SINR). The direction of the beams selected by the adaptive
algorithm are presented in Fig. 11a. The histogram presented
in Fig. 11b more closely resembles a uniform distribution
compared with Scenario 1 (without the unwanted signal),
indicating a poorer performance of the minimization of the dif-
ference between the beam’s direction and the DoA. However,
this may not be a concern, because the antenna pattern with
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a null pointed toward the direction of the unwanted source
may have provided a higher SINR than the antenna pattern
with the main beam ideally directed toward the DoA. Fig. 11c
shows that stable values of the SINR were achieved even when
the patch antenna was located close to the unwanted source
(DoA =~ —30°).

C. Scenario 3: Rapid Angular Change

This scenario evaluated the performance of the adaptation
when the orientation of the TMAA changes significantly and
rapidly, as illustrated in Fig. 12. The TMAA was placed on a
rotary table (Fig. 8b) to obtain a wider DoA range compared
with the previous two scenarios. The unwanted transmitter
was switched off and the desired transmitter was connected
to the log-periodic antenna. The DoA changed with angular
steps of 20° and remained stable for a duration of 20 data
frames before the next change, as seen in Fig. 13a. Fig. 13b
shows the difference between the beam’s direction and the
DoA. It typically converged to 0° after 10 data frames. Using
an assumption of 200 ms per each SNR measurement, the
adaptation to a substantial DoA change took approximately
2 s. As indicated by the measurements presented in Fig. 13c,
as few as 5 data frames were sufficient to recover the SNR.

V. CONCLUSION

The reception of frequency-diverse signals via a TMAA
may create interference in the receiving system. This peculiar-
ity, which does not take place in conventional antenna systems,
may be a significant disadvantage limiting the application
of TMAAs in practical wireless networks. The beamforming
properties of TMAAs provide an opportunity to mitigate this
effect and improve a desired signal’s strength by directing the
main beam toward its arrival direction. The AAS proposed
in this paper combines a wideband TMAA and an adaptive
algorithm with a fitness evaluation based on the SNR measured
in the receiver, providing real-time improvement of the SNR
without complex computation. In this study, the obtained
results demonstrated the feasibility of the TMAA adaptive
beam-steering function and showed performance gains over
a non-adaptive system.
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