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Abstract—In this paper, we show that the digital code bits used in the coded time-modulated arrays (TMA) can be
interpreted as vector elements, and with this new interpretation, a better understanding of the relationship between the
codes and the amplitude/phase of the generated harmonic signals is obtained. Using such interpretation, we first select
the proper codes for the maximum radiation in a coded TMA, and then we show that one can easily perform the beam
steering in a TMA by electronically shifting the bits of the selected codes. Through full-wave simulations, we
demonstrate the beam steering of a TMA without the use of any phase shifter, and only by shifting the digital code bits.
The proposed interpretation can play an important role in reducing the complexity of the code selection in controlling
of TMAs.
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l. INTRODUCTION
The need for extra control over antenna radiation led

scientists to apply time modulation on one or more
antenna parameters such as impedance, aperture size,
aperture shape, frequency, phase, etc. Due to such
modulation the characteristics of the radiation pattern
changes as a function of time [1]. Moreover, because
of harmonic generation, one can transmit information
in several channels simultaneously by a single carrier
frequency [2]. Time modulation of parameters can be
applied to an array of emitters to create time-modulated
array (TMA). TMAs provide innovative phased array
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TMA has been proposed as a viable solution for the
next generation communication platforms. For
example, time modulated multi-beam steered antenna
array has been demonstrated in [4] that paves the way
of using TMAs for 5G/6G technologies, or as an
enabler for Internet of Things (10T), a time-modulated
antenna array for low-power wide-area network
(LPWAN) receivers has been presented in [5]. A new
architecture for wireless communications based on
modulation of radiation patterns of a metasurface has
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been proposed in [6]. Through testing of a prototype,
the authors of [6] have shown that such architecture has
very high security and it is immune to blockage as the
information is distributed through space and is
recovered by several receivers. In [7], simultaneous
multiuser communication service by TMAs has been
demonstrated. The concept of TMA has been used to
develop non-reciprocal elements such as circulators
[8]. In [9], a technique has been introduced to estimate
the direction of arrival of a target by applying TMA
concept to antenna array. The first use of TMA concept
was demonstrated in 1963 for side lobes reduction [10].
TMA consists of an array of radiating elements each
fed by a time-modulated waveform. Time-modulation
can be simply done by a switching sequence. The
switching can be done in various ways, such as using a
switch in the path of the carrier signal feeding the
element or using reflective/transmissive elements that
can be activated/deactivated. In either case, such
switching operation results in the multiplication of the
main signal by a switching pulse train in the time
domain. The pulse train is obtained as a result of the
on-off operation in the switch, and therefore, it can be
referred as a digital switching. Such multiplication in
the time domain becomes a convolution in the
frequency domain, and can change the amplitude and
phase of the generated harmonic frequencies in a
desirable fashion by choosing proper pulse train
sequences [11]. For this purpose, it is necessary to
study the amplitude and phase properties of a pulse
train that are the representative of the amplitude and
phase of the time modulated waveforms.

The shape of the switching waveform affects the
harmonic generation and subsequently their radiation
pattern. Various shapes such as rectangular,
trapezoidal, time-domain-raisedcosine (TDRC) [12]
and sum-of-weighted-cosine (SWC) [13] waveforms
have been introduced in the literature. For example, by
using the switch-on instants of the time-modulated
elements the array pattern has been optimized in [14].
In [15], [16] by dividing the rectangular waveform
(pulse splitting) and optimizing their sequence, the
unwanted harmonics could be suppressed. By pulse-
shaping in [17], researchers could gain a better control
over the harmonic patterns. Although these techniques
gain many applications, shaping the switching wave is
not practical when the number of elements of an array
increases, e.g. reflect arrays based on Metasurface. In
this regard, a new and breakthrough idea of using
coding of switching pulses is introduced in [18] named
coded time modulation. In coded time modulation the
switching is done in a way that each switching
sequence is a train of periodically repeating codes.
Each code consists of a number of pulses applied to the
switch control. Understanding the behavior and
features of the codes used in time-coded modulation,
helps to select the proper codes based on the
applications and requirements of the system. This
avoids going through complicated optimization
process specially when there are a huge number of
possible codes.
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In this paper we introduce a new look at the coding
in time modulation. We start with the properties of a
pulse train from a harmonic perspective in a coded
time-modulated array. We show that one can interpret
the codes as vector elements, and with this new
interpretation, a better understanding of the
relationship  between the codes and the
amplitude/phase of the generated harmonic frequencies
is obtained. Using such interpretation, we first predict
the best codes for the maximum radiation in a coded
TMA, and then we show that one can easily perform
the beam steering only by electronically shifting the
bits of the selected code. Finally, through fullwave
simulations, we demonstrate the beam steering of a
TMA without the use of any phase shifter, and only by
shifted codes.
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Fig 1. (a) Schematic of a coded TMA. The input signal to each
antenna element is controlled by an RF switch. (b) An example code
with the binary value of 10101110 applied to a switch. It is repeating
by a period of T.
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Il.  CODING IN TMA

Figure 1a illustrates a time-modulated array
consisting of a linear array of N elements fed by a
network of power divider and through RF switches.
The input signal of each element can be switched
according to a digital binary code as shown in Fig. 1b.
It is assumed that the code modulation speed is much
smaller than the RF source frequency. A code consists
of a sequence of multiple bits that are periodically
repeating. Accordingly, the time domain far-field
pattern of such coded time-modulated linear array can
be expressed as [18]

N

£ (0,0,) =N "E,(0,6) S, (1)

r=1

exp {jfﬁ (p—1)dsin () cos (o) } (1)

where E, (6,¢) is the far-field pattern of pth element
at the central frequency, f;, of the RF source, 8 and ¢
are the standard spherical coordinates, d is the distance
between two adjacent elements, and A is the central
operational wavelength. According to the time
switched array theory S, () is the time-modulated
coefficient of the pth element [2], which is assumed as
a coded pulse train. A coded pulse train is defined as

St)=> AU, 1 O<t<T @

where L is the number of bits in each code, and Un,
(t) is a periodic pulse with periodicity of T as
(}Ym (f) = {2-)‘ (Tn - l) t(] S ! S th

otherwise 3)

where to = T/L is the pulse width or duty cycle of

Un (t), and An is the pulse amplitude in the time interval

(m — Dty <t <mto. Assuming the switch has two states,

An can only take binary values. The Fourier series of

Un (t) is obtained as.
Un(t) = Z Crnn €Xp (7270 fot)

n=—oQ (4)

Where fo = 1/T" < fc and the coefficients cm, of
the Fourier serigs are obtained from

1
Cmn = T [U,,,' (t) exp (—j27n fot) di.
‘ ©)
According to (5), the Fourier series complex
coefficients of the coded pulse train S(t) can be written
as
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The equivalent amplitude and phase of each

harmonic order, n, produced by the code modulation
can be calculated as
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where arg{.} returns the phase value. As it will be
shown in the next Section, using (7) and (8), any
desired amplitude and phase for an arbitrary harmonic
order, n, can be synthesized through selection of proper
codes.

By taking Fourier transform of (1) and using (6), the
farfield pattern for harmonic n is obtained as

ZE,, (B,0) S,

p=1

Fo(0,¢) =

exp {JAE (p— 1) dsin (9) cos (¢) } 9)

It should be noted that Se,in (9) might be different
for elements of the array designated by subscript p.

Il1l. INTERPRETATION OF CODING

As previously mentioned, in a TMA, a repeating
code consisting of L bits and periodicity of T
modulates the RF signal that is fed to each array
element, and it produces harmonics whose amplitude
and phase can be manipulated. The sequence and the
length of bits, L, in a code are the degrees of freedom
that enable one to control and manage the amplitude
and phase of a particular harmonic order.

Representing a binary code as A = A1A2As...An...AL,
and by careful inspection of (7) and (8), one can see
that the amplitude and phase due to code A are
basically the summation of L vectors that are assigned
to each bit of A. The magnitude and phase of the
corresponding vector to the m"bit, A, of the harmonic
order n in complex plane are obtained from

A, ™n
Snm = TSIHC (f) (10)
L mm(2m—1)
Unm = 7T (11)

Figure 2 shows the vector representation of bits in a
8-bit code for the first harmonic (n = 1). Considering
an eight-bit code in the binary basis as 10001101, the
amplitude and phase of the switching operation for the
first harmonic is the vector summation of the
individual bits as shown in Fig. 3.

It should be clear by now that the vector
interpretation can help one to have a better view of the
treatment of a code in switching operation. One
interesting observation from this approach is that by
shifting the bits of a code to the left or right, the
resultant phase of the harmonic signal (vector) leads or
lags as much as Ag = 2z/L (for first harmonic) without
changing the amplitude. This can be used to steer the
beam in TMAs.




- |J|CTR Volume 13- Number 4 — 2021 (1 -7)

In this way, a code is selected that provides all the
features of the design criteria, then the same code is
applied to each element of the array but with a certain
number of bits shifted. Since the code is periodically
applied to the switches, all switches see the same code
but with some delay, which results in constant
amplitude during beam steering.

Fig. 4 shows the amplitude and phase of the same
code as in Fig. 3 for one-, two- and three-bit shifts. It
is observed that 45, 90 and 135 degrees phase shifts are
obtained for 1-, 2and 3-bit shift, respectively. The
proposed technique can be a good alternative for the
phase shifters when they can not be an option of choice
due to the high cost or technology limitations.

Fig 2. Vector representation of bits in a 8-bit code for the first
harmonic (n =1). IV. SIMULATION RESULTS

In this section, we show that the proposed
interpretation of bits as vector elements provides a
powerful tool to predict the behavior of TMA in
response to various codes.

Figure 5 shows a linear array consisting of ten
halfwavelength electric dipoles spaced A/2 apart. The
central frequency of the antenna is f.= 3 GHz. To feed
the antenna elements, it is assumed that a power divider
similar to Fig. la is used along with a switch before
each antenna to disconnect and connect the excitation.

For the sake of simplicity, it is assumed that the codes
applied to the switches are similar with 4 bits.
Choosing the repetition frequency of codes as 10 MHz,
the first positive (n = 1) and negative (n =—1) harmonic
frequency is 3.01 GHz and 2.99 GHz, respectively.
Vector representation of bits in a 4-bit code for the first

l 000 ﬂ 1 harmonic (n = 1) is shown in Fig. 6.

Fig 3. Illlustration of the resultant amplitude and phase due to
10001101 code for the first harmonic (n =1) based on vector
interpretation of bits.
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Fig 4. lllustration of phase change due to the shifting of the same code 10001101 as in Fig. 3 by one bit to the left for the first harmonic. It is clear that
the amplitude remains constant.
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Fig 5. The geometry of a linear array consisting of ten half-
wavelength dipoles with equal spacing.

Fig 6. Vector representation of bits in a 4-bit code for the first
harmonic (n =1).

By inspecting Fig. 6, it becomes clear that in terms
of the amplitude of the resultant vector of bits, the
codes can be classified into three groups:

. Groupl: 0011, 0110 ,1001, 1100 (amplitude of

resultant vector 2 times that of bit vector).

. Group2: 0001, 0010, 0100, 1000, 1110, 1101, 1011,
0111 (amplitude of resultant vector equal to that of
bit vector).

. Group3: 0000, 1010, 0101, 1111 (amplitude of
resultant vector zero).

It is worth noting that the resultant bit vector is

equivalent to the phasorSugiven in (6) in terms of the
amplitude and phase. Moreover, according to (9) the
amplitude of far-field pattern is proportional to the
amplitude of the resultant bit vector when all elements
are switched with the same code. Therefore, one would
expect that the amplitude of the radiation pattern of the
aformentioned linear array is higher by 3 dB for the
codes in Groupl as compared to that for the codes in
Group2.

Figure 7 shows the radiation pattern of all codes in
Groupl and Group2 calculated from (9) for the first
harmonic (n = 1) of the linear array. It is evident that
the codes relevant to maximum amplitude of the
radiation pattern was easily predicted above through
the proposed bit vector representation.
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Fig 7. Simulated pattern for the linear TMA coded by 4 bits for two
groups of codes as explained in the text.

In another attempt, full-wave simulations for the
same linear array have been performed to demonstrate
the phase change capability of the coded time-
modulated arrays based on the bit shift technique
proposed in the previous Section. The code applied to
the switches has twelve bits and the repetition
frequency of each code is 10 MHz. The full-wave
simulation of this structure was conducted by CST, a
commercial EM simulator, using time-domain solver.

By choosing a 12-bit code, a phase difference of Ap
=2xr/L = 360°/12 = 30" is achieved for each bit shifting
in the code for the first harmonic. On the other hand,
the relationship between the beam steering angle (6o)
and the phase difference between adjacent elements are
given as

2nd

Ag = sin (6y)

By . (12)

T AL
By substituting Ap = Fandd = 3in (12) one

can calculate the beam steering angle as

.2
fy = asin (I)

If a larger steering angle is desired, one has to
increase the phase difference between the adjacent
elements. This can be easily achieved by shifting more
bits. Table | shows the amount of steering angle per
number of shifted bits in the adjacent switches.

L=42 g, = 9.59°

Figure 8 shows full-wave simulated pattern of the
TMA illustrating the beam steering due to consecutive
bit shifting between adjacent switches of the array
elements. As can be seen, using this technique, the
pattern can be steered at different angles with a slight
change in the pattern for large angles. One advantage
of this technique is that the operation of bit shifting can
be programmed in software level without any
additional phase tuning hardware.
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Fig 8. Full-wave simulated pattern of the TMA illustrating the beam
steering due to consecutive bit shifting between adjacent switches of
the array elements. The corresponding number of shifted bits are
shown for each pattern.

V.

The proposed interpretation of bits as vector
elements provides an excellent insight into the
operation of coded TMAs, and it gives a powerful tool
to synthesize any desired phase/amplitude for different
harmonics. Through this method, we showed that the
shifting of bits leads to the phase change of the
harmonics without changing their amplitude. Using
this method and with the help of full-wave simulation,
we demonstrated beam steering in a linear array that is
excited by the coded time modulation. With the help of
this method more interesting applications of coded
TMAs can be expected in future wireless
communication platforms. Providing the high degrees
of freedom in the codes and the harmonics, TMAS can
be used for multi-user service, and beam scanning.
Moreover, well designed coded TMAs can be used to
develop extremely low power transmitter sensors by
proper re-modulating the already available WiFi and
other wireless waves in the environment as the carrier.

CONCLUSION
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