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Abstract—In this paper, a target location scheme for multi-target localization in 

free space is proposed. It exploits the properties of directional modulated antenna 
radiation patterns which are synthesized using time-modulated arrays (TMAs). 
Here, we show that the TMAs can be made to synthesize directional modulation 
(DM) symbols concurrently upon multiple angular beams. Compared with previous 
DM works on target localization, our proposed system exhibits some promising 
features, such as i) generating multiple beams simultaneously, enabling multiple 
targets detection at the same time along different angular directions, ii) allowing 
multiple access in frequency domain, iii) requiring only one radio frequency (RF) 
chain with a signal peak- to-average power ratio (PAPR) of 0 dB; iv) eliminating the 
azimuth ambiguity in mirror angular directions with respect to array boresight, v) 
flexibly adjusting the target angular resolution, and vi) enabling beam steering without the need of phase shifters. The 
proposed technique is useful in various applications, such as tracking and controlling multiple drones, vehicles, and 
etc. It provides an alternative means in most of the Radar applications, and with the capability of wireless 
communication, it can be treated in the domain of waveform design for the Integrated Sensing and Communication 
(ISAC). 
 

Index Terms—Bit error rate (BER), directional modulation (DM), multiple access, multiple beams, time-modulated array 
(TMA), target localization. 
 

 

I. INTRODUCTION 

IRECTIOANL MODULATION (DM) technology 
endows transmitters the ability to distort signal waveform 

signatures projected wirelessly along all angular directions in 
free space other than an a-priori selected direction along which 
a legitimate receiver locates [1]. It becomes a promising keyless 
physical-layer wireless security means and gaining increasing 
attention in wireless community. In recent years, the DM 
synthesis approaches have been extensively studied. For 
instances, it can be constructed through altering the near-field 
electromagnetic boundaries [2], [3], using reconfigurable phase 
shifters [4], [5], Fourier Rotman lens [6], [7], and Butler matrix 
[8] techniques. An orthogonal vector approach of DM synthesis 
was first proposed in [9]. It should be noted that all the above 
reported DM works were developed with a solely purpose of 
wireless data transmission security. 

More recently, the DM radiation patterns have been found 

 
 

 

Fig. 1.  DM transceiver for monostatic Radar application. 

useful in monostatic Radar tracking applications [10]. Here the 
reception bit error rate (BER) of a DM system could be used as 
an indicator of the presence of a target in a given angular sector  
of the Radar’s field of view, when transmitter and receiver are 
assumed to be co-located, see Fig. 1. Since the DM transmitter 
can preserve the modulated information signals only along a 
pre-specified angular direction θ0 while simultaneously 
distorting the constellation formats of the same signals in all 
other directions, a low reception BER would indicate the 
presence of a target along this θ0. This is in contrast to the 
conventional azimuth estimation approach used for Radar 
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tracking, e.g., multiple signal classification (MUSIC) [11], 
wherein high computational effort is required. In [10], a dual-
beam DM signal synthesized using a 16-element antenna array 
was used for single target tracking. Here the two DM beams, 
symmetrical around the boresight, unfortunately lead to target 
ambiguities since they were synthesized at same frequency 
band. Therefore, an extra processing in [10], termed as system 
un-balancing, is required to find out the unique target angular 
position. Addressing these issues, in this paper we propose a 
DM system that can simultaneously track multi-direction 
targets with no angle ambiguity issue. 

Time-modulated array (TMA) is often referred as switched 
antenna array wherein ‘time’, turning on and off the array 
elements, is exploited as an additional degree of freedom for the 
array design [12]. Here, the switching time sequences applied 
to each antenna element can be adjusted easily, rapidly, and 
accurately. It enjoys great flexibility in the control of the 
aperture excitation which endows the capability of changing the 
synthesized radiation patterns. This TMA approach was firstly 
used to obtain low sidelobe array patterns [12]. Later, the 
generation of multiple radiation patterns at different sidebands 
was considered in [13], [14], wherein the concept of harmonic 
beamforming was discussed. More recently, the properties of 
TMA have been found useful for a number of other important 
applications. In [15], the TMA based direction-finding systems 
were presented. In [16], it was shown that the TMA can be 
exploited to achieve space division multiple access. Meanwhile, 
the four-dimensional (4-D) antenna array was used to achieve 
DM functionality operating for fundamental frequency carrier 
signal transmissions [17]. Moreover, the TMA orthogonal 
frequency-division multiplexing (OFDM) DM transmitter has 
been constructed in [18]. In order to reduce the effect of the 
signals’ peak-to-average power ratio (PAPR) on RF chain 
efficiency in the OFDM DM scheme in [18], multicarrier DM 
signals that can be synthesized in RF feeding networks using 
TMA was reported in [19]. 

In this paper, we propose a multi-direction DM symbol 
synthesis using TMA via controlling the RF switches that can 
be used for multi-target tracking purpose. The DM scheme here, 
different to the work in [19], is designed for Radar applications, 
which synthesizes DM symbols along different angular 
directions at different harmonic frequencies. The work in [19] 
was dedicated to the secure wireless communications. The 
location of the desired receiver was known a-priori, and the DM 
symbols were expected to be synthesized only along the secured 
wireless communication direction. For the hardware 
implementation, in [19], since the beams formed at mirror 
harmonic frequencies in a TMA could leak information, phase 
shifters have to be added to provide extra design freedom in 
order to suppress the symmetrical DM beams. While in our 
current work, symmetrical DM beams are, instead, utilized for 
simultaneously detecting multiple targets, and the beam 
scanning ability is enabled without using phase shifters. On the 
other hand, since TMAs are used both in [19] and this paper, 
the equations for deriving switching time sequences are similar. 
However, the targeted applications and the associated design 
considerations, as discussed earlier, are different. In this paper 

we propose to synthesize TMA DM beams at different 
frequencies to detect multiple targets simultaneously, which, to 
the best of the authors’ knowledge, has not been discussed 
before. Together with the intrinsic communication capability 
this could make the proposed TMA DM to be a potential 
technique for the Integrated Sensing and Communication 
(ISAC) that is studied as a key technology in future wireless 
systems. 

From the Radar perspective, comparing with the reference 
work [10] that can only perform single target localization, the 
proposed TMA DM transmitter is able to track multiple targets 
simultaneously with a higher azimuthal resolution and lower 
hardware complexity. The beneficial properties of the proposed 
scheme are summarized as follows. 
 The proposed TMA DM can simultaneously generate 

multiple beams at different frequencies along different 
angular directions, which makes it capable of tracking 
multiple targets in azimuth. This is in contrast to single target 
tracking in [10]; 

 The azimuth ambiguity in mirror angular directions with 
respect to array boresight is eliminated since they are 
operating at different frequencies, in contrast to that in [10];  

 The target angular resolution can be readily adjusted since 
the BER beamwidth can be flexibly tuned by redesigning the 
switching sequences. This was not studied in [10]; 

 Only a single RF chain is required at transmitter side while 
the signal enjoys 0 dB PAPR as the DM symbols are 
synthesized via controlling RF switches rather than in digital 
baseband. This will significantly improve the power 
amplifier (PA) efficiency as it can operate deep in the 
saturation region; 

 The beam steering is enabled without the need of costly 
phase shifters;  

 Multiple access in frequency domain is automatically 
enabled when the wireless information transmission to 
targets are required. Thus, DM secured data streams can be 
transmitted to multiple targets simultaneously along 
different angular directions.    
The paper is organized as follows. In Section II, the TMA 

DM synthesis transmitter architecture proposed in this paper 
with associated system assumptions is described. Meanwhile, 
TMA DM synthesis principle is elaborated. In Section III, the 
TMA DM radiation patterns are shown, followed by the target 
tracking application discussions in Section IV. Finally, 
conclusions are drawn in Section V. 

II. TMA TRANSMITTER AND MULTI-DIRECTION DM 

A. TMA Transmitter 

In this paper, a single RF chain TMA structure shown in Fig. 
2 is proposed to construct DM transmitters. For simplicity, we 
assume it consists of a linear one-dimensional (1-D) N-element 
antenna array with each element connecting to a suite of single-
pole triple-throw (SP3T) switches. At the transmitter side, a 1-
to-N power divider with uniform power splitting is used to drive 
the entire array with an input RF carrier of frequency f0. It is 
assumed that the array elements are uniformly spaced with d =  
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Fig. 2.  Architecture of the proposed TMA DM transmitter. 
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Fig. 3.  Three cases of the switch function Un(t) in time domain. (a) 𝑡  > 
𝑡 , 𝑡  < 𝑡 ; (b) 𝑡  < 𝑡 , 𝑡  > 𝑡 ; (c) 𝑡  < 𝑡 , 𝑡  < 𝑡 . 

λ0/2, where λ0 is the wavelength of the input RF carrier at f0, and 
each active antenna element pattern is assumed to be identical 
and isotropic. Here, at any time instant, each SP3T switch could 
be configured to one of the three different statuses, i.e., ‘On’, 
‘Off’, and ‘Flipping’, represented as ‘1’, ‘0’ and ‘–1’, 
respectively. Here ‘–1’ refers to a π phase delay, which can be 
implemented using a fixed phase shifter or a true time delay line. 

The far-field pattern of the proposed TMA in free space can 
be expressed as   
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where θ is the angular direction relative to the array boresight, 
θ ϵ [–π/2, π/2], seen in Fig. 2. Un(t) in (1) represents the periodic 
sequence function in time domain of the nth SP3T RF switch. 
For better illustrating Un(t), three scenarios are depicted in Fig. 
3. Un(t) in one repetition period Tp can be expressed as 
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where (𝑡 , 𝑡 ) and (𝑡 ,  𝑡 ) are the switch (On, Off) time 
instants for the positive and negative cycles, respectively, seen 
in Fig. 3. For better formulation, we define  
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Since Un(t) is a periodic function, it can be expanded into 
Fourier series as  
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where the time modulation frequency fp  = 1/Tp, and Bqn is the 
qth Fourier coefficient for the time sequence function of the nth 
switch which can be mathematically written as  
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Defining  
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and knowing sinc(x) = sin(πx)/(πx), (6) can be rewritten as 
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Substituting (5) and (8) into (1), we get the far-field radiation 
pattern 
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(9) 

B. Multi-Direction DM Symbol Synthesis  

In (9), the far-field patterns F(θ) can be viewed as the 
detected signals along angular direction θ. Thus, at frequency f0 

+ qfp the signals transmitted along θq can be expressed as  
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(10) 
 

In order for signal format preservation/synthesis along θq, 
similar to that in [19], Fq(θq) needs to be synthesized for all 
possible constellation points in In-phase and Quadrature (IQ) 
space. For instance, when q = 1, i.e., at frequency f0 + fp, when 
binary phase shift keying (BPSK) symbols are required to be 
synthesized and transmitted along θ1, the following equation in 
(11) needs to have solutions.  
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In other words, we need to find out two sets of (𝜏 , 𝜏( )

, 𝜏
( )), 

expressed as (𝜏 , 𝜏( )
, 𝜏( )) and (𝜏 , 𝜏( ) 𝜏( )), which are able 

to create two opposite constellation symbols [F1(θ1)], saying C1 
and –C1, where C1 can be any complex numbers that make (11) 
solvable. There are unfortunately no closed-form solutions. 
Hence, the optimization algorithms, e.g., PSO [13], can be 
selected to obtain the solution sets. Obviously, the produced 
constellation diagrams can only be projected into the angular 
direction θ1, while along all other directions the produced 
constellation diagrams are distorted. 

When multi-direction DM symbol synthesis being 
considered, for example, if we want to transmit two 
independent BPSK data streams, along θ1 and θ2, modulated at 
frequency f0 + fp and f0 +2fp, respectively, we need to find out 
four sets of (𝜏 , 𝜏( ), 𝜏( )), which are able to create four possible 
constellation combinations [F1(θ1), F2(θ2)], namely (C1, C2), 

(C1, –C2), (–C1, C2), (–C1, –C2). The solution sets, similarly, can 
be obtained using the PSO algorithm. It is noteworthy that with 
this DM synthesis approach, the synthesized constellation 
diagram could be intercepted along –θq at the mirror harmonic 
frequency, i.e., f0 – qfp. This is because Fq(θq) and F–q(–θq) are 
conjugated, which can be proved using (10). Thus, considering 
the mirror harmonics, the synthesized DM magnitude patterns 
are symmetric with respect to the boresight. This property will 
be exploited in target tracking application in the Section IV.  

III. MULTI-DIRECTION DM RADIATION PATTERNS 

In this section, we show one typical example of the TMA 
multi-direction DM synthesis and depict its radiation patterns at 
different harmonic frequencies to validate the effectiveness of 
the proposed DM approach. It is assumed that the parameters N 
= 12, ρ = 0 in the simulation example.  

From (9), at frequencies f0 + fp and f0 + 2fp, the array patterns 
can be written as 
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respectively. In this example, we aim to synthesize two 
independent quadrature phase shift keying (QPSK) data streams 
along the angular directions θ1 = 20° and θ2 = 45°, respectively 
at frequencies f0 + fp and f0 + 2fp. Thus, sixteen constellation 
combinations, namely, (C1ejπ/4, C2ejπ/4), (C1ejπ/4, C2e–jπ/4), 
(C1ejπ/4, C2e3jπ/4), (C1ejπ/4, C2e–3jπ/4), (C1e–jπ/4, C2ejπ/4), (C1e–jπ/4, 
C2e–jπ/4), (C1e–jπ/4, C2e3jπ/4), (C1e–jπ/4, C2e–3jπ/4), (C1e3jπ/4, C2e3jπ/4), 
(C1e3jπ/4, C2e–jπ/4), (C1e3jπ/4, C2e3jπ/4), (C1e3jπ/4, C2e–3jπ/4), (C1e–

3jπ/4, C2ejπ/4), (C1e–3jπ/4, C2e–jπ/4), (C1e–3jπ/4, C2e3jπ/4), (C1e–3jπ/4, 
C2e–3jπ/4), are needed to be created by properly designing 

the  𝜏
( ) , 𝜏

( )  and 𝜏 . It is noted that after the power 
normalization, the magnitudes of F1(θ1) and F2(θ2) are smaller 
than √𝑁. The magnitude of √𝑁 corresponds to a TMA with the 

parameters 𝜏
( )1 and 𝜏( )1. In this case, the TMA operates 

identically as a classical linear array. Any values in the range of 
0 to √𝑁 can be equivalently chosen. In our example we assume 
that the magnitudes of F1(θ1) and F2(θ2) are set to be 0.45√𝑁 
and 0.25√𝑁, respectively. One of many possible solution sets, 
obtained by the PSO algorithm, are shown in Table I, with PSO 
parameters given in Table II. In Fig. 4, the convergence curve 
of the developed PSO algorithm for synthesizing one of the  
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Fig. 4. The convergence curve of the developed PSO algorithm. 

constellation combinations, for instance, (C1ejπ /4, C2ejπ /4), is 
depicted. For a full picture, the averaged convergence 

0 1000 2000 3000

Iterations

0

50

100

150
(C

1
ejπ/4, C

2
ejπ/4) synthesis,elapsed time 5.2206 s

Average,  elapsed time 5.2233 s

  TABLE I    

THE MULTI-DIRECTION DM QPSK SYMBOL SYNTHESIS ALONG THE ANGULAR DIRECTIONS 1 = 20°,  2 = 45°, RESPECTIVELY, AT f0 + fp AND f0 + 2fp. 
n 𝜏

( ) 𝜏
( ) 𝜏  𝜏

( ) 𝜏
( ) 𝜏  𝜏

( )
 𝜏

( )
 𝜏  𝜏

( )
 𝜏

( )
 𝜏  𝜏

( ) 𝜏
( ) 𝜏  𝜏

( ) 𝜏
( ) 𝜏  𝜏

( ) 𝜏
( ) 𝜏  𝜏

( ) 𝜏
( ) 𝜏  

0 0.29 0.29 0.79 0.63 0.31 0.54 0.29 0.64 0.7 0.59 0.28 0.65 0.64 0.28 0.87 0.35 0.65 0.9 0.36 0.3 0.07 0.31 0.26 0.02 

1 0.33 0.3 0.92 0.62 0.35 0.69 0.31 0.64 0.86 0.66 0.34 0.77 0.23 0.67 0.03 0.35 0.65 0.08 0.34 0.35 0.25 0.35 0.65 0.18 

2 0.24 0.3 0.17 0.27 0.28 0.25 0.64 0.29 0.07 0.66 0.3 0.96 0.64 0.33 0.22 0.62 0.31 0.32 0.61 0.29 0.16 0.32 0.65 0.36 

3 0.34 0.65 0.3 0.27 0.36 0.42 0.36 0.64 0.15 0.4 0.58 0.14 0.56 0.37 0.44 0.26 0.64 0.53 0.23 0.28 0.72 0.25 0.33 0.57 

4 0.31 0.65 0.49 0.34 0.3 0.53 0.25 0.64 0.45 0.28 0.7 0.28 0.65 0.34 0.55 0.27 0.15 0.66 0.54 0.3 0.56 0.41 0.26 0.64 

5 0.24 0.34 0.7 0.36 0.28 0.71 0.28 0.61 0.62 0.68 0.31 0.46 0.61 0.32 0.77 0.34 0.65 0.78 0.65 0.26 0.65 0.29 0.65 0.93 

6 0.44 0.31 0.71 0.27 0.32 0.95 0.23 0.28 0.73 0.26 0.7 0.65 0.64 0.34 0.91 0.31 0.65 0.98 0.64 0.3 0.83 0.32 0.26 0.06 

7 0.27 0.34 0.02 0.56 0.31 0.82 0.34 0.64 0.88 0.3 0.69 0.82 0.27 0.67 0.06 0.63 0.35 0.18 0.64 0.31 0 0.31 0.28 0.26 

8 0.3 0.65 0.17 0.31 0.65 0.89 0.27 0.64 0.11 0.66 0.32 0 0.25 0.67 0.29 0.35 0.65 0.32 0.31 0.31 0.51 0.26 0.3 0.47 

9 0.37 0.31 0.29 0.65 0.32 0.09 0.26 0.65 0.31 0.69 0.31 0.16 0.28 0.67 0.42 0.3 0.65 0.53 0.34 0.27 0.69 0.42 0.25 0.51 

10 0.4 0.26 0.45 0.64 0.31 0.28 0.63 0.33 0.47 0.27 0.7 0.35 0.32 0.67 0.6 0.33 0.65 0.67 0.65 0.34 0.51 0.44 0.3 0.64 

11 0.4 0.3 0.62 0.64 0.35 0.44 0.35 0.63 0.61 0.67 0.31 0.51 0.63 0.32 0.8 0.27 0.22 0.88 0.32 0.65 0.66 0.43 0.3 0.85 

 F1 (θ1)  
≐ 1.56π/4 
F2 (θ2)  
≐ 0.87π/4 

F1 (θ1)  
≐ 1.56π/4 
F2 (θ2)  
≐ 0.87–π/4 

F1 (θ1)  
≐ 1.56π/4 
F2 (θ2)  
≐ 0.873π/4 

F1 (θ1)  
≐ 1.56π/4 
F2 (θ2)  
≐ 0.87–3π/4 

F1 (θ1)  
≐ 1.56–π/4 
F2 (θ2) 
 ≐ 0.87π/4 

F1 (θ1)  
≐ 1.56–π/4 
F2 (θ2)  
≐ 0.87–π/4 

F1 (θ1)  
≐ 1.56–π/4 
F2 (θ2)  
≐ 0.873π/4 

F1 (θ1)  
≐ 1.56–π/4 
F2 (θ2)  
≐ 0.87–3π/4 

 q = 1 QPSK 11 
q = 2 QPSK 11 

q = 1 QPSK 11 
q = 2 QPSK 10 

q = 1 QPSK 11 
q = 2 QPSK 01 

q = 1 QPSK 11 
q = 2 QPSK 00  

q = 1 QPSK 10 
q = 2 QPSK 11 

q = 1 QPSK 10 
q = 2 QPSK 10 

q = 1 QPSK 10 
q = 2 QPSK 01 

q = 1 QPSK 10 
q = 2 QPSK 00  

0 0.68 0.32 0.33 0.31 0.65 0.44 0.32 0.3 0.6 0.32 0.63 0.51 0.38 0.25 0.21 0.28 0.33 0.37 0.61 0.32 0.25 0.61 0.33 0.14 
1 0.3 0.68 0.49 0.34 0.61 0.62 0.54 0.34 0.54 0.32 0.22 0.71 0.32 0.65 0.44 0.28 0.32 0.56 0.24 0.25 0.36 0.65 0.35 0.27 

2 0.59 0.32 0.77 0.29 0.65 0.78 0.65 0.31 0.62 0.34 0.65 0.87 0.34 0.3 0.6 0.62 0.31 0.39 0.33 0.63 0.51 0.63 0.34 0.47 

3 0.67 0.32 0.86 0.65 0.29 0.98 0.33 0.29 0.13 0.29 0.65 0.09 0.28 0.32 0.82 0.67 0.31 0.51 0.34 0.63 0.68 0.54 0.34 0.74 

4 0.56 0.34 0.14 0.29 0.65 0.15 0.32 0.28 0.32 0.34 0.63 0.21 0.22 0.64 0.06 0.6 0.32 0.76 0.37 0.61 0.85 0.58 0.36 0.87 

5 0.66 0.31 0.23 0.3 0.65 0.3 0.65 0.3 0.15 0.3 0.2 0.42 0.37 0.38 0.1 0.66 0.31 0.88 0.29 0.65 0.09 0.31 0.68 0.94 

6 0.22 0.68 0.44 0.33 0.65 0.47 0.32 0.29 0.64 0.61 0.25 0.26 0.27 0.65 0.35 0.25 0.33 0.45 0.62 0.3 0.32 0.31 0.68 0.11 

7 0.6 0.33 0.62 0.29 0.65 0.66 0.18 0.37 0.93 0.56 0.31 0.48 0.38 0.32 0.43 0.33 0.34 0.56 0.31 0.63 0.42 0.65 0.33 0.33 

8 0.64 0.28 0.79 0.54 0.34 0 0.62 0.32 0.69 0.34 0.29 0.89 0.2 0.32 0.75 0.57 0.32 0.5 0.3 0.65 0.58 0.29 0.68 0.47 

9 0.38 0.62 0.92 0.37 0.15 0.96 0.65 0.29 0.84 0.29 0.36 0.11 0.31 0.3 0.84 0.24 0.35 0 0.36 0.59 0.72 0.3 0.68 0.65 

10 0.3 0.68 0.08 0.33 0.65 0.18 0.34 0.65 0.96 0.36 0.32 0.23 0.28 0.32 0.05 0.28 0.67 0.75 0.25 0.63 0.01 0.58 0.34 0.91 

11 0.26 0.68 0.28 0.31 0.65 0.35 0.64 0.33 0.2 0.36 0.28 0.4 0.39 0.3 0.13 0.6 0.31 0 0.27 0.63 0.12 0.3 0.68 0.01 

 F1 (θ1) 
 ≐ 1.563π/4 
F2 (θ2)  
≐ 0.87π/4 

F1 (θ1) 
 ≐ 1.563π/4 
F2 (θ2)  
≐ 0.87–π/4 

F1 (θ1)  
≐ 1.563π/4 
F2 (θ2)  
≐ 0.873π/4 

F1 (θ1)  
≐ 1.563π/4 
F2 (θ2)  
≐ 0.87–3π/4 

F1 (θ1)  
≐ 1.56–3π/4 
F2 (θ2)  
≐ 0.87π/4 

F1 (θ1)  
≐ 1.56–3π/4 
F2 (θ2)  
≐0.87–π/4 

F1 (θ1)  
≐ 1.56–3π/4 
F2 (θ2)  
≐ 0.873π/4 

F1 (θ1)  
≐ 1.56–3π/4 
F2 (θ2)  
≐ 0.87–3π/4 

 q = 1 QPSK 01 
q = 2 QPSK 11 

q = 1 QPSK 01 
q = 2 QPSK 10 

q = 1 QPSK 01 
q = 2 QPSK 01 

q = 1 QPSK 01 
q = 2 QPSK 00  

q = 1 QPSK 00 
q = 2 QPSK 11 

q = 1 QPSK 00 
q = 2 QPSK 10 

q = 1 QPSK 00 
q = 2 QPSK 01 

q = 1 QPSK 00 
q = 2 QPSK 00  

   

TABLE II 
 PARAMETER SETTINGS USED IN THE PSO ALGORITHM 

Parameters  Values 

Swarm particle numbers 800 

Iteration numbers 3000 

Initial inertia weight 0.9 

Final inertia weight  0.4 

Acceleration constant associated with best 
particle position  

2 

Acceleration constant associated with best 
global position  

2 

Boundary condition Bounce method 
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performance for synthesizing all 16 constellation combinations 
is also shown. It can be observed that PSO algorithm can 
converge quickly to the global optimum in around five seconds. 
Since this synthesis process can be performed offline, this does 
not pose limitations on system online operation. 

The radiation patterns corresponding to the obtained solution 
sets for f0 + fp and f0 + 2fp are depicted in Fig. 5 and Fig. 6. It can 
be observed that two independent QPSK symbol streams are 
synthesized along the selected angular directions of 20° and 45°. 
While in other directions, the magnitude and phase patterns are 
distorted, i.e., the DM functionality is enabled. Meanwhile, in 
Figs. 5 and 6, it can be observed that the beamforming gains can 
be achieved along the selected angular directions of 20° and 45°, 
which are 20·log10(0.45√𝑁), 20·log10(0.25√𝑁), respectively. 
For comparison purpose, the radiation patterns at frequency f0 

+ 3fp and f0 are also depicted in Figs. 7 and 8, respectively, 
wherein the magnitude and phase patterns are distorted in all 
angular directions, indicating that no QPSK symbols can be 
recoveried. Meanwhile, considering the mirror harmonics, the 
radiation patterns at frequencies f0 – fp and f0 – 2fp are plotted in 
Figs. 9 and 10. Here it can be observed that these two 
independent QPSK modulated signal streams are formed at 
these two mirror harmonic frequencies, and beamforming gain 
and DM functionality can also be observed. It is also worth 
pointing out that each magnitude pattern in Figs. 5(a), 6(a), 9(a) 
and 10(a) is associated with only one possible transmitted 
symbol, and the more meaningful radiation energy along the 
sidelobe directions is the average of all possible patterns. In this 
sense, the sidelobe levels (SLLs) are always kept 10 dB below 
the peak levels which can be observed in Fig. 11. Following the 
           

 
        (a) 

 
      (b) 

Fig. 5.  The far-field patterns (a) magnitude in dB and (b) phase, at 
frequency f0 + fp. θ1 is set to 20°. 

 
      (a) 

 
        (b) 

Fig. 6.  The far-field patterns (a) magnitude in dB and (b) phase, at 
frequency f0 + 2fp. θ2 is set to 45°. 
 
 

 
         (a) 

 
         (b) 

Fig. 7.  The far-field patterns (a) magnitude in dB and (b) phase, at 
frequency f0 + 3fp. 
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              (a) 

 
     (b) 

Fig. 8.  The far-field patterns (a) magnitude in dB and (b) phase, at 
frequency f0. 

 
   (a) 

 
(b) 

Fig. 9.  The far-field patterns (a) magnitude in dB and (b) phase, at 
frequency f0 – fp. 

 
   (a) 

 
     (b) 

Fig. 10.  The far-field patterns, (a) magnitude in dB and (b) phase, at 
frequency f0  – 2fp. 

 
 
Fig. 11.  The averaged far-field radiation patterns. 

 

Fig. 12 The averaged far-field radiation patterns for the synthesized 
symbols with phase delays being updated at symbol rate [19]. 
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scheme proposed in [19], the averaged far-field radiation 
patterns of various harmonic frequencies for the synthesized 
symbols with phase delays being updated at symbol rate are 
depicted in Fig. 12. Here the transmitter structure employs a 
phase shifter network that is used to steer the beam direction at 
the frequency of f0 + fp and f0 + 2fp. In the meantime, the extra 
design degrees offered by the phase shifter network allow the 
suppression of radiation beams at other harmonic frequencies. 
Whereas in our proposed time modulated DM transceivers, no 
phase shifters are used. The beam steering is enabled by proper 
design of time modulation waveforms. The removal of the 
phase shifters on the other hand brings back symmetrical 
radiation beams (with respect to array boresight) at mirror 
harmonic frequencies, seen in Fig. 11. In our proposed scheme, 
these mirror harmonic beams, however, are exploited for 
detecting multiple targets simultaneously. This is possible 
because they occur at different frequencies. This aspect has 
been investigated for the first time in our work.  

Here for the TMA multi-direction DM synthesis method, the 
properties are summarized as below; 
 The multi-direction DM symbols are synthesized through 

controlling RF switches in RF feeding network instead of in 
digital baseband. Thus, the signal PAPR is 0 dB. This is 
friendly to RF carrier driving power amplifiers (PAs) as they 
can operate at deep saturation region; 

 The case of DM symbol synthesis at frequency f0 can be seen 
as a special case since in this case only two parameters can 

be adjusted in the PSO algorithm, i.e., 𝜏( )and 𝜏
( ), and with 

the less freedom only lower-order modulation DM symbol 
can be synthesized, e.g., BPSK. Thus, in the proposed TMA 
DM scheme here synthesize higher-order modulation DM 
symbols on harmonic frequencies (q ≠ 0);  

 The energy radiated in sidelobes includes the information 
energy and the artificial interference energy. There exists a 
trade-off between energy efficiency and transmission 
secrecy since the essence of the DM is radiating spatially 
orthogonal artificial interference that masks/distorts the 
genuine information [18]. Thus, when we change the 
injected energy through altering the switching functions, the 
transmission secrecy, i.e., BER angular beamwidth, can be 
adjusted. This provides an extra degree of freedom of 
controlling target angular resolution. This aspect will be 
discussed in Radar tracking application in the next section; 

 The designed parameters of 𝜏
( ) , 𝜏( )  and 𝜏  can provide 

extra beams along the mirror directions since Fq(θq) and Fq(–
θq) are conjugated.  

IV. TARGET LOCATION TRACKING 

In this section, the synthesized DM radiation patterns in 
Section III are exploited for target tracking. Here, it is assumed 
that the transmitter and the receiver are co-located, constructing 
a monostatic arrangement. The proposed TMA DM architecture 
is one form of ISAC systems. Since the communication 
functionality is straightforward and has been studied in [19], 
here we focus our analysis on the target localization 
functionality. 

A.  Azimuth Angle Estimation 

When the DM transmitter technology applied onto Radar 
target tracking, the receive BER can be utilized as an indicator 
of the presence of targets in angular domain [10]. Different to 
the BER concept in previous DM works where BER 
measurement occurs at target receiver end, here the BER is, 
instead, obtained by recovering the backscattered signals from 
the targets, and the receiver is co-located with the transmitter, 
i.e., monostatic Radar concept. The BER is analyzed as a 
function of angular directions, thus the drop of BERs for a 
certain direction view is used as an indicator of the presence of 
a target in that given angular sector. Thus, for the radiated DM 
patterns the propagation channels are experienced twice, see 
Fig. 1. The BER can be readily calculated because the data 
sequence transmitted is known at the receiver due to its co-
location with the transmitter. In this paper, in all the BER 
simulations, a large number of modulated symbols for 
transmission, saying 10+7 is first generated. After two-fold free 
space propagation (propagate to and reflected from the potential 
target), the symbol streams are added with additive white 
Gaussian noise (AWGN) at the receiver side. The amount of the 
noise power is weighted to scale the signal-to-noise ratio (SNR) 
along the target direction to pre-set values, i.e. 17 dB and 22 dB 
in Figs. 13 and 16. In each BER simulation, a known preamble 
(or pilot sequence) is appended, which is correlated at the 
receiver end for synchronization. After the synchronization, the 
minimum Euclidean distance to ideal constellation symbols in 
IQ space is used as demodulation criteria. This Monte Carlo 
simulation is used throughout in our paper for BER analysis. 
For a better illustration, it is assumed that a target is located 
along the angular direction of +20°. Radiating the synthesized 
DM patterns in the aforementioned example into the free space, 
at the frequency f0 + fp the computed BERs as a function of 
potential target azimuth at signal-to-noise ratios (SNRs) of 17 
dB and 22 dB are shown in Fig. 13. Different SNRs are 
equivalent to setting different distances between the transmitter 
and the targets. The BERs obtained in the counterpart uniform 
linear array (ULA) are also computed and shown for 
comparison purpose. It can be observed that at the SNRs of 17 
dB and 22dB the BERs drop to a very low value only along 
direction of +20°, which is aligned with the azimuthal direction 
 

 
Fig. 13. Computed BER as a function of azimuthal angle, respectively, 
for radiating the TMA DM and ULA patterns at frequency f0 + fp. SNRs 
are set to 17 dB and 22 dB along +20°. 
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Fig. 14. Computed BERs for different magnitudes of the constellation 
points, at frequency f0 + fp with SNR of 17 dB. 

 
        (a) 

 
(b) 

Fig. 15.  Computed BER as a function of azimuthal angle with radiating 
synthesized example DM patterns. (a) SNR = 10 dB; (b) SNR = 17 dB. 

 
of the target. This is because, at frequency f0 + fp, the 
synthesized DM patterns carrying QPSK symbols can only be 
projected along the pre-specified angular direction, thus, the 
lowest BER will be obtained only when the received signals are 
backscattered from a target located along this pre-selected DM 
direction. Otherwise, the BER values would remain high along 
all other angular directions.  In Fig. 13, the beamwidth of BER 
less than 10–3 is around 4°, which we define as the target 
azimuthal angle resolution. It indicates that when using the 
beam of the same frequency for target angle location, two 
targets have to be separated by at least 2°. Compared with the 

  

 
Fig. 16.  Computed BER as a function of azimuthal angle, for radiating 
the TMA DM at frequencies f0 + fp and f0 + 2fp, respectively. SNRs are 
set to 17 dB and 22 dB along +30°. It is assumed two targets overlap at 
+30° in the angular domain. 

method in [10] where a 16-element antenna array can achieve a 
BER beamwidth of 7.5°, the proposed TMA DM scheme could 
achieve better BER beamwidth since here a 12-element antenna 
array has beamwidth down to 4°, and this beamwidth, i.e., 
azimuthal angle resolution, can be further improved by altering 
the switching functions. For instance, when we aim to obtain 
narrower BER beamwidth, it can be achieved by using the 
switching functions, i.e., solution sets for the reduced 
magnitude of the constellation points, seen in Fig. 14. This is 
because the magnitudes of F1(θ1) and F2(θ2) determine the 
radiation energy projected along the selected communication 
directions. This energy is utilized for conveying genuine 
information. When this magnitude is reduced, the proportion of 
the orthogonal artificial noise power is increased since the total 
power is normalized. In this case, the orthogonal artificial noise 
helps to further reduce the width of the BER main beams, in 
other words, improving the angular resolution. For the ULA 
counterpart, it becomes difficult to identify target angle due to 
the high BER sidelobes. In the TMA DM symbol synthesis that 
is described in the last section, the multi-direction DM patterns 
can be simultaneously synthesized along ±20° and ±45°, 
respectively, at frequencies f0  ± fp and f0  ± 2fp, seen in Fig. 11. 
When the targets are located along these angular directions, the 
computed BERs are shown in Fig. 15 for different SNR values. 
We can see that using the proposed TMA DM patterns, we can 
simultaneously estimate the targets located along different 
angular directions. When targets overlap at a certain angular 
direction, for instance, it is assumed that two targets, namely, A 
and B, are located along the same direction of +30°. Steering 
the beam through controlling the time sequences of the TMA 
switches and radiating the synthesized DM patterns into the free 
space, at the frequencies f0 + fp and f0 + 2fp, the computed BERs 
at SNRs of 17 dB and 22 dB are shown in Fig. 16. It can be 
observed that the BERs corresponding to the two targets can be 
obtained since they operate in two different frequencies. 

Noted that in the proposed scheme, the target positions are 
assumed to be unknown. Different with the conventional DM, 
here the synthesized DM beams will be scanning in the angular 
directions since we are using a TMA with electronic beam 
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scanning ability [20], we can easily steer multiple beams by 
time-shifting the synthesized switching functions which partly 
act as phase shifters. This allows the possibility to track the 
location of the targets as it moves in azimuth, permitting 180° 
coverage of the scanning beams. This is more efficient 
compared with using a single synthesized DM beam in [10]. 
Moreover, when the targets equipped with suitable receivers, 
we can concurrently communicate data to the targets securely 
along different angular directions since the multiple access is 
enabled in frequency domain in the proposed TMA DM. 

B. Range Estimation 

Conventional continuous wave (CW) Radar is commonly 
used for Doppler detection. The target range information cannot 
be obtained by using a single frequency CW Rader because 
with no reference the time delay cannot be measured. On the 
other hand, when the frequency domain is explored, it becomes 
possible to measure the range. For instance, in a frequency 
modulated continuous wave (FMCW) Radar, when an echo 
signal is received, the change of signal frequency can be 
correlated to the time delay. Similar to the FMCW Radar, for 
the proposed TMA system, the time of arrival (TOA) can be 
measured with a usage of a pre-known symbol sequence. In this 
approach, the DM patterns are radiated, which carries symbol 
sequence. When the echo signals are received, that change of 
the symbol sequence gets a time delay Δt. The operational 
principle is illustrated in Fig. 17. The target ranging R can be 
determined by the following relation [21]   

 

2

c t
R

 
  ,                                    (14) 

 
where c is speed of light. The target range resolution refers to is 
the ability of a radar system to distinguish the two targets on the 
same bearing but at different ranges. In the proposed TMA DM 
scheme, we choose the symbol duration the same as the time-
modulation period (Tp). Thus, in principle, the spacing of two 
targets S in range domain can be separated only when equation 
(15) is satisfied, 
 

2
pc T

S


  .                                    (15) 

 
Noted that TMAs employ RF switches that commonly operate 
in the order of MHz or tens of MHz. Fortunately, many RF 
switches capable of switching at nanosecond or even at sub-
nanosecond with low insertion loss, good isolation properties 
and high power handling capability are available [22]–[26]. In 
order to achieve 180ᵒ phase-shift, a fixed delay line with a π 
phase shift at the center frequency can be employed. Since the 
fractional bandwidth is still narrow, e.g. 1% for a 20 MHz signal 
at 2 GHz band, a few degrees of phase errors do not contribute 
noticeable performance drop. Alternatively, a true time delay 
line, as mentioned before, can be implemented for 180ᵒ phase 
shift for all frequency signals. We are making efforts to 
implement proof-of-concept prototypes, and those results will 
be reported separately in future works. 
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Fig. 17. Target ranging with the direction-modulated continuous wave 
(DMCW) system. 

V. CONCLUSION 

In this paper we present an approach of synthesizing multi-
direction DM symbol using a single RF chain TMA wherein the 
multi-direction DM symbols were synthesized by controlling 
switches rather than in the digital baseband. This results in a 
signal of 0 dB PAPR. When the created DM radiation patterns 
are applied for Radar tracking applications, compared with 
previous works it can simultaneously track the movements of 
multiple targets along different angular directions. In addition, 
the proposed TMA DM enables multiple access functionality, 
thus independent data streams can be transmitted to the multiple 
targets when they are equipped with suitable receivers. 
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