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Abstract—A RF directional modulation technique using a switched
antenna array is proposed for communication and direction-finding
applications. The main idea is that a baseband modulation signal
is transmitted by the switched antenna array. The phase center of
the transmit signal is moved by the feeding line of each element
from the left to the right. In this way, the data information and
Doppler frequency shift information are modulated into a transmit
signal constellation simultaneously.  Therefore, this constellation
is a scrambled constellation compared with traditional baseband
modulation signal, which varies with the azimuth angle information
of the receiver. For the receiver with a single antenna, a differential
correlation algorithm is employed to demodulate the data information,
and an azimuth angle estimation algorithm is also developed to extract
the azimuth angle information from this scrambled constellation.
Simulation results show that this RF directional modulation technique
offers a comprehensive scheme for communication and direction-finding
from the point view of RF modulation technique.

1. INTRODUCTION

In traditional wireless communication transmitter, data information
is modulated at baseband and then up-converted to radio frequency
(RF). The modulation RF signal goes through a power amplifier
to drive a transmit antenna or antenna array. It is noteworthy
that in this traditional transmitter, a receiver at the sidelobe of
the transmit antenna receives the same information as the receiver
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located at the transmit antenna’s main beam. The only difference
between the receive signal at different directions is the signal power.
Therefore, given a high-sensitivity receiver it would be possible for
a receiver at an undesired direction to eavesdrop data information.
RF directional modulation technique is proposed for the physical
layer secure communication in the paper [1-5], which synthesizes
a digital modulation signal fully or partially in the RF portion
of the transmitter. Papers [1,2] propose a direction modulation
(DM) technique using a phased array, which synthesizes the digital
modulation signal in RF portion of the transmitter. The constellation
points of the transmit signal maintain their positions at the desired
direction but scrambled at the undesired directions. Therefore, the
desired receiver can demodulate the receive signal as traditional
digital modulation signal, while the undesired receivers cannot extract
any useful information from the scrambled constellation. Paper [3]
presents a similar DM signal transmitted by an array with pattern
reconfigurable elements. Paper [4] introduces a near-field direct
antenna modulation (NFDAM) technique, which forms a DM signal by
two transmit beams or multiple transmit beams. Paper [5] proposes a
RF directional modulation technique using a switched antenna array
which combines the advantages of the DM signal with traditional
spread-spectrum signal. These DM techniques cause the transmit
signal to be direction-dependent. This characteristic is beneficial
for physical layer secure communication without relying on upper
layer data encryption. In fact, this scrambled constellation generated
by RF directional modulation technique contains azimuth angle
information of the receiver with respect to the transmitter. Paper [6]
designs an inverse monopulse system for communication and direction-
finding applications based on sum and difference beams NFDAM
technique. Paper [7] proposes a multiple beams OFDM-NFDAM
signal transmitted by a sparse antenna array for communication and
direction-finding applications. These papers prove that the receiver can
demodulate the data information and azimuth angle information from
this scrambled constellation simultaneously, if a proper RF modulation
technique is designed for the transmitter. Therefore, a goal of this
paper is to design a RF directional modulation signal using a switched
antenna array for communication and direction-finding applications.
The Doppler frequency shift information of the transmit signal
contains azimuth angle information of the receiver with respect of
the transmitter, if the transmitter is moved as a regular way with
high-speed. Unfortunately, this assumption can hardly be held in
practical scenarios. RF switches are developed to control “on-out”
state of the transmit antenna with high-speed [8]. Therefore, we
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design a switched antenna array to simulate linear motion of the
transmit antenna with high-speed in this paper. Radiation pattern
synthesis is widely used to obtain shaped radiation pattern for wireless
communication system and radar system [9-12]. Switched antenna
array is also called time modulated linear array (TMLA) in the field
of radiation pattern synthesis. In the late 1950s, “Time” as a design
parameter is first proposed to suppress the sidelobes of the linear array
in [13]. Researches on TMLA have followed this work for the purpose
of achieving lower sidelobe level [14-23]. Papers [14-18] use differential
evolution (DE) algorithm [14, 15], genetic algorithm [16] and particle
swarm algorithm [17,18] to synthesize the radiation pattern of the
TMLA. Paper [19] presents a sidelobe suppression method using a
TMLA with unequal element spacing. Paper [20] analyzes the TMLA
using the FDTD method. Papers [21-23] propose a phase center
motion technique to obtain lower sidelobe level by Doppler frequency
shift effect for the TMLA. These papers focus on shaping the beam
requirements and suppressing the sidelobe level. TMLA is also widely
applied to airborne pulsed Doppler radar system [24], direction of
arrivals (DOAs) system [25], sum and difference patterns synthesis for
monopulse system [26, 27] and digital beamforming (DBF) system [28].
However, the inherent drawback of TMLA is that there are many
sideband signals spaced at multiples of the modulation frequency,
called sideband radiation. In [29], a closed form expression associated
with the sideband power losses is obtained. SR signals may not be
desirable and should be suppressed to improve the efficiency of the
TMLA. Paper [30] proposes a DE algorithm to suppress the sideband
radiation patterns in TMLA. Paper [31] uses half-power sub-arraying
technique to reduce the sideband levels. Papers [32-34] control the
harmonic radiation pattern based on the particle swarm algorithm.
Paper [34] obtains the minimization of the power losses in TMLA by
means of a suitable strategy based on particle swarm optimization.
These researches consider that SR signals are major disadvantage
of TMLA and should be suppressed or filtered from the point view
of radiation pattern synthesis. The major disadvantage of TMLA
mentioned above may also be used as an advantage in applications.
Fundamental frequency component and first harmonic of a two-element
TMLA are used in direction finding by steering the deep null on
broadside direction in [35,36]. First harmonic of a TMLA with
the aid of variable-switching instants can be used in beam-steering
applications [37,38]. A multiple harmonic beamforming technique is
also presented based on particle swarm algorithm in [39]. Additionally,
switched architecture is considered an attractive alternative to fully
adaptive arrays due to low-cost of the switched architecture because
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this switched architecture offers a drastic reduction in the amount
of RF hardware (power amplifiers, mixers) required. Therefore,
switched antenna arrays are widely used for mobile 2.4 GHz ISM
applications [40], wireless senor networks [41] and WIMAX [42].

Our work in this paper is different from the aforementioned
works in the following aspects: i) The switched antenna array is
employed to simulate motion of the transmit antenna with high-
speed which is similar to papers [21-23]. However, in this paper
the Doppler frequency shift information is modulated into the
transmit signal constellation for the purpose of direction-finding
applications, different from papers [21-23] which utilize Doppler
frequency shift effect of the phase center for the purpose of synthesizing
the radiation pattern; ii) The RF directional modulation signal
using a switched antenna array is proposed for communication
and direction-finding applications, unlike paper [5] for the physical
layer secure communication; iii) From the point view of signal
modulation, each harmonic component contains the same information
as the fundamental frequency component, which is useful for wireless
communication. Therefore, the fundamental frequency component
and all harmonic components are used to form a RF directional
modulation signal, unlike the radiation pattern synthesis only using
fundamental frequency component in papers [10-23], direction-
finding using fundamental frequency component and first harmonic
components [35,36] and harmonic beam-steering applications [37, 38].
This characteristic of the transmit signal spectrum is similar to
traditional spread-spectrum signal. Therefore, a differential correlated
demodulation is employed to demodulate the data information from
the scrambled constellation, unlike paper [5] which demodulates the
receive signal as a traditional direct sequence spread-spectrum signal;
iii) The Doppler frequency shift information of the switched antenna
array is modulated into the transmit signal constellation different
from papers [6,7], which modulate the spatial parameter of the
radiation pattern into the transmit signal constellation. In this way,
an azimuth angle estimation algorithm is developed to extract the
azimuth angle information from the scrambled constellation based on
frequency measurement algorithm, unlike papers [6,7, 26,27, 35, 36],
which are similar to monopulse system based on the amplitude-
comparison algorithm using the multiple transmit beams [6, 7], sum-
difference patterns [26,27] and fundamental frequency component and
first harmonic components [35, 36], respectively. The direction finding
method proposed in this paper is similar to that in paper [25], which
extracts the directional information from the Doppler frequency shift.
However, paper [25] only considers the direction-finding applications
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using TMLA at the receiver based on MUSIC algorithm, unlike this
paper which proposes a comprehensive scheme for communication and
direction-finding using TMLA at the transmitter.

The remainder of this paper is organized as follows. Section 2
introduces the principle of RF directional modulation signal using a
switched antenna array. Section 3 gives the differential correlated
demodulation of the data information. Section 4 develops an azimuth
angle estimation algorithm from the scrambled constellation. Finally,
the communication and direction-finding performances of the RF
directional modulation signal are investigated by computer simulation
in Section 5.

2. THE PRINCIPLE OF RF DIRECTIONAL MODULA-
TION TECHNIQUE USING A SWITCHED ANTENNA
ARRAY

To illustrate the principle of RF directional modulation technique, a
block diagram of the transmitter is designed as shown in Figure 1,
which consists of data source, differential encoder, modulator, power

amplifier (PA), power splitter, CPLD module, phase shifter and a

. . . : . . _ A
switched linear array. The isotropic elements with equal space (d = %)

are numbered from 1 to H. Considering that each element is controlled
by a high-speed RF switch, we can implement the moving phase center
technique by high speed RF switches in the feed line of each element.

Ad)l Aq)z Ad)? ......
...... PIN
CPLD Inkint RF Switch
A A A
c, b s(t) I
Data Differential Power
Source Encoder Splitter
Oscillator

Figure 1. Block diagram of the transmitter.
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2.1. Time-domain Analysis

The excitation signal for this switched antenna array is s(t) = b,e/“0t,
where b, = ¢, ® b,—1 € {+1,—1} denotes the BPSK modulation
symbol; ¢, € {+1,—1} denotes the data information; n =1,2,..., N
denotes the nth BPSK modulation symbol in each frame signal. Firstly,
a cluster of V' consecutive elements (V' < H) are switched on from the
left to the right. Therefore, the switched antenna array is divided into
g antenna clusters and denoted by L,, € {1,2,..., M = %}, m =
1,2,..., M where m denotes the mth antenna cluster. Then, the
cluster is electronically moved across the linear array to transmit one
BPSK modulation symbol. Consider that the switching frequency f,
equals the symbol rate of the BPSK modulation signal. The duration
of “on” times is the same for all switching antenna cluster. Therefore,
the duration of “on” times for the mth switching antenna cluster is
written as:

1
T, =T = MT (1)

where T' = fi is the switching period. The schematic diagram of the

antenna switf:hing is shown in Figure 2 when V and M equal 1 and 7,
respectively.

Supposing that the desired receiver is at the range of [01,603]. To
direct main beam to the desired range, the phase value for each phase
shifter can be calculated as follows:

¢n = —(h —1)3dcos <91 0

),hzl,Q,...,H (2)

where g = 27” denotes the propagation constant; A denotes a
wavelength; h denotes hth antenna. For example, we consider that
BPSK modulation symbol period equals 7 x 107°s, M = 7 and that
the desired receiver is at the range of [40°, 50°]. Figure 3 shows
the phase center locus of the switched antenna array for the purpose

It 2t 31t 41t 5t 61 Tt

Antenna Number

— Wk LA

e T R

Figure 2. The schematic diagram of the antenna cluster switching.
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Figure 3. Phase center locus of the switched antenna array
for different applications. (a) Communication and direction-finding
application. (b) Secure communication application.

of: 1) physical layer secure communication application in paper [5],
and 2) communication and direction-finding application in this paper,
respectively. For the physical layer secure communication application,
the switching scheme of the switched antenna array is according to
the spreading sequence. Therefore, the phase center locus is the same
as the spreading sequence at the desired direction § = 0°, while the
phase center locus is scrambled at the undesired direction § = 10°.
This characteristic is beneficial for secure communication at physical
layer. For the communication and direction-finding application, the
switching scheme of the switched antenna array is switched on from
the left to the right. Therefore, the Doppler frequency shift information
of the phase center is modulated into the transmit signal constellation,
which can realize communication and direction-finding function with
the desired receiver.

According to the excitation scheme mentioned above, the receive
signal at the azimuth angle 6 is expressed as follows:

h=V (Lm—1)+V
r(t) = by Z Uy ()18 (=) dcos 0+ 1] gj(wot+9) (3)
h=V(Lm—1)+1
where wg = 27 fy denotes the carrier radian frequency; fy is the carrier
frequency, 9 is an random RF phase delay; m denotes mth transmit
antenna cluster; Uy, (t) is switching function of the antenna. The

expression of the switching function is expressed by Equation (4), and
its schematic diagram is shown in Figure 4.

1) tom <t < (tOm +7—)

Um(t):{o, <t <tom, (tom+7) <t <T )
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Figure 4. Schematic diagram of the switching function.

where tg,, denotes the switch-on time instant of the mth antenna
cluster; 7 is the duration of “on” times; T' = ﬁ is the switching period;

fp is the switching frequency.

2.2. Transmit Signal Constellation

According to the switching scheme mentioned above, the phase center
of the switched antenna array is moved in the direction of X-axis from
the left to the right. Therefore, the motion velocity of the phase center
is written as:

(M —-1)Vd

o= 0 (5)

The Doppler frequency shift information f; of the phase center is

expressed as:
v cos 6 M-1)V
fd(Maeafp): \ = ( 9 )

Considering that total phase value is expressed by ¢ during the period
of the BPSK symbol T', we can write the relationship between ¢ and

fa as:

Jpcosb (6)

T
¢ = o /0 fadt (7)

From Equations (4) and (5), we can find that the Doppler frequency
shift information of the phase center contains the azimuth angle
information with respect to the transmitter. Therefore, the azimuth
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Figure 5. Constellation diagram of the RF directional modulation
signal. (a) Communication and direction-finding application.
(b) Secure communication application.

angle information of the receiver is modulated into the transmit
signal constellation.  Figure 5 shows the constellation diagram
of the RF directional modulation signal used for physical layer
secure communication application and communication and direction-
finding application, respectively.  For the physical layer secure
communication application, the constellation diagram of the RF
directional modulation signal is the same as the traditional BPSK
modulation signal when the receiver at the desired direction (6 =0°),
while the constellation points become distorted when the receiver is out
of the desired direction (§ = 3°). For the communication and direction-
finding application, the constellation diagram of the RF directional
modulation signal is scrambled when the receiver at the desired range.
However, the total phase value of this scrambled constellation diagram
is a function of the azimuth angle information. Determining how
to extract the data information and azimuth angle information from
this scrambled constellation diagram is a crucial problem. A data
information demodulation algorithm and an azimuth angle information
estimation algorithm will be presented in Sections 3 and 4, respectively.

2.3. Frequency-domain Analysis

Consider that the amplitude spectrum of the excitation signal s(¢) is
denoted by E(jw) with modulation bandwidth 2w;,. The spectrum
function of the switching function is a series of impulse function,
which appears at different harmonic frequencies because the switching
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function Up,(t) is a periodic function. The expression of the spectrum
function is written as:

=400

S(jw) = Y mAib(w — iwy) (8)
1=—00
. 27 WwpT
wp = 2mfp = 2% (10)
where A; denotes the amplitude of the ith harmonic component, and w,
denotes the switching angular frequency and Sa(x) = *3*. According

to the convolution theorem in frequency-domain and Equation (3), the
receive signal in frequency-domain can be expressed as follows:

z +o0
Rl =5 B <SG) =7 3 Sa (20 ) Blite — )] (1)

’L_fC)O

The amplitude spectrum of the RF directional modulation signal
due to the switching function is illustrated in Figure 6, which is
a repetition of the modulation spectrum centered at the carrier
radian frequency wg. The envelope of the harmonic components
follows the function Sa(x), which is determined from the Fourier
transform of the switching function. The amplitude spectrum of
the RF directional modulation signal not only appears at the carrier
radian frequency wg (fundamental component) but also removes the
fundamental component to the radian frequencies wo £ wy,, wo £ 2wy,

., and wp % iw, (harmonic components), respectively, unlike using a
single antenna to radiate BPSK modulation signal directly. Figure 7
shows the power of fundamental and harmonic components for the
RF directional modulation signal alone with M = 7, M = 15 and
M = 31, respectively. Compared with the power level of the BPSK
modulation signal transmitted by a single antenna array (regarded
as 0dB), the power level of the fundamental component reduces to

E(jo) S(jo) Fundamental 4 R (j ®)
component
* ooy 20, A \f\ml)ﬁw,, wo—zmp/\ /\ (1)0+20)p

PR \ ® Mo e
X ®o— ®o Y 0~ Wp o+,
®0—-0p ®o+Wp 0= Op ®o+ 0p / v

Harmonic components Harmonic components

Figure 6. The amplitude spectrum of the receive signal.
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Figure 7. The power of the fundamental and harmonic components.

BPSK modulation BPSK modulation
signal signal

Direct sequence RF directional
spread-spectrum modulation signal

Figure 8. Comparison diagram of the power spectrum between
the direct sequence spread-spectrum signal and the RF directional
modulation signal.  (a) Spread spectrum using direct sequence.
(b) Spread spectrum using a switched antenna array.

—16.9dB, and the total bandwidth is spreading when M = 7. This
power spectrum characteristic is similar to traditional direct sequence
spread-spectrum signal. Figure 8 shows the comparison diagram of
the spread-spectrum between the direct sequence spread-spectrum
signal and the RF directional modulation signal. The RF directional
modulation signal is formed by switching the antenna array, unlike the
direct sequence spread-spectrum signal which mixes the data with a
spreading sequence directly before the final carrier modulation.

3. DIFFERENTIAL CORRELATED DEMODULATION
ALGORITHM OF THE DATA INFORMATION

From the principle of RF directional modulation technique, we
can find that the RF directional modulation signal is similar
to the traditional direct sequence spread-spectrum signal at the
frequency-domain.  However, the phase center locus of the RF
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directional modulation signal varies with the azimuth angle for
communication and direction-finding application unlike physical layer
secure communication application, which only needs to correlate
the receive signal with the spreading sequence. This traditional
demodulation algorithm of the direct sequence spread-spectrum signal
is not suitable for the RF directional modulation signal of this paper.
Therefore, we employ a differential correlated demodulation algorithm
to demodulate the data information. Consider that the receive signal
goes through power amplifier, down converter and sampling device.
Then, the baseband signal is obtained and denoted by R(kTq) where
fa = % = M f, denotes the sampling frequency, and k denotes kth
sampling point. According to the maximum likelihood principle, the
data information can be estimated as follows:
M *
eﬂ,m:z R(nM + k)R* [(n — 1) M +k] n=23. N (12)
R[(n —1)M+k]R*[(n — 1)M + k]

k=1
where the superscript (e)* denotes the complex conjugate of a matrix.

Then the data information b, can be obtained by a BPSK decision
device.

4. AZIMUTH ANGLE ESTIMATION ALGORITHM

From Equations (5)—(7), an azimuth angle estimation algorithm is
developed as follows:

Step 1: calculate the phase difference between two adjacent
sampling points by Equation (13).

r(kT +T)
= _ =1,2,....,.M—1 1
Ph,k+1 angle |: T(kT) :| ) k 5 4y ) ( 3)

Step 2: change principal value region. When ¢, 111 > 0, @ k1 =
Ok k+1, and when g 1 <0, Qpp41 = Prps1 + 27,

Step 3: extract the Doppler frequency shift information from the
baseband signal by Equation (14) as follows:

M-1

fa= % Z {‘Pk,kJrl + floor [;Vcos <61 ;02>] }fp (14)

k=1

Step 4: estimate the azimuth angle from the Doppler frequency
shift information by Equation (15) as follows:
2f4

EnGE (15)

é:CLCOS[
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5. SIMULATION RESULTS

The simulation conditions are supposed as follows:

(1) The switching frequency f, equals 10 MHz; the number of element
in each antenna cluster V equals 5; the desired receiver is at the
range of [40°, 50°]; each frame signal contains N = 100 BPSK
modulation symbols. It is noted that the receiver cumulates one
frame receive signal to estimate the azimuth angle in simulation.

(2) The transmit signal at § = 45° (mainlobe direction) as standard
signal is used to calculate the adding power of AWGN. For other
directions, the adding power of AWGN is the same as the direction
0 = 45°. It means that the added power of AWGN is the same at
the desired range [40°, 50°].

(3) Simply for expression, the RF directional modulation technique
for communication and direction-finding application is expressed
as application 1, and the RF directional modulation technique for
physical layer secure communication is expressed as application 2
in simulation.

Figure 9 shows the bit-error-ratio (BER) performances versus
signal-to-noise ratio (SNR) when M = 7 and the receiver at different
directions. For application 2, the BER performance is the same as
traditional BPSK direct sequence spread-spectrum signal when the
receiver is at the desired direction §# = 0°, while the RF directional
modulation signal cannot be demodulated when the receiver is out of
the desired direction. It means that the RF directional modulation
signal can obtain 10 x log;o(M) = 8.45dB spread-spectrum gain

10°

1, M=7,6=40° £}
2,M=7, 0=0° |

2 0 2
SNR (dB)

0 2 4
SNR (dB)

Figure 9. BER performance Figure 10. BER performance
versus SNR when M = 7 and the versus SNR when M = 7 and
receiver at the different directions. M = 15, respectively.
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at the desired direction. For application 1, the BER performances
have a little difference when the receiver at the directions 8 = 40°
and 6 = 45 because the receive signal power is different at these
directions in the beam space. However, the RF directional modulation
signal only obtains about 2.4 dB spread-spectrum gain unlike the RF
directional modulation signal for application 2, which can obtain full
spread-spectrum gain as traditional BPSK direct sequence spread-
spectrum signal. Figure 10 shows the BER performance versus SNR
when M = 7 and M = 15, respectively. We can find that the RF
directional modulation signal for application 2 can obtain 8.45dB
and 11.76 dB spread-spectrum gain, respectively, as traditional BPSK
direct sequence spread-spectrum signal, while the spread-spectrum
gain improves hardly with the M increasing. Although the BER
performance at the desired range [400, 500] for application 1 is less than
the BER performance at the desired direction 6 = 0° for application 2,
the RF directional modulation signal for application 1 can realize
direction-finding function.

Figure 11 shows the root mean square error (RMSE) performance
of the azimuth angle versus azimuth angle when SNR equals to 15dB
and M = 7. We can find that the RMSE performance achieves
about 0.01 degree when the receiver is at the desired range [40°, 50°].
Figure 12 shows the RMSE performance versus SNR when the receiver
is at the direction § = 47° and M = 7. The curve shows that the RMSE
performance improves with the SNR increasing obviously. Figure 13
shows the RMSE performance versus the transmit antenna group M
when the receiver is at the direction 6§ = 47° and when SNR equals
10 dB. Although the BER performance of application 2 improves hardly
with the transmit antenna cluster M increasing, the direction-finding
performance improves obviously.

0.015 ; ; ; ; 0.04

0014 —6— SNR=15dB.M=7 | |

0.013

0.03

.012

0.011

RMSE (degree)
o o
2 s

RMSE (degree)
(=)

e
o

=]
[
=t

42 44 46 48 50 15
Azimuth angle (degree) SNR (dB)

25
Figure 11. RMSE performance Figure 12. RMSE performance
versus azimuth angle when SNR  versus SNR when tge receiver at
equals to 15dB and M = 7. the direction § = 47 and M = 7.
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Figure 13. RMSE performance versus M when the receiver at the
direction § = 47" and SNR equals to 10 dB.

6. CONCLUSION

Traditionally, RF directional modulation technique is used for physical
layer secure communication, which causes the transmit signal’s
constellation scrambled at undesired directions. However, we propose
a RF directional modulation technique using a switched antenna
array for communication and direction-finding applications in this
paper, which demodulates the data information and the directional
information into the transmit signal constellation. In this way, a
receiver with a single antenna can demodulate the data information
and azimuth angle information from the scrambled constellation
simultaneously. This RF directional modulation technique offers a
comprehensive scheme for communication and direction-finding from
the point of view of RF modulation technique. Therefore, the proposed
signal of this paper can be applied to the system such as communication
and tracking systems, radar, navigation systems and guidance beacon
because the transmit signal constellation contains the data information
and spatial parameters. However, the RF directional modulation signal
for communication and direction-finding application cannot obtain full
spread-spectrum gain compared with the RF directional modulation
signal for the physical layer secure communication. Future work on
the problem such as improving the spread-spectrum gain of the RF
directional modulation signal for communication and direction-finding
application is required.
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