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�e simultaneous transmit and receive (STAR) system needs to establish su�ciently high isolation between the transmitter and
the receiver in order to play its role. However, due to the nonlinear characteristics and the accompanying noise of the active
devices in the system, the coupling from the transmit channel to the receive channel cannot be accurately estimated in massive
arrays, making it hard to improve the isolation between the transmit and receive channels. �is paper proposes a new method to
enhance isolation for aperture-level transmitting array and receiving array. �e method uses the transmit and receive beam-
forming technology and aperture optimization technology to enhance the isolation between the transmitting aperture and the
receiving aperture. �e experimental results show that when the transmit power of an 8-element Vivaldi array is 30W, the
e�ective isotropic isolation (EII) peak value reaches 153.9 dB. �e noise �oor of the system is −89.9 dBm. Compared to only using
aperture optimization and only using beamforming technology, the scheme in this paper, respectively, improves the isolation of
20.69 and 6.17 dB.

1. Introduction

�e operating system of the traditional phased array is
usually a time division duplex, which takes up more time
resources and reduces phased array e�ciency. In order to
alleviate this problem, the simultaneous transmit and receive
(STAR) technology was proposed [1] and attracted great
attention in communications, radar, spectral sensing, and
military radio [2, 3]. STAR sustains radio devices to transmit
(TX) and receive (RX) at the same frequency band simul-
taneously, thereby improving throughput and spectrum
e�ciency in wireless communication systems. STAR tech-
nology was also used in continuous-wave radar to achieve
stealth by continuously emitting low-power waveforms to
continuously illuminate the target [4]. More recently, mil-
itary radio had called STAR technology a disruptive tech-
nology that has the potential to bring about a paradigm shift
in operating on the networked electromagnetic battle¡eld
[5]. However, the premise of the successful application of

STAR is how to reduce the interference and noise present in
the received signal due to colocated transmitters.

Researchers had carried out many studies to enhance the
isolation between the transmit and receive of a digital phased
array. A digital-controlled method, called Soft Null, was
presented and studied to enable full-duplex in many-an-
tenna systems. In the case of a 72-element array partitioned
as 36 transmitting antennas and 36 receiving antennas, 50 dB
of preanalog self-interference cancellation (SIC) was
achieved using beamforming technology while sacri¡cing
only 12 of the 36 available transit dimensions [6]. Zhang
et al. [7] expected to model the coupling path characteristics
of all spatial links between the transmitting aperture and
receiving aperture and used digital beamforming and digital
self-interference cancellation techniques to study the can-
cellation performance between the transmitting aperture
and di�erent receive position array elements [8]. However,
the e�ect of the transmit and receive aperture shapes on
isolation was not explored. �e MIT team divided all
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transmitting subarray in a phased array into transmitting
apertures, and all receiving subarray into receiving aper-
tures, which was termed aperture-level simultaneous
transmit and receive (ALSTAR) [9]. 0ey attempted to
improve the isolation between transmit and receive aper-
tures using a new digital cancellation structure and beam-
forming techniques. In terms of the design of the transmit
and receive apertures, they drew schematic diagrams of two
different transmit and receive apertures but only studied the
isolation in this configuration with transmit aperture on the
left and receive aperture on the right. 0eir results showed
that 163.9 dB isolation on the phased array with 25 trans-
mitting elements and 25 receiving elements was imple-
mented. In 2020, they further improved the theoretical study
of the ALSTAR array [10]. 0eoretical results suggest that
the isolation could reach 187.1 dB under the condition of
2500W transmit power between 25 transmitting elements
and 25 receiving elements, while the noise floor only in-
creased by 2.2 dB. Reference [11] proposed a broadband full-
duplex phased array system with combined transmit and
receive beamforming, without the need for RF cancellation
links, and achieved self-interference cancellation using
beamforming with minimal gain loss. In the model of the
ALSTAR array, the isolation depends on key factors in-
cluding transmit signal, transmit noise, coupling matrix,
receive noise, and array manifold. However, existing STAR
technologies focus primarily on improving isolation using
beamforming and digital cancellation techniques, with little
focus on the impact of array prevalence on isolation. By
derivation of the equation for isolation, we find that the
isolation is directly related to the shape of the transmit and
receive apertures (array manifold vector). Inspired by this
thought, this paper commits to reveal in depth the influence
of array manifold of transmit and receive on the isolation
between transmit and receive apertures, and the beam-
forming technology is used to further enhance the isolation.

0e problem of the aperture optimization of the transmit
and receive array is similar to that of the traditional array
optimization, and the difference is only the objective
function. 0e goal of the former is to maximize the isolation
between the transmit antenna array and the receive antenna
array by optimizing the number and positions of the
transmit antenna and the receive antenna. 0e latter is to
optimize the number and position of antenna elements to
achieve a high-performance pattern [12]. 0erefore, we can
refer to the idea of aperture optimization to optimize the
aperture of the transmit and receive array for boost isolation.

In terms of array optimization, swarm intelligence al-
gorithms are often used for array optimization such as Ant
Colony Optimization (ACO), particle swarm optimization
(PSO), genetic algorithm (GA), etc. In 2006, Universidad
Carlos III de Madrid proposed the ACO as a useful alter-
native in the thinned array design, using the side lobe level
(SLL) as the desirability parameter [13]. In 2015, in order to
generate radiation patterns with reduced peak side lobe level
(PSLL) in a thinned linear antenna array, [14] introduced the
PSO to estimate the optimum combination of “on” and “off”
elements for high possible peak SLL. In 2018, Cummings
et al. proposed the information theory performance

indicators of narrow-band STAR imaging arrays and divided
these arrays into transmit and receive apertures through
detailed testing of possible partitions and the application of
GA [15, 16]. In beamforming, many studies prove successful
cases of swarm intelligence algorithms optimizing beam-
forming to improve phased array performance, such as
beamforming-based pattern synthesis [17]. Reference [18]
proposed an enhanced ACO algorithm to optimize the beam
pointing position, beam width, and side lobes of the antenna
array, which has competitive advantages over other algo-
rithms. In 2020, new integer coded quantified angles, based
on the PSO beamforming algorithm for mmWave massive
MIMO communication, could achieve almost 98% perfor-
mance of the full-search beamforming [19].

In this paper, we use a hybrid GA-PSO algorithm for the
optimization of the transmit and receive aperture and
transmit and receive beamforming of the ALSTAR archi-
tecture to enhance isolation between the transmit and re-
ceive apertures. By comparing the schemes of aperture
optimization, beamforming, aperture optimization, and
beamforming, it is proved that the scheme of aperture
optimization and beamforming joint optimization can bring
about a 20.69 dB improvement in isolation between transmit
and receive apertures.

0e organization of this paper is as follows. In Section 2,
the signal model and optimization model of the ALSTAR
array are given. Section 3, GA and PSO algorithms are
introduced for aperture optimization and beamforming
optimization. Section 4 discusses and analyzes the results of
array aperture optimization and beamforming optimization
in the ALSTAR and verifies the competitiveness of the
proposed scheme. Finally, the conclusion is provided in
Section 5.

2. Aperture-Level Array Signal Model

For a massive array, we first divide the array into a trans-
mitting array and a receiving array to analyze its signal
model. 0e signal model is shown in Figure 1; the general
idea of improving the isolation between the transmitting
array and the receiving array is to obtain the reference signal
from the transmitter and subtract the modulated reference
signal from the receiver. 0e reference signal of the tradi-
tional digital cancellation is derived from the digital base-
band. It does not contain the transmitted noise information,
which makes it impossible to cancel the self-interference
component caused by the transmitter noise. To overcome
this problem, ALSTAR extracts a reference signal from the
output of the power amplifier to establish a reference
channel and cancels the self-interference signal at the output
of the receive beamformer. It can eliminate the self-inter-
ference component caused by the transmitted signal and the
transmitted noise.

In Figure 1, the symbols x(t), xt(t), s(t), and xr(t) are
the digital baseband signal, the vector of the transmitted
signal, the signal of interest (SOI), and the vector of the
received signal, respectively. 0e parameters bt, br, and bc

represent the vector of transmit beamforming, the vector of
receive beamforming, and the adaptive filter, respectively.
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Ho is the fixed attenuator between each transmit channel
and its corresponding observation receive channel, and M is
the mutual coupling channel between transmit and receive
arrays. xo(t) is the observation signal. nt(t), nr(t), and no(t)

are the noise at the transmitter noise, observation channel
noise, and receiver noise, respectively. xc(t) means the re-
ceived signal after SIC. 0e signal xt(t) at the transmitting
antenna can be expressed as

xt(t) + btx(t) � nt(t), (1)

where bt � CJ×1, J is the number of the transmitting an-
tenna, and nt(t) is zero-mean complex additive white
Gaussian noise. Its covariance matrix is
Nt � E[ntn

H
t ] � Diag(btb

H
t )/ηt, where ηt is the dynamic

range of the transmit channel.
0e transmitted signal xt(t) couple to the receiving

antennas passes through the receive channel and introduces
receive noise. 0e signal after receive beamforming can be
expressed as

xr(t) � br Mxt(t) + s(t) + nr(t) , (2)

where M ∈ CK×J, and br ∈ CK×1. K is the number of the
receiving antennas. nr(t) is zero-mean complex Gaussian
receiver noise with Nr � E[nrn

H
r ] � Diag(E[rrH])/ηr + σ2rI.

ηr is the receiver dynamic range, and σ2r is the receiver
thermal noise power. 0e expression of the reference signal
after passing through the observation channel in the
ALSTAR architecture can be noted as

xo(t) � b
H
C Ho xt(t) + no(t)(  , (3)

where bc ∈ CJ×1. 0e signal no(t) is the additive white
Gaussian noise, which obeys the normal distribution
no(t) ∼ N(0, NO). No is equal to Diag(btb

H
t )/ηr. 0e signal

xc(t) after the cancellation can be expressed as

xc(t) � xr(t) − xo(t) � br nr(t) + s(t) − Mno(t) . (4)

Obviously, the residual signals after cancellation are the
receiving channel noise and the observation channel noise,
as well as the signal of interest. In order to eliminate these

noises as much as possible, the ALSTAR cancellation
strategy replaces the larger transmitter noise with a smaller
observation noise, thereby improving EII in [5]. 0e ex-
pression of EII is as follows:

EII � PtGr ϕ, θ, br( g(ϕ, θ)
b

H
t qt(ϕ, θ)q

H
t (ϕ, θ)bt

b
H
t Mbtbt

, (5)

Pn � b
H
t Mbtbt, (6)

Mbt � η−1
r Diag M

H
brb

H
r M  + η−1

r M
HDiag brb

H
r M

+ η−1
r η−1

t Diag M
HDiag brb

H
r M  +

σ2r
Pt

I,
(7)

where Pt represents the transmit power, Gr represents the total
gain of the receiving array, and g is the gain of a single element.
Mbt is the interference and noise covariancematrices, andPn is
the total residual noise in the receiver. qt, qr are the steering
vector of the transmit and receive arrays. σ2r is the thermal noise
power for a 100MHz bandwidth channel with a 3dB noise
figure. I is the unit matrix of the receiving elements, which are
K rows and K columns. It can be seen that EII is not only
related to the transmit and receive beamforming vectors but
also related to the steering vectors of the transmit and receive
arrays. 0at is, it is related to the arrangement of the trans-
mitting array and the receiving array. 0erefore, in order to
maximize EII, the transmit and receive beamforming vector
and the steering vector of the transmit and receive array should
be considered optimized.0erefore, the fitness function can be
defined as follows, including three constraints:

fitness � EII max
qt,r ,bt,r

− PtGr ϕ, θ, br( g(ϕ, θ)
b

H
t qt(ϕ, θ)q

H
t (ϕ, θ)br

b
H
t Mbtbt

 ,

s.t.

qt/r(ϕ, θ) � q(ϕ, θ)pi(Iter),

bt

����
����
2

� Pt,

br

����
����
2

� 1,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

EII max
qt,r ,bt,r

�
PtJKg

2
(ϕ, θ)

σ2r
.

(8)

While q(ϕ, θ) � e− j(2π/λ)(x∗ cos(ϕ) sin(θ)+y∗ sin(ϕ)sin(θ)), x

represents the distance from each element in the array plane
to the x-axis, and y represents the distance from each el-
ement in the array plane to the y-axis. pi(Iter) represents the
transmit and receive configuration of the array element
during each iteration. EII max

qt,r ,bt,r

is the theoretical limit of the

effective isotropic isolation.

3. Aperture Configuration and Beamforming

3.1. Array Aperture Partition Optimization. We know that
the isolation between the transmitting antenna and the re-
ceiving antenna in different numbers and positions is in-
consistent. 0erefore, we need to determine the number and
position of the transmit and receive antennas to get the
highest isolation. For the convenience of description, we

Transmit beamforming 

Receive beamformingAdaptive filter 

Transmitting elements Receiving elements

mutual coupling Signal of interest

x (t)

nt (t)

xt (t)

no (t)

nr (t)

xr (t)xo (t)

xc (t)

s (t)

bt bc br

Ho Observed channel

M

Figure 1: Block diagram of ALSTAR cancellation architecture.
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divide all elements used for transmit into transmit apertures
and all elements used for receive into receive apertures. Since
each array element can be switched to be used for transmit or
receive, and each array element has two possible states, we
denote the transmit state and the receive state by 1 and 0,
respectively. In our design, since the GA is an algorithm based
on binary coding, the GA is used to optimize the working state
of each antenna and then determine the transmit and receive
apertures to obtain the highest isolation. First, we binary
encode the states of all antennas and place them side by side to
form a gene, that is, a long binary string. Each gene corre-
sponds to a configuration for transmit and receive aperture,
and the isolation between them under the transmit and re-
ceive aperture configuration can be calculated according to
equations (5)–(7). Moreover, the GA has the performance of
checking the number of parameter combinations, and we can
use this to rule out extreme cases to reduce algorithm
complexity. For a uniform linear array with N (number of
array elements), its transmit and receive configuration has
2N − 2 cases. Here, the case of array elements representing full
transmitting or full receiving is removed.

3.2. Transmit and Receive Beamforming Optimization.
Before using beamforming techniques, we assume that the
arrangement of the transmit and receive aperture is fixed;
i.e., qt and qr are fixed. First of all, we use equations (5)–(7)
to calculate the EII between the transmit and receive ap-
erture and then load a random complex weight bt and br

from 0 to 1 on each transmit and receive antenna to im-
plement beamforming. Since particle swarm optimization
(PSO) has the characteristics of high solution accuracy and
fast solution speed for nonconvex optimization problems of
continuous variables, it is suitable for solving optimization
problems of beamforming. In this paper, the PSO is used to
find the best bt and br when the isolation is the largest.
Subsequently, the observation signal is modulated by the
cancellation filter, and the realization method is to load a
random complex weight bc on the observation signal.
0erefore, the SIC filter in the observation link can be
expressed as bc � −bH

r MH−1
o under the condition of ideal

cancellation, and bc also changes with the changes of bt and
br. In the ALSTAR model, for any random set of transmit
and receive aperture configurations, we can determine the
number and location of transmit and receive array elements
to maximize isolation. On this basis, we further consider the
impact of beamforming on the system EII. In this paper, PSO
is used to jointly optimize the transmit and receive beam-
forming, which is different from the traditional optimization
of only optimizing transmit beamforming and only opti-
mizing receive beamforming, and also different from the
alternating optimization of 2020 MIT [10]. 0e advantage of
this is that there is no need to construct expressions in both
directions, which reduces the computational complexity.

By mimicking the foraging mechanism of birds, Eber-
hard and Kennedy proposed a particle swarm optimization
(PSO) algorithm in 1995. In the PSO algorithm, particles
represent candidate solutions, and these candidate solutions
can be initialized as a matrix:

X �

x1,1 x1,2 · · · x1,d

x2,1 x2,2 · · · x2,d

⋮ ⋮ ⋱ ⋮

xn,1 xn,2 · · · xn,d

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, (9)

where each row vector [xi,1, xi,2, . . . , xi,d], i ∈ (1, 2, . . . , n)

represents an independent particle, n is the number of
particles, and d is the number of the parameters. Generally, d
can also be regarded as the dimensional number, and each
particle is mapped as a set of bt, br. Particles search for
optimal solutions in multidimensional space by constantly
changing their position and velocity vectors. In every single
generation, particles update candidate solutions through
velocity and position update equations. 0e particle velocity
vi � [vi,1, vi,2, . . . , vi,d] and position xi � [xi,1, xi,2, . . . , xi,d]

update equations are as follows:

v
k
i � ωv

k−1
i + c1r1 Pbest − x

k−1
i  + c2r2 Gbest − x

k−1
i , (10)

x
k
i � x

k−1
i + v

k
i . (11)

Note that Gbest is the global optimal of all particles in
each iterative. Another important element in the PSO is local
optimum Pbest. 0e position change range is [−xmax, xmax],
and the speed change range is [−vmax, vmax].

3.3. GA-PSO Hybrid Optimized Structure. 0e GA-PSO
optimization algorithm is a hybrid algorithm that combines
aperture optimization and beamforming optimization. 0e
first is to use the GA algorithm to determine the aperture
distribution. On this basis, the PSO is used to optimize the
transmit and receive beamforming. Subsequently, the fitness
function is used to judge whether the current aperture
configuration and beamforming are optimal. Figure 2 shows
the flow chart of GA-PSO for optimizing bt, br and qt, qr.0e
specific process of the optimization of the aperture-level
transmit and receive array based on a genetic algorithm is as
follows:

(1) Initialize the number of genes according to antenna
array size, initial gene configuration value, crossover
probability, mutation probability, particle pop-
ulation, particle dimension, particle position, and
velocity; the position represents parameters to be
optimized bt and br and the maximum number of
iterations.

(2) Calculate the fitness value of each particle according
to the equation (8), then the particle with the smallest
fitness value is regarded as the current local optimal
individual Pbest, and the group with the smallest
fitness value is regarded as the current optimal Gbest.

(3) Perform selection, crossover, and mutation opera-
tions on genes, and obtain a new steering vector qt, qr

according to the new gene configuration.

Selection: the selection operator is applied to the
group. 0e purpose of selection is to inherit the
optimized individuals directly to the next
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generation or to generate new individuals through
pairing and crossover and then inherit them to the
next generation. For example, if the number of
array elements is 8, con¡guration 1 (11010101) and
con¡guration 2 (10011011) are randomly selected as
selection operators.
Cross: apply the cross operator to the group. �e
key role in the genetic algorithm is the crossover
operator. As shown in the example in the following
¡gure, the last three chromosomes of the selection
operator are randomly crossed in pairs with a
crossover probability of 0.6 to obtain a new
transmit and receive con¡guration. For example,
the last three chromosomes of the selection oper-
ator are randomly crossed in pairs to obtain a new
transmit and receive con¡guration (11010011,
10011101).
Mutation: apply the mutation operator to the
group. �at is to change the gene value at some loci
of the individual string in the population. Ran-
domly select one of the two new con¡gurations
after the crossover with a mutation probability of
0.4, andmutate one of the binary numbers to obtain
the latest transceiver con¡guration. For example,
mutate one chromosome in the selected gene to get
the latest transmit and receive con¡guration
(10010101).

(4) During the k-th iteration, the position of the i-th
particle xkid is updated using the velocity update

equation (10) and the position update equation (11).
Among them, the inertia weight ω changes with the
number of iterations; c1 and c2 are, respectively, set
to 2.

(5) Reevaluate the newly generated particles and recal-
culate their ¡tness values and update Pbest and Gbest
to obtain the new bt and br.

(6) If the number of iterations is greater than the
maximum number of iterations, go to step (7);
otherwise, go to step (3) until the termination
condition is met.

(7) Obtain the optimal EII, and convert the optimal
chromosome con¡guration of genes and the optimal
position of the population into corresponding qt, qr
and bt, br.

4. Experimental Results

In order to verify the superiority of the proposed method in
improving the isolation between the transmit and receive
antennas, we simulated the ALSTAR model with an 8-ele-
ment uniform linear array on MATLAB software. Since the
EII of the ALSTAR model is directly related to the char-
acteristics of the coupling matrix and antenna gain, it is
necessary to design a phased array with high isolation and
high gain. Subsequently, based on the designed phased array
coupling matrix and the mode data of each element, the
performance of the algorithm is discussed and analyzed.

4.1. Phased Array Design. It can be seen from equation (8)
that the use of high-gain, low-coupling antenna elements
helps to improve the isolation between the transmitting and
the receiving arrays. In this paper, the Vivaldi antenna with
high-gain and low-coupling characteristics is used as the
antenna array element in the continuous-wave radar scene.
�e model and prototype of the phased array antenna are
shown in Figure 3, and the phased array is composed of 8
Vivaldi antennas, which are arranged on a metal plate at a
distance of 11mm in turn and fed through SMA connectors.
A phased array is simulated in HFSS and its results are
shown in Figure 4. As can be seen, the antenna’s impedance
bandwidth and antenna gain are improved by slotting the
antenna and microstrip-to-slot coupling feed. �e working
bandwidth of the antenna is 8.17–14.8GHz, and the cou-
pling between adjacent antennas is less than −10 in the whole
bandwidth range.

�e coupling matrixM is modeled to describe the state
of electromagnetic waves from the transmitter to the receiver
in HFSS, which is a K × J matrix, and K and J represent the
number of receiving antenna and transmitting antenna. For
the antenna, the coupling matrixM is actually the scattering
parameter of the antenna. In the GA optimization iterative
process, the array aperture partition is dynamically
changing, and M also changes with the aperture partition.
�e position of the transmitting array element is a subset of
N � (#1, #2, #3, #4, #5, #6, #7, #8), denoted as J ∈ N, and the
position of the receiving array element is the complement of

Start

parameter settings 

Initialize the transmit and receive array aperture, get the
array steering vector qt, qr, initialize the transmit and receive

beamforming vector bt, br

Calculate EII and find the best EII of the
individual

GA selection, crossover, mutation, and
get a new array steering vector qt, qr

PSO updates the individual speed and position,
and derives a new beamforming vector bt, br

Recalculate EII, update individual
optimal EII, and global optimal EII

Get the maximum EII, the best bt, br, qt, qr

End

Meet the iteration conditions

Y

N

Figure 2: �e �owchart of GA-PSO Hybrid optimized structure.
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J∪N , denoted asK � CNJ. �en, the dynamically changing
M is as follows:

M �MK∗J, J ∈ N,K � CNJ,N �(1, 2, 3, 4, 5, 6, 7, 8),

e.g.
J �(2, 3, 7, 8)
K �(1, 4, 5, 6, )

{ },

⇒M �

S1,2 S1,3 S1,7 S1,8

S4,2 S4,3 S4,7 S4,8

S5,2 S5,3 S5,7 S5,8

S6,2 S6,3 S6,7 S6,8




,

e.g.
J �(1, 3, 5, 6, 7, 8)

K �(2, 4)
{ },

⇒M �
S2,1 S2,3 S2,5 S2,6 S2,7 S2,8

S4,1 S4,3 S4,5 S4,6 S4,7 S4,8
[ ].

(12)

For example, the above equation gives two forms of
coupling matrices, namely, the transmitting array element
is #2, #3 #, #7, and #8, and the receiving array element is
#1, #4, #5, and #6. And the transmitting array element is
#1, #3, #5, #6, #7, and #8, and the receiving array element
is #2 and #4.

4.2. Array Performance. In order to reveal the e�ect of the
GA-PSO algorithm, we separately analyze the bene¡ts of
GA-optimized array aperture, PSO optimized beamforming,
GA-PSO simultaneous optimized array aperture, and
beamforming in ALSTAR. Before that, we incorporated this

algorithm into the measurement and optimization model of
the ALSTAR array established in equation (8). �e antenna
adopts the phased array designed above, and the beam
scanning angle is −90° to 90°. �e system’s dynamic range of
transmit and receive channels is set as 45 dB and 70 dB,
respectively. �e noise �oor of the receiving channel is
−91 dB, which is obtained by the 100MHz bandwidth
channel with a 3 dB noise ¡gure. �e objective function and
the boundary range of the parameters are given in Section 2.
�e population size and number of iterations for both PSO
and GA were set to 30 and 100, respectively. �e experiment
is duplicated 100 times independently utilizing the MAT-
LAB software (Version: R2021a) to guarantee the reliability
of the experiment results. Besides, all comparative experi-
ments were executed on a desktop PC with an Intel Core i7-
8700 CPU processor @ 3.20GHz, 16GB RAM, under the
Windows10 64-bit OS.

Firstly, we analyze the contribution of GA to ALSTAR.
As mentioned earlier, GA is used to dynamically search the
receive and transmit apertures of the array to obtain the
optimal transmit and receive apertures of the ALSTAR
system and improve the isolation of the system. When the
number of transmitting aperture antennas and the number
of receiving aperture antennas are almost equal, the isolation
between the transmit and receive apertures can be maxi-
mized, and the noise is minimized. Because a perfect null can
be formed between the transmitting aperture and the re-
ceiving aperture only when the number of transmitting array
elements is equal to the number of receiving array elements.
As shown in Figure 5, when the transmit and receive

#8#7#6#5#4#3#2#1

Figure 3: Model and physical prototype of phased array.
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apertures are con¡gured as (00001111), that is, the transmit
and receive apertures are con¡gured as left transmit and
right receive, the maximum isolation is 140.15 dB when the
transmit power is 30W and the scanning angle is 5°, and the
Pn is −77.77 dBm. Further, Figure 5 also shows the isolation
and noise obtained at 4 transmit powers (Pt �1W, 10W,
20W, and 30W). When the transmit power is 1W, the EII
reaches the maximum value of 133.27 dB at 7.7° and the Pn is
−87.84 dBm. When the transmit power is 10W, the EII
reaches the maximum value of 136.24 dB at 5° and the Pn is
−79.26 dBm. When the transmit power is 20W, the EII
obtains the maximum value of 138.28 dB at 2.5°, and Pn is
−77.66 dBm. When the transmit power is 30W, the maxi-
mum EII is 140.15 dB at 5°, and Pn is −77.77 dBm.

�en, we analyze the in�uence of the PSO algorithm on
the ALSTAR array.�e PSO is used to optimize the ALSTAR
array and study the EII under di�erent bt and br. �e ap-
erture partition of the array is set to 4 transmitting elements
and 4 receiving elements (#1, #2, #3, and #4 are transmitting
elements, and #5, #6, #7, and #8 are receiving elements).
Each individual in the population is mapped to the transmit
and receive beamforming weights as a feasible solution. �e
mapping relationship between the feasible solution and the
transmit and receive beamforming weights is shown in
equation (13), where there is the global optimal solution with
dimensions, which contains the weights of the transmit and
receive beamforming. Figure 6 shows the EII and Pn of the
beamforming optimization by PSO across the scan angle for
1W, 10W, 20W, and 30W of the transmit power, re-
spectively. We can clearly see that when the transmit power
is 1W, 10W, 20W, and 30W, the values of EII at 0° are
145.89 dB, 147.79 dB, 147.93 dB, and 147.97 dB, respectively.
When the transmit power is 1W, the value of Pn at 0° is
−86.85 dBm, and the value of Pn in the whole scanning angle
is not a bit di�erent. �e di�erence between the maximum
value and the minimum value is only 2.52 dBm. Moreover,
with the increase of the transmit power, the EII is increasing,
and the Pn is decreasing.

bt � ut ∗ Gbest(1: J) + j∗Gbest(J + 1, 2J)( ),
br � ur ∗ Gbest(2J + 1: 2J +K)(

+j∗Gbest(2J +K + 1, 2(J +K))).
(13)

We employed the hybrid GA-PAO to optimize the
transmit and receive apertures and beamforming, which are
qt , qr and bt, br.�e EII and Pn of joint optimization of array
aperture and beamforming by GA-PSO across the scan space
for Pt � 1W, 10W, 20W, and 30W. As shown in Figure 7,
when the transmit power is 30W, EII achieves good results
of 153.87 dB and 153.96 dB at 0° and 2.5°, and the corre-
sponding values of Pn are −89.9 dBm and −90.1 dBm, re-
spectively. With a transmit power of 30W and only aperture
partitioning, the minimum value of Pn is −77.7 dBm, and
with only beamforming optimization, the minimum value of
Pn is −79.6 dBm. However, using by joint optimization, the
maximum value of Pn is 90.1 dBm. Compared with the
former two, the improvement is 12.4 dBm and 10.5 dBm,
respectively, indicating that the GA-PSO joint optimization
scheme proposed in this paper is more competitive in the
design of ALSTAR arrays.

To reveal the reason why the GA-PSO algorithm im-
proves the isolation of the ALSTAR array, we compare the
performance of three methods for ALSTAR aperture opti-
mization. Figure 8 shows the EII and Pn for array aperture
partition optimization by GA, beamforming optimization by
PSO, and joint optimization of array aperture partitioning
and beamforming by GA-PSO. �e result of the three
methods is only shown for Pt � 30W as increasing the
transmitted power does not signi¡cantly change the EII of
the array aperture optimization. For 0° at broadside with
GA-PAO joint optimization of array aperture partitioning
and beamforming, a maximum EII of 153.8 dB is accom-
plished. Compared with using GA to optimize transmit and
receive aperture and PSO to optimize beamforming, EII
improves by 18.4 dB and 5.9 dB, respectively. In addition, the
Pn values are presented in Figure 8(b). It can be seen that

EI
I (

dB
)

100

120

140

�eta (deg)
–90 –60 –30 0 30 60 90

Pt = 10 W
Pt = 1 W

Pt = 30 W
Pt = 20 W

(a)

Pn
 (d

Bm
)

–80

–40

–60

�eta (deg)
–90 –60 –30 0 30 60 90

Pt = 20 W
Pt = 10 W
Pt = 1 W Pt = 30 W

noise floor

(b)

Figure 5: �e performance of GA optimizes array partitioning at 10GHz. (a) �e EII at di�erent transmit power. (b) �e Pn at di�erent
transmit power.
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Figure 7: �e performance of GA-PSO optimizes array partitioning and beamforming at 10GHz. (a) �e EII at di�erent transmit power.
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Figure 6: �e performance of PSO optimizes beamforming at 10GHz. (a) �e EII at di�erent transmit power. (b) �e Pn at di�erent
transmit power.
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joint optimization of array aperture and beamforming by
GA-PSO obtain the best Pn value (−89.97 dBm) at 0°. Pn

obtained by GA-PSO jointly optimized aperture and
beamforming is 15.7 dBm lower than GA-optimized
transmitting and receiving aperture and 17.1 dBm lower
than PSO optimized beamforming. 0e experimental results
show that higher isolation and lower noise can be obtained
by using the GA-PSO joint optimization method in the
ALSTAR array. 0e experimental results verify the cor-
rectness of the previous array signal model. 0erefore, when
engineers design the ALSTAR array, its performance can be
improved by optimizing the steering vectors and beam-
forming of the transmit and receive arrays.

5. Conclusions

A hybrid genetic-particle swarm algorithm with combined
transmit and receive aperture optimization and beam-
forming techniques is proposed to enhance isolation in this
paper. Specifically, the genetic algorithm is used to optimize
the transmit and receive apertures and the particle swarm
algorithm is used to optimize the transmit and receive
beamforming. Taking the maximum isolation between the
transmit and receive apertures as a fitness function, we aim
to find the best aperture distribution and transmit and re-
ceive beamformers. Besides, the self-interference cancella-
tion model of the ALSTAR array adopts a 1× 8 Vivaldi
phased array to ensure the authenticity and reliability of the
experimental data. 0e experimental results show that when
the transmit power is 30W, the isolation achieved by only
using the aperture optimization technology is 133.27 dB; the
isolation achieved by only using the beamforming tech-
nology is 147.79 dB, and the isolation achieved by using the
combined aperture optimization and beamforming tech-
nology is 153.96 dB. Compared with the previous two
methods, the scheme in this paper, respectively, improves
the isolation of 20.69 dB and 6.17 dB. 0is shows that
combined array aperture optimization and beamforming
techniques are effective ways to further improve transmitter
and receiver isolation.
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