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Abstract: This paper provides a comprehensive theoretical derivation of the residual noise power and
effective isotropic isolation (EII) signal models in baseband digital cancellation, aperture-level digital
cancellation, and beamforming spatial cancellation models in simultaneous transmit and receive
(STAR) arrays. We simulated and analyzed the isolation performance and self-interference (SI) noise
cancellation of STAR systems using digital SI cancellation (SIC) and beamforming in a 32-element
planar array. The simulation results show that in the absence of SIC or baseband digital SIC, the EII
obtained by receive adaptive beamforming (ABF) is 20 dB higher than that obtained by transmit ABF.
On the basis of aperture-level digital SIC, the EII obtained from transmit ABF and receive ABF is
basically the same. The EII obtained by baseband digital SIC is 22.5 dB and 41.1 dB lower than that
of transmit ABF and receive ABF, respectively. Therefore, baseband digital SIC technology is not
required when using transmit ABF and receive ABF.

Keywords: baseband digital cancellation; aperture-level digital cancellation; beamforming airspace
cancellation; residual noise power; effective isotropic isolation

1. Introduction

In traditional communication systems, the transceiver is time-sharing; that is, the same
antenna or set of antennas is used to send and receive signals at different times. However,
with the increasing demand for communications and the finite nature of spectrum resources,
simultaneous transmit and receive (STAR) technology has emerged, allowing simultaneous
transmit and receive operations to be performed in the same frequency band at the same
time in the same time period. In wireless communication systems [1], the transceiver
technology can improve spectral efficiency and reduce latency and is suitable for high-
speed data transmission and multi-user communication scenarios. In radar systems [2,3],
the simultaneous transceiver technology can improve target detection performance and anti-
jamming ability. In the field of satellite communications [4], the simultaneous transmission
and reception technology can improve the communication capacity and coverage of satellite
systems. In cognitive electronic warfare [5,6], STAR can adapt to the agility of enemy radar
in various time, frequency, and air domains. STAR will introduce the problem of self-
interference (SI) between the self-transmitted signal and the received signal, which needs
to be solved by effective SI cancellation technology. Most of the literature uses adaptive
filtering [7], spatial cancellation [8], digital signal processing [9], polarization domain
processing [10], time domain processing [11], and code domain processing [12] to achieve
SI cancellation (SIC).

SIC is the primary technique used by most STAR systems to mitigate SI, which com-
bines a filtered copy of the interfering signal with the received signal in order to achieve
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SI cancellation through destructive interference. Generally, it includes a propagation do-
main, analog domain, and digital domain SIC. The baseband digital SIC in digital SIC
is achieved by processing the received signal at the receive end, estimating the signal
sent by the transmit end at the receive end, and eliminating it from the received signal.
This can effectively reduce or eliminate the impact of SI and improve the performance of
the STAR system. Usually, adaptive filters [13,14] (such as the LMS (Least Mean Square)
algorithm or RLS (Recursive Least Squares) algorithm) are used for the implementation.
The use of adaptive filters in baseband digital SI cancellation can effectively improve the
performance and reliability of STAR systems. But it is also necessary to consider issues
such as computational complexity [15], system stability [16], and parameter selection [17].
In practical applications, it is necessary to comprehensively consider various factors and
choose appropriate adaptive filter methods and parameter settings to achieve the best
SIC effect.

The aperture-level STAR digital SIC system [18,19] proposed by the Massachusetts
Institute of Technology (MIT) is a solution to SI problems in simultaneous transmission
and reception communication. Compared to traditional digital SIC, this system utilizes
adaptive digital signal processing technology and deploys independent adaptive filters on
each antenna of the antenna array to achieve more precise and accurate SIC, thus improving
the system’s SIC performance and communication quality [20]. On the basis of the aperture-
level STAR system, the team studied beamforming optimization based on information
theory and neural networks [21,22], array partitioning optimization based on information
theory and genetic algorithms to improve the isolation performance of the system [23,24],
and then the impact of high-power transmission signals on the isolation performance of the
aperture-level STAR system [25]. Other scholars have also explored the spatial coupling
path characteristics of the transmit and receive links in the transmit array and receive
array [26,27], proposed an aperture-level SIC method based on pure phase beamform-
ing [28], and proposed a beamforming optimization method that minimizes the SI power
on each receive antenna for SIC [29]. Further, MIT also researched STAR phased-array im-
plementations that could be used to create simultaneous multifunction systems [30,31]. The
aperture-level STAR system requires complex signal processing algorithms and hardware
implementation, but it can effectively solve the SI problem in simultaneous transmission
and reception communication and improve system performance.

The spatial cancellation based on beamforming is achieved by beamforming the
received signal in the spatial domain to suppress SI signals. By adjusting the beam direction
and shape of the antenna array [32–35], SI signals are suppressed in specific directions. But
its suppression performance is limited by spatial resolution and beamforming accuracy.
This is suitable for scenarios that require signal suppression in the spatial domain, such as
communication systems in multipath interference environments.

The accuracy of the SIC system determines the degree to which the cancellation
channel simulates the SI coupling channel, thereby establishing the maximum level of
achievable cancellation. The dynamic range of the SIC system determines the amount of
additional noise or distortion generated by the SI power processing and the system itself.
Finally, the efficiency of the SIC system characterizes the additional losses introduced in the
transmission and/or reception signal paths due to the implementation of SIC. Although
residual SI caused by limited accuracy can be removed in principle through subsequent
elimination stages, damage caused by reduced efficiency and limited dynamic range is
often difficult or impossible to repair. Developing effective SIC for phased arrays requires
considering all these design factors coupled with the diversity of transmit and receive
channels that interact in complex coupled environments.

This paper further analyzes and compares the isolation performance and SIC of
STAR systems using baseband digital cancellation, aperture-level digital cancellation,
and adaptive beamforming (ABF). Through simulation verification, it is found that the
suppression of SI by receive ABF is greater than that of transmit ABF on the basis of no
SIC or baseband digital SIC. On the basis of aperture-level digital SIC, the cancellation
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effect of receive ABF is consistent with that of transmit ABF. The cancellation effect of only
transmit ABF or only receive ABF is better than that of only performing baseband digital
SIC cancellation. On the basis of baseband digital SIC, the suppression of SI by receive ABF
is greater than that of transmit ABF. The STAR array model discussed in this article is more
fundamental and involves mathematical calculations of theoretical values. The research
results can provide basic theoretical support for specific SIC technology research.

The paper is organized as follows. In Section 2, we describe the baseband digital
cancellation, aperture-level digital cancellation, and beamforming spatial cancellation
models in the STAR array and derive the residual noise power and EII of the three models
in detail. Section 3 analyzes the isolation performance of digital SIC, beamforming, and SI
noise cancellation for STAR systems. Finally, the conclusion is provided in Section 4.

2. Digital SIC for Simultaneous Transmit and Receive

We described a simple signal model to describe the signal and noise components in the
STAR array, as shown in Figure 1. Assuming the channel is a linear, narrowband, additive
white Gaussian noise (AWGN) channel to reduce the complexity of the analysis, external
signals of interest are not considered here. Table 1 shows the symbols and definitions of
signals in the STAR model.
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Figure 1. The STAR signal model for baseband digital SIC.

Table 1. The symbols and definitions of signals in the STAR model.

Symbol Definition

x(n) Digital baseband signal
bt Transmit beamforming

nt(n) Transmit noise
xt(n) Transmit signal

M Coupling matrix
xr(n) Receive signal
nr(n) Receive noise

br Receive beamforming
y(n) Receive signal after SIC

The symbol x(n) ∈ C is the expected signal transmitted and is assumed to be
E
[
|x(n)|2

]
= 1. bt ∈ CJ×1 is the beamforming vector for transmission, with a total
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transmission power of Pt = bH
t bt The covariance matrix nt(n) of transmitter noise Nt ≜

E
[
nt(n)nH

t (n)
]
. In the (θt, ϕt) direction, the EIRP of the far-field transmission beam is

EIRP(θt, ϕt) = g(θt, ϕt)bH
t qt(θt, ϕt)qH

t (θt, ϕt)bt, (1)

Assuming that the antenna gain is consistent for all elements. It is the far-field guidance
vector of the beam in the direction of a planar array

qt(θt, ϕt) = exp
[
−j

2π

λ
(xt cos(ϕt) sin(θt) + yt sin(ϕt) sin(θt))

]
, (2)

where xt and yt are the positions of each transmit antenna element on the x-axis and y-axis
of the array plane, respectively.

At the receive end, the incident signal of each receive element is xr(n) ∈ CK×1.

xr(n) = Mxt(n)
= M(bt · x(n) + nt(n)),

(3)

where M is the mutual coupling matrix between the transmit and receive elements. The
received signal from each channel is used for receive beamforming.

y(n) = bH
r [Mxt(n) + nr(n)], (4)

where br ∈ Ck×1 is the receive beamforming vector and bH
r br = 1 nr(n) is the receiver noise,

with its covariance matrix Nr ≜ E
[
nr(n)nH

r (n)
]
. In the (θr, ϕr) direction, the gain of the

receive array on the far-field incident signal is

Gr(θr, ϕr) = g(θr, ϕr)bH
r qr(θr, ϕr)qH

r (θr, ϕr)br, (5)

where qr(θr, ϕr) is the far-field guidance vector of the beam in the (θr, ϕr) direction. For a
planar array,

qr(θr, ϕr) = exp
[
−j

2π

λ
(xr cos(ϕr) sin(θr) + yr sin(ϕr) sin(θr))

]
, (6)

For directional systems, the effective isotropic isolation (EII) can be expressed as the
ratio of EIRP to Effective Isotropic Sensitivity (EIS),

EII =
EIRP
EIS

, (7)

where the EIRP = PtGt, EIS = Pn/Gr. Therefore,

EII =
Pt · Gt

Pn/Gr
=

Pt

Pn
· GtGr, (8)

where the total power of SI and noise is Pn = PX + PNT + Px
NR + Pnt

NR + σ2
nr. Among

them, PX = bH
r MbtbH

t MHbr is the SI power generated by the transmission signal xt(n),
PNT = bH

r MNt MHbr is the SI power generated by the transmitter noise, and PNR = bH
r Nrbr

is the total noise power of the receiver. The covariance matrices for transmit and receive
noise are Nt = η−1

t Diag
(
btbH

t
)

and Nr = η−1
r Diag

(
E
[
xrxH

r
])

+ σ2
nr I, respectively. ηt and

ηr are the maximum signal-to-noise ratios of the transmit and receive channels under
high-power excitation, respectively. The σ2

nr is the receiver thermal noise power under
low-power excitation.
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2.1. Baseband Digital SIC

The baseband digital SIC [36] uses a digital filter to combine the transmitted baseband
signal with the digital received signal to achieve SIC. The signal model is shown in Figure 1,
and the cancellation signal at the receive end yD(n) can be represented as

yD(n) = bH
r (xr(n) + nr(n)) + xd(n)

= bH
r (Mxt(n) + nr(n)) + Hdx(n)

= bH
r Mbtx(n) + bH

r Mnt(n) + bH
r nr(n) + Hdx(n)

⇒ PX =
(
bH

r Mbt + Hd
)2

= bH
r MbtbH

t MHbr + HdbtbH
t HH

d

PNT = η−1
r bH

r MDiag
(
btbH

t
)

MHbr

Px
NR = η−1

r bH
r Diag

[
MbtbH

t MH]
br

Pnt
NR = η−1

r η−1
t bH

r Diag
[
MDiag

(
btbH

t
)

MH]
br

(9)

By adjusting the coefficient of the filter Hd when Hd → bH
r Mbt occurs, the SI generated

by the transmit signal xt(n) can be completely canceled out, and an adaptive digital filtering
algorithm with any number of taps can usually be used to achieve this. The total interference
and noise power of yD(n) is

Pn = PNT + Px
NR + Pnt

NR + σ2
nr, (10)

where the SI power caused by transmit noise PNT is η−1
t bH

r MDiag
(
btbH

t
)

MHbr. The increase
in receive noise caused by high-power transmit signals Px

NR is η−1
r bH

r Diag
[
MbtbH

t MH]br, The
increase in receive noise caused by high-power transmit noise Pnt

NR is η−1
r η−1

t bH
r Diag[MDiag(

btbH
t
)

MH]br. The baseband digital SIC cannot cancel out the noise power PNT of the transmit
channel, and it cannot alleviate the impact of limited receiver dynamic ranges Px

NR and Pnt
NR

under high-power SI. It can be further concluded that the EII after the baseband digital SIC is

EII =
Pt

Pn
· GtGr =

Pt

PNT + Px
NR + Pnt

NR + σ2
nr

· GtGr, (11)

As can be seen from Equation (3), the baseband digital SIC can only cancel out the SI
term generated by the transmitted signal but cannot cancel out the rest of the SI terms. In
the digital SIC, the adaptive filtering algorithm can be used to compensate for the dynamic
changes in the coupling and scattering environment in real time.

2.2. Aperture-Level Digital SIC

The digital SIC provides high accuracy, efficiency, and bandwidth, but the reference
signal for baseband digital cancellation is derived from the digital baseband, which does
not contain transmit noise information and cannot eliminate the SI component caused by
the transmit noise.

In order to overcome this problem, the aperture-level digital SIC [19] introduces the
observation link to measure and digitize the transmit signal, and by extracting the copy
signal from the output of the PA to form an offset signal through the observation link, and
canceling the SI signal at the output of the receive beamforming, the introduction of the
observation link can not only cancel the SI component caused by the transmit signal but
also further cancel out the SI component caused by the transmit noise. As shown in the
signal model in Figure 2, the observed signal xo(n) ∈ C J×1 in the aperture-level STAR
digital SIC array is

xo(n) = bH
c Ho(xt(n) + no(n)). (12)

where Ho ∈ CJ×J represents the diagonal matrix of signal attenuation for each transmit
channel, no(n) is the additive Gaussian white noise due to the limited dynamic range of
the observed channel, and No ≜ E

[
nonH

o
]
= η−1

o Diag
(
btbH

t
)

is its noise covariance matrix.
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The xo(n) is passed through a multi-channel digital filter bc ∈ CJ×1 and then combined
with the received signal to obtain the receiver cancellation signal yAL_D(n).

yAL_D(n) = bH
r [xr(n) + nr(n)] + xo(n)

= bH
r [nr(n) + Mxt(n)] + bH

c Hoxt(n) + bH
c Hono(n)

= bH
r Mbtx(n) + bH

r Mnt(n) + bH
r nr(n) + bH

c Hobtx(n) + bH
c Hont(n) + bH

c Hono(n)

⇒ PX = bH
r MbtbH

t MHbr + bH
r HobtbH

t HH
o br

PNT = η−1
r bH

r MDiag
(
btbH

t
)

MHbr + η−1
r bH

c HoDiag
(
btbH

t
)

HH
o bc

Px
NR = η−1

r bH
r Diag

[
MbtbH

t MH]
br

Pnt
NR = η−1

r η−1
t bH

r Diag
[
MDiag

(
btbH

t
)

MH]
br

PNO = η−1
o bH

c HoDiag
(
btbH

t
)

HH
o bc

(13)
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If bH
c satisfies bH

c → −bH
r MH−1

o , then the SI component generated by xt(n) will be
canceled out and the total power of the residual signal will be

Pn = PNO + Px
NR + Pnt

NR + σ2
nr, (14)

However, the observed link is equivalent to the receive link; ηo can be replaced by ηr, and
the channel noise power PNO of the observed link is expressed as η−1

r bH
c HoDiag

(
btbH

t
)

HH
o bc.

The received noise caused by the transmitted signal Px
NR is denoted as η−1

r bH
r Diag

[
MbtbH

t MH]
br. The received noise caused by the transmit noise Pnt

NR is denoted as η−1
r η−1

t bH
r Diag[MDiag(

btbH
t
)

MH]br.
Compared with the baseband digital SIC, the aperture-level digital SIC is able to cancel

out the SI component Px generated by the transmitted signal and the SI component PNT
generated by the transmitted channel noise at the cost of adding an additional SI component
PNO generated by the noise of the observed channel. The EII after the aperture-level digital
SIC is

EII =
Pt

Pn
· GtGr =

Pt

PNO + Px
NR + Pnt

NR + σ2
nr

· GtGr, (15)

In the case that the dynamic range of the observation channel ηo is significantly greater
than that of the transmission channel ηt, it is very useful to introduce the observation
channel for SIC.



Electronics 2024, 13, 2908 7 of 18

2.3. Spatial Cancellation of Beamforming

STAR arrays can also further improve EII through spatial cancellation [19] by control-
ling their radiation patterns to mitigate SI. Here the EII is written as follows:

EII = PtGt(ϕ, θ, bt)g(ϕ, θ)
bH

r qr(ϕ, θ)qH
r (ϕ, θ)br

bH
r Mbrbr

, (16)

where bH
r Mbrbr = PX + PNT + Px

NR + Pnt
NR + σ2

nr denotes all noise and interference terms,
Mbr denotes the effective covariance of received interference and noise, and the expansion
of Mbr depends on the specific SIC architecture.

The equation for calculating the EII includes the generalized Rayleigh quotient of the
receive beamforming vector br. Therefore, it is possible to pass the order

br → α(Mbr)
−1qr(ϕ, θ), (17)

which maximizes the EII. The α scalar constant is used to ensure bH
r br = 1, and Equation (17)

represents the adaptive beamforming method, which is similar to the one used for external
interference nulling, and can reduce both SI and external interference. The matrix Mbr de-
pends on the transmit beamforming, and according to the aH Diag

(
bbH)

a = bH Diag
(
aaH)

b
equation, the generalized Rayleigh Quotient of the receive beamforming can also be recon-
structed into the generalized Rayleigh Quotient of the transmit beamforming. Therefore,
bH

r Mbrbr can be transformed to the bH
t Mbtbt to give the equation for EII as

EII = PtGr(ϕ, θ, br)g(ϕ, θ)
bH

t qt(ϕ, θ)qH
t (ϕ, θ)bt

bH
t Mbtbt

, (18)

From the perspective of a transmit beamforming, Mbr is similar to a virtual covariance
matrix for interference and noise, and its expansion depends on the specific SIC architec-
ture. Similar to the receive beamforming described above, the formula for the transmit
beamforming to maximize EII is as follows

bt → β(Mbt)
−1qt(ϕ, θ), (19)

where the scalar constant β is used to ensure bH
t bt = Pt. Mbt is a function of bt and can

be fixed to optimize the transmit beamforming. Mbt is a function of br and can be fixed
to optimize the receive beamforming. Equations (16) and (18) are solved iteratively, and
the residual covariance matrix in each formula is calculated alternately in each iteration to
obtain the optimal EII.

3. Results and Discussion

In this section, the aperture-level STAR array model will be simulated and verified. In
order to evaluate the SIC performance of the STAR array, the spatial cancellation perfor-
mance of beamforming, and the performance of the STAR array combined with analog and
digital SIC, a 32-element STAR array was used to form a planar phased array, the structure
of which is shown in Ref. [9].

The following is a simulation of the STAR phased array composed of the above antenna
arrays. The simulation conditions are as follows: the center frequency is 4.3 GHz, the noise
figure is 3 dB, the bandwidth is 100 MHz, the transmit power is 1000 W, the thermal
noise power of the receiver is −91 dBm, the dynamic range of the transmitter is 45 dB,
the dynamic range of the receiver is 70 dB, the dynamic range of the observation link is
negligible, the dynamic range of the simulated SIC cancellation link is 80 dB, and the beam
scanning angle is (−70◦, 70◦).
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3.1. Performance Analysis of Digital SIC and Adaptive Beamforming
3.1.1. Comparative Analysis of Digital SIC and Adaptive Beamforming

ABF was performed on the basis of baseband digital SIC, and the performance effect
of ABF on baseband digital SIC was analyzed. As can be seen from Figure 3a, at a beam
scanning angle of 0◦, the EII is 72.8 dB without SIC and ABF, 120.5 dB for baseband digital
SIC and no ABF, 140.8 dB for transmit ABF under baseband digital SIC, 161.6 dB for receive
ABF under baseband digital SIC, and 184.3 dB for transmit and receive ABF under baseband
digital SIC. It can be concluded that the cancellation effect of receive ABF on the basis of
baseband digital SIC is better than that of transmit ABF on the basis of baseband digital
SIC. The residual noise power of each SIC is shown in Figure 3b. The Pn without SIC and
ABF is 26.4 dBm at a scan angle of 0◦. With the baseband digital SIC, the Pn is reduced by
−21.3 dBm. The Pn of baseband digital SIC and ABF is −90.1 dBm, a 0.9 dBm increment in
Pn to floor noise. The effect of receive ABF on suppressing Pn is better than transmit ABF,
which is −47.7 dBm and −66.7 dBm, respectively.
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Figure 3. Performance comparison of baseband digital SIC and transmit and receive ABF.

ABF was performed on the basis of aperture-level digital SIC, and the effect of ABF on
the performance of baseband digital SIC was analyzed. As can be seen from Figure 4a, at a
beam scanning angle of 0◦, the EII is 72.8 dB without SIC and ABF, 143 dB for aperture-level
digital SIC and no ABF, 164.2 dB for transmit ABF under aperture-level digital SIC, 163.9 dB
for receive ABF under aperture-level digital SIC, and 185.8 dB for transmit and receive ABF
under aperture-level digital SIC. It can be concluded that the cancellation effect of receive
ABF on the basis of aperture-level digital SIC is consistent with that of transmit ABF. The
residual noise power of each SIC is shown in Figure 4b. Using aperture-level digital SIC, Pn
decreased by −43.2 dBm at a scan angle of 0◦. The Pn of the aperture-level digital SIC and
ABF is −90.3 dBm, and the increment of Pn with the base noise is 0.7 dBm. The suppression
of Pn by transmit ABF and receive ABF is the same, and compared to aperture-level digital
SIC, the suppression of Pn has increased by 36 dBm.

The system isolation performance of ABF is made on the basis of not performing SIC. As
can be seen from Figure 5a, at a beam scanning angle of 0◦, the EII is 72.8 dB without SIC and
ABF, 143 dB for transmit ABF without SIC, 161.6 dB for receive ABF without SIC, and 183.8 dB
for transmit and receive ABF without SIC. It can be concluded that the offsetting effect of
receive ABF on the basis of no SIC is better than that of transmit ABF. Figure 5b shows that
the residual noise is consistent with the change in EII at a scan angle of 0◦. The Pn of no SIC
and transmit ABF, no SIC and receive ABF are −47.8 dBm and −66.6 dBm, respectively.
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As can be seen from Figures 3a, 4a and 5a, at a beam scanning angle of 0◦, the transmit
ABF and receive ABF EII without SIC are 22.5 dB and 40.5 dB higher than those for baseband
digital SIC and ABF, respectively. The EII without SIC and transmit ABF is the same as the
aperture-level digital SIC and the EII without ABF, with the EII without SIC and receive
ABF being 18.6 dB more than the aperture-level digital SIC and the EII without ABF. In the
absence of SIC, baseband digital SIC and aperture-level digital SIC, the EII obtained when
transmit and receive ABF can exceed 180 dB, which illustrates the superiority of the ABF
offsetting effect.

3.1.2. Comparative Analysis of Transmit and Receive ABF

In the case of no SIC, baseband digital SIC, and aperture-level digital SIC, the isolation
and residual noise power of transmit and receive ABF are compared. Figure 6a shows that
the EII of transmit ABF without SIC is basically the same as that of transmit ABF in the
case of baseband digital SIC, and the EII of both cases is 67.7 dB higher than that of EII
without SIC and ABF. It can be concluded that if the transmit ABF is performed, there is no
need to perform the baseband digital SIC. In the case of aperture-level digital SIC, the EII
of transmit ABF is 20 dB more than in the previous two cases. In the three cases, the EII of
transmit ABF alone was 43 dB, 43.5 dB, and 21.6 dB lower than that transmit and receive
ABF, respectively. Figure 6b shows that the residual noise is consistent with the change
in EII at a scan angle of 0◦. The suppression of Pn by no SIC and transmit ABF, baseband
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digital SIC, and transmit ABF is the same; the Pn are 47.7 dBm. The Pn of aperture-level
digital SIC and transmit ABF is −69.8 dBm, which is an increment of 22 dBm compared to
the first two.
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Figure 6. Performance comparison of digital SIC and transmit ABF.

In the case of no SIC, baseband digital SIC, and aperture-level digital SIC, the isolation
and residual noise power of only receiving ABF and transmit and receive ABF are compared.
Figure 7a shows that the EII of receive ABF without SIC is basically the same as that of
receive ABF in the case of baseband digital SIC, at a beam scanning angle of 0◦, but the EII
in both cases is 88.6 dB higher than that of receive ABF without SIC and without ABF. It
can be concluded that if you do receive ABF, you do not need to perform baseband digital
SIC. In the case of aperture-level digital SIC, the EII of receive ABF is only 2.3 dB more than
in the previous two cases. In the three cases, the EII of transmit ABF alone was 22.2 dB,
22.7 dB, and 21.6 dB lower than that of transmit and receive ABF, respectively. Figure 7
shows that the residual noise is consistent with the change in EII at a scan angle of 0◦. The
Pn of aperture-level digital SIC and receive ABF is −69.5 dBm, which is an increment of
3 dBm compared to the no SIC and receive ABF, baseband digital SIC and receive ABF.
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Table 2 shows the EII table obtained by digital SIC and ABF technology, and it can
be seen from the above analysis that in the absence of SIC and baseband SCI, the offset
effect of transmit ABF is worse than that of receive ABF, but the difference in EII between
transmit and receive ABF is relatively small. The effect of transmit ABF or receive ABF on
the basis of aperture-level digital SIC is basically the same. The EII of transmit and receive
ABF based on the aperture-level digital SIC is 1.5 dB higher than that of transmit and
receive ABF based on the baseband digital SIC. The EII of transmit and receive ABF under
baseband digital SIC is 0.5 dB higher than that of transmit and receive ABF without SIC.

Table 2. EII comparison between digital SIC and ABF.

Digital SIC No ABF Transmit ABF Receive ABF Transmit and Receive ABF

No SIC 72.8 dB 140.8 dB 161.6 dB 183.8 dB
Baseband SIC 120.5 dB 141.5 dB 161.9 dB 184.3 dB

Aperture-level SIC 142.5 dB 163.9 dB 164.2 dB 185.8 dB

3.2. Residual Self-Interference Analysis

This subsection analyzes the SICs in the case of transmit and receive ABF only, base-
band digital SIC only, aperture-level digital SIC only, and both SIC and ABF.

3.2.1. Comparative Analysis of Digital SIC and ABF

Figure 8a–d shows the simulation of the residual SI power after only transmit and
receive ABF, only baseband digital SIC, and aperture-level digital SIC. It can be seen that
without a digital SIC and both transmit and receive ABF, all residual SI power is suppressed
below the receiver channel noise, and both the baseband digital SIC and the aperture-level
digital SIC can cancel out the SI terms generated by the transmitted signal. The main
component of the total SI term remaining after the baseband digital SIC is the SI term
generated by the transmit noise. The SI caused by the transmit noise that cannot be offset
by the baseband digital SIC can be further offset by the introduction of the observation
link; the receiver noise caused by the observation noise introduced by the observation
link is basically the same; and the simulation results show that the EII obtained by the
aperture-level digital SIC is 22.3 dB higher than that obtained by the baseband digital SIC.
As can be seen from Figure 8e,f, the SI can be reduced below the noise of the receive channel
when both the baseband digital SIC, the transmit and receive ABF are performed. With
aperture-level digital SIC, and transmit and receive ABFs combined, the various SIs can
also be reduced to the level of receive channel noise.

Figure 8 also shows the simulation analysis of the SI power of the digital SIC and the
transmit and receive ABF. It can be seen that when the digital SIC is not performed and both
the transmit and receive ABF are performed, the residual SI power is suppressed below the
receiver channel noise, and the SI power generated by the transmit noise is reduced from
about 30 dBm to about −170 dBm. Transmit and receive ABF on the basis of digital SIC can
further reduce the residual SI power below the receiver channel noise.
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3.2.2. Comparative Analysis of Transmit ABF and Receive ABF

Furthermore, the residual SI powers of transmit ABF, receive ABF, transmit and receive
ABF are analyzed in the absence of SIC, baseband digital SIC, and aperture-level digital
SIC, respectively.

Figure 9 and Table 3 show the residual SI without SIC and transmit and receive ABFs
and the residual SI powers of the non-SIC and transmit and receive ABFs at a beam scanning
angle of 0◦, respectively.
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Table 3. Each residual SI power of ABF without SIC.

SI Item No ABF Transmit ABF Receive ABF Transmit and Receive ABF

PX 26.4 dBm −132.6 dBm −149.2 dBm −172.1 dBm
PNT −21.3 dBm −47.7 dBm −73.7 dBm −112.4 dBm
Px

NR −45.6 dBm −70.9 dBm −66.7 dBm −99.3 dBm
Pnt

NR −84.3 dBm −101.3 dBm −99.6 dBm −101.2 dBm
σ2

nr −91 dBm −91 dBm −91 dBm −91 dBm
Pn_total 26.4 dBm −47.7 dBm −66.7 dBm −90.0 dBm

As can be seen from Figure 9 and Table 3, in the absence of SIC, the transmit ABF and
the receive ABF have a suppression effect on each of the total interference power, and both
can suppress the interference generated by the transmitted signal and the receiver noise
caused by the transmitted noise below the receiver channel noise. The suppression effect
of transmit ABF and receive ABF on the receiver noise caused by the transmitted signal is
basically the same. However, neither the transmit ABF nor the receive ABF can completely
cancel out the SI generated by the transmitted signal, and the suppression effect of the
transmit ABF on the SI generated by the transmitted signal and the SI generated by the
transmitted noise is lower than that of the receive ABF. Therefore, the EII of receive ABF is
20.8 dB higher than that of transmit ABF.

Figure 10 shows the analysis and comparison of the residual SI power in the case of
baseband digital SIC. As shown in Figure 10a, the baseband digital SIC can completely
cancel out the SI power generated by the transmitted signal. As can be seen from Figure 10b,
the transmission and receive ABF based on the baseband digital SIC can further reduce
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the residual interference noise to the transmitter channel noise, and the cancellation of the
interference noise is basically the same as that of the transmit and receive ABF without SIC.
As can be seen from Figure 10c,d, both transmit ABF and receive ABF on the baseband
digital SIC can suppress the receiver noise caused by the transmit noise to the receiver
channel noise, but the SIC effect of the received ABF on the transmit noise is greater than
that of the received ABF due to the transmit ABF. Table 4 shows the residual SI analysis
of the baseband digital SIC, transmit and receive ABF, and the residual SI power of the
non-SIC and transmit and receive ABF at a scan angle of 0◦.
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Table 4. Each residual SI power of ABF at baseband digital SIC.

SI Item No ABF Transmit ABF Receive ABF Transmit and Receive ABF

PX 0 0 0 0
PNT −21.3 dBm −47.7 dBm −73.7 dBm −112.4 dBm
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Figure 11 shows the analysis and comparison of the residual SI power in the case
of aperture-level digital SIC. As can be seen from Figure 11a,b, the SI generated by the
transmitted signal and the transmitted noise can be completely canceled out in the case of
aperture-level digital SIC and no ABF, at the cost of introducing the noise of the observation
channel, but the noise of the observation channel is basically the same as the noise of the
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receiver caused by the transmitted signal and is 26 dBm smaller than the SI caused by the
transmitted noise. The transmit and receive ABF based on the aperture-level digital SIC
can suppress the residual SI under the noise of the receive channel, and the noise power
is basically the same. Figure 11c,d shows that on the basis of the aperture-level digital
SIC, the residual SI suppression effect of transmit ABF and receive ABF is basically the
same; both can reduce the residual SI, and both can only suppress the SI caused by the
transmit noise below the receive channel noise. However, as can be seen from Figure 11,
the suppression effect of transmit ABF and receive ABF on the receiver noise caused by
the transmitted signal is better than that of the observed channel noise. Table 5 shows the
residual SI analysis of the baseband digital SIC and transmit and receive ABFs and the
residual SI powers of the non-SIC and transmit and receive ABFs at a scan angle of less
than 0◦.
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From the above analysis, it can be seen that the SIC effect of receive ABF on the
basis of no SIC and baseband digital SIC is better than that of transmit ABF because the SI
suppression effect of receive ABF on the transmitted noise is better than that of transmit ABF.
The aperture-level digital SIC completely cancels out the SI generated by the transmitted
signal and the transmitted noise, so the effect of transmit ABF and receive ABF on its basis
is the same. The above conclusion applies to communication and radar systems under
simultaneous transmission and reception systems.

4. Conclusions

In this paper, the STAR digital SIC cancellation and beamforming airspace cancellation
models are analyzed. The residual noise power and isolation performance indexes of the
loaded baseband digital SIC, aperture-level digital SIC, and beamforming STAR arrays are
derived. Theoretical analysis and experimental results show that the EII of transmit ABF
in the baseband digital SIC is 20 dB higher than that of receive ABF, and the EII ratio of
transmit ABF in the aperture-level digital SIC is consistent with that of receive ABF. On the
baseband digital SIC, both the transmit ABF and the receive ABF can suppress the receiver
noise caused by the transmit noise to the receiver channel noise, but the SI suppression
effect of the received ABF on the transmit noise is better than that of the transmit ABF, so
the total residual SI power of the transmit ABF is greater than that of the received ABF.
On the basis of the aperture-level digital SIC, only transmit ABF and receive ABF have
basically the same effect on the residual SI, and both can reduce the residual SI. This article
discusses the basic STAR array model, which involves the mathematical model derivation
and simulation verification of digital SIC. The work presented in this article can provide
fundamental theoretical support for specific SIC technology research.

Author Contributions: Conceptualization, D.H. and X.W.; methodology, D.H.; software, D.H.;
validation, D.H., X.W., L.Y., X.Z., Y.X. and T.L.; formal analysis, D.H.; investigation, D.H.; resources,
D.H.; data curation, D.H.; writing—original draft preparation, D.H.; writing—review and editing,
D.H.; visualization, D.H.; supervision, X.W.; project administration, X.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Provincial Education Department of Guangdong (No.
2021KTSCX277), Provincial High Vocational Education Teaching Reform Research and Practice Project
(GDJG2021422). Shenzhen Science and Technology Program under grant (KJZD20230923114412026) and
the Founding of Shenzhen Polytechnic (No. 6021310007K, 6022312061K, 6022310034K, 6021271011K,
6021230059K, 6021210078K, LHRC20220402, 1019-8122310001C0, JJJY202306, 6022310030K, 40130051002)
for this work.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors are sincerely grateful to the editor and anonymous reviewers for
their insightful and constructive comments that helped us improve this work greatly.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Liyanaarachchi, S.D.; Barneto, C.B.; Riihonen, T.; Heino, M.; Valkama, M. Joint Multi-User Communication and MIMO Radar

Through Full-Duplex Hybrid Beamforming. In Proceedings of the 2021 1st IEEE International Online Symposium on Joint
Communications & Sensing (JC&S), Dresden, Germany, 23–24 February 2021; pp. 1–5. [CrossRef]

2. Xie, M.; Wei, X.; Tang, Y.; Hu, D. A Robust Design for Aperture-Level Simultaneous Transmit and Receive with Digital Phased
Array. Sensors 2022, 22, 109. [CrossRef] [PubMed]

3. Riihonen, T.; Korpi, D.; Rantula, O.; Rantanen, H.; Saarelainen, T.; Valkama, M. Inband Full-Duplex Radio Transceivers:
A Paradigm Shift in Tactical Communications and Electronic Warfare? IEEE Commun. Mag. 2017, 55, 30–36. [CrossRef]

https://doi.org/10.1109/JCS52304.2021.9376319
https://doi.org/10.3390/s22010109
https://www.ncbi.nlm.nih.gov/pubmed/35009651
https://doi.org/10.1109/MCOM.2017.1700220


Electronics 2024, 13, 2908 17 of 18

4. Sharma, S.K.; Bogale, T.E.; Le, L.B.; Chatzinotas, S.; Wang, X.; Ottersten, B. Dynamic Spectrum Sharing in 5G Wireless Networks
With Full-Duplex Technology: Recent Advances and Research Challenges. IEEE Commun. Surv. Tutor. 2018, 20, 674–707.
[CrossRef]

5. Riihonen, T.; Turunen, M.; Pärlin, K.; Heino, M.; Marin, J.; Korpi, D. Full-Duplex Operation for Electronic Protection by Detecting
Communication Jamming at Transmitter. In Proceedings of the 2020 IEEE 31st Annual International Symposium on Personal,
Indoor and Mobile Radio Communications, London, UK, 31 August–3 September 2020; pp. 1–5. [CrossRef]

6. Adrat, M.; Keller, R.; Tschauner, M.; Wilden, S.; Le Nir, V.; Riihonen, T.; Bowyer, M.; Pärlin, K. Full-Duplex Radio—Increasing the
Spectral Efficiency for Military Applications. In Proceedings of the 2019 International Conference on Military Communications
and Information Systems (ICMCIS), Budva, Montenegro, 14–15 May 2019; pp. 1–5. [CrossRef]

7. Hu, D.; Wei, X.; Xie, M.; Tang, Y. A Method to Improve the Performance of Arrays for Aperture-Level Simultaneous Transmit and
Receive. Int. J. Antennas Propag. 2022, 2022, 1687–5869. [CrossRef]

8. Samaiyar, A.; Elmansouri, M.; Filipovic, D.S. Shared-Aperture Reflectarrays and Antenna Arrays for In-Band Full-Duplex Systems.
IEEE Trans. Antennas Propag. 2023, 71, 9095–9100. [CrossRef]

9. Hu, D.; Wei, X.; Xie, M.; Tang, Y. A Sparse Design for Aperture-Level Simultaneous Transmit and Receive Arrays. Electronics 2022,
11, 3381. [CrossRef]

10. Xie, M.; Yao, H.; Wei, X.; Tang, Y.; Wang, J.; Hu, D. Co-Aperture Dual-Circular-Polarized Patch Antenna for Simultaneous
Transmit and Receive. IEEE Antennas Wirel. Propag. Lett. 2023, 22, 2745–2749. [CrossRef]

11. Wu, D.; Sun, Y.-X.; Lian, R.; Xiao, B.; Li, M.; Xu, K.-D. Metasurface Antenna With Cocircularly Polarized Radiation Characteristics
for Wideband Monostatic Simultaneous Transmit and Receive Applications. IEEE Trans. Antennas Propag. 2023, 71, 3304–3313.
[CrossRef]

12. Zhao, Y.; Hu, J.; Xie, A.; Yang, K.; Wong, K.-K. Receive Spatial Modulation Aided Simultaneous Wireless Information and Power
Transfer With Finite Alphabet. IEEE Trans. Wirel. Commun. 2020, 19, 8039–8053. [CrossRef]

13. Cao, H.; Bo, Y.; Wang, Q.; Jin, M.; Yang, L.; Wang, J. Simultaneous Transmit and Receive Based on Adaptive Digital Beamforming.
In Proceedings of the 2023 IEEE MTT-S International Microwave Workshop Series on Advanced Materials and Processes for RF
and THz Applications (IMWS-AMP), Chengdu, China, 13–15 November 2023; pp. 1–3. [CrossRef]

14. Abe, K.; Watanabe, H.; Hirasawa, K. Simultaneous transmission and reception system by adaptive cancelling. Electr. Eng. Jpn.
1998, 123, 1–7. [CrossRef]

15. Gerber, D.L. Adaptive transmit beamforming for simultaneous transmit and receive. Doctoral Dissertation, Massachusetts
Institute of Technology, Cambridge, MA, USA, 2011.

16. Korpi, D.; Anttila, L.; Syrjälä, V.; Valkama, M. Widely linear digital self-interference cancellation in direct-conversion full-duplex
transceiver. IEEE J. Sel. Areas Commun. 2014, 32, 1674–1687. [CrossRef]

17. Komatsu, K.; Miyaji, Y.; Uehara, H. Frequency-Domain Hammerstein Self-Interference Canceller for In-Band Full-Duplex OFDM
Systems. In Proceedings of the 2017 IEEE Wireless Communications and Networking Conference (WCNC), San Francisco, CA,
USA, 19–22 March 2017; pp. 1–6. [CrossRef]

18. Kolodziej, K.E.; Hurst, P.T.; Fenn, A.J.; Parad, L.I. Ring array antenna with optimized beamformer for Simultaneous Transmit
And Receive. In Proceedings of the 2012 IEEE International Symposium on Antennas and Propagation, Chicago, IL, USA, 8–14
July 2012; pp. 1–2. [CrossRef]

19. Doane, J.P.; Kolodziej, K.E.; Perry, B.T. Simultaneous transmit and receive with digital phased arrays. In Proceedings of the 2016
IEEE International Symposium on Phased Array Systems and Technology (PAST), Waltham, MA, USA, 18–21 October 2016;
pp. 1–6. [CrossRef]

20. Doane, J.P.; Kolodziej, K.E.; Perry, B.T. Simultaneous transmit and receive performance of an 8-channel digital phased array. In
Proceedings of the 2017 IEEE International Symposium on Antennas and Propagation & USNC/URSI National Radio Science
Meeting, San Diego, CA, USA, 9–14 July 2017; pp. 1043–1044. [CrossRef]

21. Cummings, I.T.; Schulz, T.J.; Doane, J.P.; Zekavat, S.A.R.; Havens, T.C. Information-Theoretic Optimization of Full-Duplex
Communication between Digital Phased Arrays. In Proceedings of the 2018 56th Annual Allerton Conference on Communication,
Control, and Computing (Allerton), Monticello, IL, USA, 2–5 October 2018; pp. 373–377. [CrossRef]

22. Cummings, I.T.; Schulz, T.J.; Havens, T.C.; Doane, J.P. Optimizing the Information-Theoretic Partitioning of Simultaneous
Transmit and Receive Phased Arrays. In Proceedings of the 2018 IEEE International Symposium on Antennas and Propagation &
USNC/URSI National Radio Science Meeting, Boston, MA, USA, 8–13 July 2018; pp. 565–566. [CrossRef]

23. Cummings, I.T.; Schulz, T.J.; Doane, J.P.; Havens, T.C. An information-theoretic approach to partitioning simultaneous transmit
and receive digital phased arrays. In Proceedings of the 2018 IEEE Radar Conference (RadarConf18), Oklahoma City, OK, USA,
23–27 April 2018; pp. 0478–0483. [CrossRef]

24. Cummings, I.T.; Schulz, T.J.; Havens, T.C.; Doane, J.P. Neural Networks for Real-Time Adaptive Beamforming in Simultaneous
Transmit and Receive Digital Phased Arrays: Student Submission. In Proceedings of the 2019 IEEE International Symposium on
Phased Array System & Technology (PAST), Waltham, MA, USA, 15–18 October 2019; pp. 1–8. [CrossRef]

25. Cummings, I.T.; Doane, J.P.; Schulz, T.J.; Havens, T.C. Aperture-Level Simultaneous Transmit and Receive with Digital Phased
Arrays. IEEE Trans. Signal Process. 2020, 68, 1243–1258. [CrossRef]

https://doi.org/10.1109/COMST.2017.2773628
https://doi.org/10.1109/PIMRC48278.2020.9217316
https://doi.org/10.1109/ICMCIS.2019.8842748
https://doi.org/10.1155/2022/1114234
https://doi.org/10.1109/TAP.2023.3309096
https://doi.org/10.3390/electronics11203381
https://doi.org/10.1109/LAWP.2023.3292429
https://doi.org/10.1109/TAP.2023.3243988
https://doi.org/10.1109/TWC.2020.3019011
https://doi.org/10.1109/IMWS-AMP57814.2023.10381046
https://doi.org/10.1002/(SICI)1520-6416(19980415)123:1%3C1::AID-EEJ1%3E3.0.CO;2-B
https://doi.org/10.1109/JSAC.2014.2330093
https://doi.org/10.1109/WCNC.2017.7925765
https://doi.org/10.1109/APS.2012.6349146
https://doi.org/10.1109/ARRAY.2016.7832606
https://doi.org/10.1109/APUSNCURSINRSM.2017.8072564
https://doi.org/10.1109/ALLERTON.2018.8635860
https://doi.org/10.1109/APUSNCURSINRSM.2018.8609173
https://doi.org/10.1109/RADAR.2018.8378606
https://doi.org/10.1109/PAST43306.2019.9020740
https://doi.org/10.1109/TSP.2020.2968262


Electronics 2024, 13, 2908 18 of 18

26. Zhang, J.; Li, S.; Chang, W.; Jiang, T.; Li, B.; Liang, Z. Study on Full-duplex Channel Characteristic for Simultaneous Transmit and
Receive Used in Phased Array. In Proceedings of the 2019 IEEE International Symposium on Antennas and Propagation and
USNC-URSI Radio Science Meeting, Atlanta, GA, USA, 7–12 July 2019; pp. 1495–1496. [CrossRef]

27. Zhang, J.; Chang, W.; Zheng, J. Study on Different Array Allocation for Simultaneous Transmit and Receive Used in Phased Array.
In Proceedings of the 2019 IEEE International Symposium on Phased Array System & Technology (PAST), Waltham, MA, USA,
15–18 October 2019; pp. 1–5. [CrossRef]

28. Yang, F.; Yang, S.; Chen, X.; Yang, X. Aperture-Level Self-Interference Cancelation for Full-Duplex Phased Arrays by Phase-
Only Transmitting Beamfoming. In Proceedings of the 2022 IEEE International Symposium on Antennas and Propagation and
USNC-URSI Radio Science Meeting (AP-S/URSI), Denver, CO, USA, 10–15 July 2022; pp. 1872–1873. [CrossRef]

29. Liu, A.; Sheng, W.; Riihonen, T. Per-Antenna Self-Interference Cancellation Beamforming Design for Digital Phased Array. IEEE
Signal Process. Lett. 2022, 29, 2442–2446. [CrossRef]
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