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Low Probability of Intercept-Based Optimal Power
Allocation Scheme for an Integrated Multistatic

Radar and Communication System
Chenguang Shi , Member, IEEE, Fei Wang , Mathini Sellathurai, Senior Member, IEEE,

Jianjiang Zhou, Member, IEEE, and Sana Salous , Senior Member, IEEE

Abstract—This paper investigates the problem of low probability
of intercept-based optimal power allocation (LPI-OPA) for an inte-
grated multistatic radar and communication system, which consists
of multiple transmitters operating at different frequencies, a radar
receiver, and a communication receiver (CR). The integrated mul-
tistatic radar and communication system is capable of fulfilling the
requirements of both radar and communication subsystems. The
key tenet of the integrated system is to minimize the total power
consumption by optimizing the transmit power allocation at each
transmitter for radar waveforms and information signals, which
is constrained by a predetermined target detection performance
for the RR and a desired information rate for the CR. Since the
analytical closed-form expression of the probability of detection
is not tractable, its upper bound is derived. We analytically show
that the resulting optimization problem can be reformulated as
two subproblems, which can be solved by an efficient solution
procedure based on the approach of linear programming and the
Karush–Kuhn–Tuckers optimality conditions. Simulation results
are provided to show that the LPI performance of the integrated
multistatic radar and communication system can significantly be
enhanced by employing our proposed LPI-OPA scheme.

Index Terms—Information rate, integrated multistatic radar
and communication system, low probability of intercept (LPI),
optimal power allocation (PA), probability of detection.

Manuscript received September 24, 2018; revised February 12, 2019, April
20, 2019, and July 8, 2019; accepted July 25, 2019. Date of publication August
9, 2019; date of current version March 2, 2020. This work was supported in part
by the National Natural Science Foundation of China under Grants 61801212,
61371170, and 61671239, in part by China Postdoctoral Science Foundation
under Grant 2019M650113, in part by the Natural Science Foundation of Jiangsu
Province under Grant BK20180423, in part by the National Aerospace Science
Foundation of China under Grants 20172752019 and 2017ZC52036, in part
by the Fundamental Research Funds for the Central Universities under Grant
NT2019010, in part by the Priority Academic Program Development of Jiangsu
Higher Education Institutions (PADA), and in part by Key Laboratory of Radar
Imaging and Microwave Photonics (Nanjing University of Aeronautics and
Astronautics), Ministry of Education, Nanjing, China. (Corresponding author:
Fei Wang.)

C. Shi is with the Key Laboratory of Radar Imaging and Microwave Photonics,
Ministry of Education and the Key Laboratory of Dynamic Cognitive System of
Electromagnetic Spectrum Space, Ministry of Industry and Information Tech-
nology, Nanjing University of Aeronautics and Astronautics, Nanjing 210016,
China (e-mail: scg_space@163.com).

F. Wang and J. Zhou are with the Key Laboratory of Radar Imaging and
Microwave Photonics, Ministry of Education, Nanjing University of Aeronautics
and Astronautics, Nanjing 210016, China (e-mail: wangxiaoxian@nuaa.edu.cn;
zjjee@nuaa.edu.cn).

M. Sellathurai is with the School of Engineering and Physical Sciences,
Herriot Watt University, EH14 4AS Edinburg, U.K. (e-mail: mathini@ieee.org).

S. Salous is with the School of Engineering and Computing Sciences, Durham
University, DH1 3LE Durham, U.K. (e-mail: sana.salous@durham.ac.uk).

Digital Object Identifier 10.1109/JSYST.2019.2931754

I. INTRODUCTION

A. Background and Motivation

R ECENTLY, the urgent need for faster communications
and the rapid development of commercial multimedia

applications have result in an increasing demand for radio fre-
quency (RF) bandwidth [1]. The problem of spectral congestion
has increasingly encouraged the radar band users to share RF
bandwidth with a growing number of wireless communications
devices [2]. As an emerging research topic, numerous studies
investigating the coexistence of radar and wireless communica-
tions systems in the same frequency band have been proposed
[3]–[11], which is able to minimize interference effects and ease
the competition over spectrum bandwidth. In [1], Paul et al.
perform a survey of previous RF communications and sensing
convergence research, which provides a point of departure for
future researchers to solve the underlying problem by presenting
the topologies, levels of system integration, and the current
technologies. In [3], the inner bounds on performance of radar
and communications coexistence are defined and analytically
derived. Similar work has been done in [4], in which several
cooperative and codesign methods are proposed to provide
improved spectral efficiency. Further, a cooperative strategy
for the coexistence of a matrix completion based colocated
multiple-input multiple-output (MIMO) radar and a MIMO
communication system is developed in [5]. The main idea is
to jointly optimize the radar transmit precoder, the radar sub-
sampling strategy, and the communication transmit covariance
matrix for a predetermined communication rate threshold, such
that the radar signal-to-interference-plus-noise (SINR) ratio is
maximized. Since multicarrier waveform is one of the best
candidates for both radar and communication applications, the
authors in [6]–[9] present the orthogonal frequency division
multiplexing (OFDM) radar waveform optimization algorithms
for spectrum sharing. As an extension, reference [10] formulates
the power minimization-based robust OFDM radar waveform
design for radar and communication systems in coexistence.
Various waveform design schemes are proposed to minimize the
worst-case power consumption of radar system by optimizing
OFDM radar waveform subject to a certain mutual information
(MI) requirement for target estimation and a minimum capacity
for communication transferring. It is illustrated that the radar
radiated power can be evidently reduced by employing the
communication signals scattered off the target in radar sys-
tem. In [11], the authors present a novel algorithm to enhance
the spectrum sharing performance between MIMO radar and
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downlink multiuser multiple-input single-output communica-
tion system.

In contrast to the above research, a more favorable idea is to
design an integrated system that carries out both radar and com-
munications. Traditionally, radar and wireless communications
systems have been developed in isolation. Typically, the aim of
a radar system is to detect and track enemy targets, while that
of a communication system is to transfer information from a
source to a sink [12]. Nevertheless, there are several similarities
between the two RF functionalities, which makes the integrated
design of radar and communication systems much more plau-
sible. Technically speaking, this integrated radar and commu-
nication system can share the hardware and RF spectrum to
achieve simultaneously both radar target detection and informa-
tion transferring. In view of this, the integrated design not only
reduces the size, weight, and radiated power of the system, but
also mitigates electromagnetic interference and alleviates spec-
tral scarcity [13]. As a result, researchers have begun considering
not just the coexistence of radar and communications, but more
fundamentally schemes of integrated radar and communication
system [1]. In [14], the radar MI and communication channel
capacity of a MIMO-based integrated radar and communication
system are analyzed, where the effects of signal-to-noise ratio
(SNR) and the number of antennas on the system performance
are revealed. In the integrated system, it is of great importance
to design waveform to enhance resource utilization efficiency.
The authors in [13] propose an adaptive OFDM integrated radar
and communications waveform design approach to improve the
MI and data information rate for the integrated system. In [12],
Chalise et al. present a performance tradeoff analysis for a
joint bistatic passive radar and communication system, whose
purpose is to optimally allocate power resource for transmitting
radar waveform and communication signal in such a way that the
probability of detection is maximized. Subsequently, reference
[15] extends the work in [12] to a multiple-transmitter case. Also,
the problem of secrecy communication for an integrated MIMO
radar and communication system is investigated [16], where the
primary goals of the radar are to guarantee a specified target
detection performance and to simultaneously communication in
security with a legitimate receiver by maximizing the secrecy
rate against the eavesdropper.

Generally speaking, the vast majority of existing works con-
centrate on techniques to optimize the performance of radar
target detection/tracking and communication rate for the inte-
grated radar and communication system, without paying much
attention to the problem of low probability of intercept (LPI).
In real application, LPI optimization is a crucial part of military
operations in hostile environments [17]–[19], for instance, the
airborne integrated system is required to maintain LPI per-
formance. In these scenarios, minimizing the radiated power
that is required to perform the predefined task is essential and
important [20]. The problem of resource allocation for multiple
target tracking in MIMO radar systems is addressed in [21]–[25],
wherein it is shown that the resource utilization efficiency can
be improved remarkably. A pioneer LPI optimization for a joint
bistatic radar and communication system is introduced in [26],
where the authors minimize the total transmitted power for
desired requirements of radar target detection and communi-
cation rate. However, the study in [26] focuses only on the
integrated bistatic system. For the multistatic case, the lim-
itations and derivations are much more complicated. To the
best of our knowledge, there is no previous work regarding
LPI-based optimal power allocation (LPI-OPA) in an integrated

multistatic radar and communication system until now. The need
for LPI performance optimization in the underlying system is
further emphasized, because more radiated energy might result
in electronic or physical attacks in modern battlefield. Hence, in
this paper, we will extend the results in [12], [15], and [26] and
propose an LPI-OPA strategy for an integrated multistatic radar
and communication system. These aspects render this model
particularly attractive for offence applications, where the loader
of the system needs to achieve LPI performance.

B. Main Contributions

For clarity, the major contributions of this paper are summa-
rized as follows.

1) We formulate the system model for an integrated mul-
tistatic radar and communication system and derive the
generalized likelihood ratio test (GLRT) detector, which
is an extension of the work in [12], [15], and [26]. The
integrated system is composed of multiple transmitters
operating at different frequencies, a radar receiver (RR),
and a communication receiver (CR). It is capable of ful-
filling the requirements of both target detection and in-
formation transferring. Each transmitter utilizes a portion
of its power resource to radiate a radar waveform, and
another portion to broadcast a communication signal. The
dedicated transmitters are able to detect the threat targets
as well as transfer information to a CR. It is much different
from the dual function system [27], which transmits the
same signal for both functions at the transmitter. In this
paper, the transmit power budget of each transmitter in
the integrated system is allocated for transmitting radar
waveform and information signal with the aim of en-
hancing its LPI performance, while satisfying the desired
requirements of target detection and information rate.

2) The problem of LPI-OPA for an integrated multistatic
radar and communication system is investigated. As pre-
viously mentioned, the work in [12] concentrates on the
problem of performance tradeoff analysis for an integrated
bistatic radar and communication system, and reference
[15] extends it to a multistatic case. Specifically, in [15],
the total transmit power at each transmitter is allocated
for transmitting the radar waveforms and information
signals in such a way that the probability of detection is
maximized, while satisfying a predefined information rate
requirement of the CR. To this end, only the transmit power
allocated for the information signals is minimized, while
all the remaining power resource is exploited to improve
the target detection performance. Thus, the aim of both
studies in [12] and [15] is to improve the target detection
performance via power allocation (PA), whereas the LPI
performance of the underlying system is ignored. On the
other hand, in [26], the LPI-based PA scheme is only
developed for a bistatic integrated system, which is much
different from the multistatic scenario. Mathematically
speaking, the LPI-OPA scheme is built in this paper to
improve the LPI performance of the underlying system.
Thus, it is actually an optimization problem of minimizing
an objective function about the total power consumption of
the integrated system while guaranteeing a predetermined
target detection performance for the RR and a specified in-
formation rate for the CR. Since the analytical closed-form
expression of the probability of detection is not tractable,
its upper bound is derived.
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3) We analytically show that the resulting LPI-OPA op-
timization scheme can be reformulated as two sub-
problems, which can be solved by an efficient solution
procedure based on the method of linear programming and
the Karush–Kuhn–Tuckers (KKT) optimality conditions
[28], [29].

4) Numerical results demonstrate the superiority of the pre-
sented LPI-OPA scheme compared to other existing PA
algorithms. It is illustrated that the LPI-OPA scheme tends
to allocate more power resource to the transmitter with
better channel condition. In addition, it is also shown
that the LPI performance of the integrated system can be
remarkably enhanced by exploiting the LPI-OPA scheme.

C. Organization

The rest of this paper is structured as follows. Section II
formulates the considered integrated multistatic radar and com-
munication system model as well as the underlying assumptions
needed in this paper. The LPI-OPA scheme is developed for
an integrated multistatic radar and communication system in
Section III. In Section III-A, the basis of the LPI-OPA optimiza-
tion scheme is introduced. Section III-B derives the GLRT de-
tector and the bound of probability of target detection. Then, the
mathematical optimization framework of the LPI-OPA scheme
is built in Section III-C, and the resulting constrained problem
is equivalently converted as two subproblems, and then solved
by the method of linear programming and the KKT conditions.
Several numerical simulations are provided in Section IV to eval-
uate the accuracy of the theoretical derivations and substantiate
the effectiveness of the proposed LPI-OPA scheme. Finally, the
concluding remarks of the paper are made in Section V.

Notations: Unless otherwise specified, column vectors are
represented by bold lower case letters (i.e., x), matrices are
denoted by bold upper case letters (i.e., X), and scalars are
denoted by normal font (i.e., x). The superscripts (·)T and (·)H
indicate the transpose and Hermitian transpose, respectively.
The superscript (·)∗ indicates the optimality. I denotes the iden-
tity matrix, and ‖ · ‖ represents the Euclidean norm for vector
or Frobenius norm for matrix. CN (μ, σ2) stands for Gaussian
distribution with mean μ and variance σ2. ξmax(X) denotes
the maximum eigenvalue of matrix X, and E{·} denotes the
expectation operation. P{·} is the probability operator.

II. SYSTEM MODEL

In this paper, we consider an integrated multistatic radar
and communication system with MT transmitters operating at
different frequencies, an RR, and a CR, as depicted in Fig. 1.
These dedicated transmitters are labeled1, 2, . . . ,MT(MT ≥ 2).
Since the clutter signals have no Doppler shifts, they are located
around the zero Doppler zone in the matched filtering [30]. Thus,
the clutter signals can be mitigated by utilizing a large number
of adaptive filters, such as the least-squares filter, normalized
least mean squares filter, and so on. We consider a clutter-free
noise-only environment, which can provide an upper bound for
the detectors.

The underlying system is capable of fulfilling the require-
ments of both target detection and information transferring.
In the scenario under consideration, the dedicated transmitters
simultaneously radiate radar probing waveforms to the threat
targets and communication signals to the CR [12], [15]. The
ith transmitter utilizes a portion of its power resource, Prad,i, to

Fig. 1. Integrated multistatic radar and communication system with multiple
transmitters, an RR, and a CR.

radiate a radar waveform srad,i(t), and another portion,Pcom,i, to
broadcast a communication signal scom,i(t). For simplicity, it is
also assumed that the signal transmissions from each transmitter
are optimally scheduled by utilizing nonoverlapping groups of
resource element (frequency) units. Physically speaking, some
element units are employed to transmit radar waveform, while
the other element units are used to broadcast information signal.
On the other hand, by exploiting nonoverlapping frequency
units, the different transmitters are able to radiate radar signals
and communication signals at the same time, such that the
interference received by the RR and CR is minimized.

At the RR, adaptive beamforming technique is utilized to
separate the observed signals from each transmitter into surveil-
lance channel (transmitter-target-RR) and reference channel
(transmitter-RR) signals. It is also supposed that the dedicated
transmitters and RR antennas are directional. In such a case, the
target position is known as a priori knowledge, which can be
determined by utilizing the multiframe detection approaches or
maximum likelihood-probabilistic data association technique.
The reference channel signal can be exploited to estimate the
radar waveform at the RR, where the time difference of arrival
between the two channels can be computed through a correlation
between the surveillance channel and reference channel signals
[26]. In real scenario, the high SNR of the reference channel,
which are common in practice [31], can be achieved by pointing
directional transmitting beams at the RR. In this way, the pres-
ence of the high SNR of the reference channel cannot degrade
the LPI performance of the integrated system.

Herein, the information rate in nats per channel use (npcu) is
defined and subsequently utilized as a metric for communication
requirement at the CR, which can be expressed by

Rcom =
1

MT

MT∑

i=1

log(1 + Pcom,iγcom,i) (1)

where Pcom,i denotes the transmit power allocated for the infor-
mation waveforms at the ith transmitter, γcom,i represents the
channel coefficient at the CR corresponding to the ith trans-
mitter, and Pcom,iγcom,i represents the instantaneous SNR at the
CR. Mathematically, γcom,i is the ratio of the squared absolute
value of the ith transmitter-CR channel to the variance of the
additive noise at the CR, which incorporates the transmitting and
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receiving antenna gains, the attenuation in the channel and the
noise power [12]. It is also supposed that, for convenience, the
communication signals scattered off the target are not utilized
for target detection at the CR, which are much weaker than
the communication channels from the transmitters and can be
ignored.

Remark 1: In the current paper, we focus on the problem of
LPI-based PA for an integrated multistatic radar and communi-
cation system, where the total radiated power is minimized by
optimizing the transmit PA at each transmitter for radar wave-
forms and information signals. Since the dedicated transmitters
operate at different frequencies, the RF spectrum should also
be optimized to detect targets and transfer information, which is
beyond the scope of this paper. The joint optimization of transmit
power and RF spectrum allocation will be studied in the near
future.

III. LPI PERFORMANCE OPTIMIZATION SCHEME

A. Basis of the Technique

Mathematically speaking, the LPI-OPA scheme for an in-
tegrated multistatic radar and communication system can be
formulated as a problem of optimizing the transmit PA to
minimize the total power consumption of the integrated system
for both radar waveforms and information signals, respectively,
subject to a predetermined target detection performance for the
RR and a desired information rate for the CR. First, the GLRT
detector is derived, where the upper bound of the probability
of detection is calculated due to the fact that its analytical
expression is not tractable. Then, we analytically show that the
resulting optimization problem can equivalently be converted to
two subproblems, which can be solved by an efficient solution
procedure based on the method of linear programming and the
KKT conditions.

We are now in a position to design and control the transmit
power of different transmitters in order to achieve better LPI per-
formance for an integrated multistatic radar and communication
system. The general LPI-OPA optimization can be detailed as
follows.

B. GLRT Detector

Without loss of generality, we consider a single target sce-
nario. Given the discussions in previous sections, the tar-
get detection problem in the integrated multistatic radar and
communication system can be formulated as the following
binary hypothesis test between target presence H1 and null H0

hypotheses [12], [15]:

H0 :

{
yref,i = γref,iWref,israd,i + vref,i

ysur,i = vsur,i
(2)

H1 :

{
yref,i = γref,iWref,israd,i + vref,i

ysur,i = γsur,iWsur,israd,i + vsur,i
(3)

where yref,i and ysur,i are the radar signals observed from the
ith transmitter corresponding to the reference and surveillance
channels, respectively; γref,i and γsur,i are the channel coef-
ficients corresponding to the ith reference and surveillance
channels, respectively; Wref,i and Wsur,i represent the K ×K
unitary delay-Doppler operator matrices corresponding to the

ith reference and surveillance channels, respectively, and K
is the length of the received signals; srad,i denotes the K × 1
vector of sampled radar signal srad,i(t), and the transmit power is
‖srad,i(t)‖2 = Prad,i; Finally,vref,i andvsur,i denote the RR noise
at the antennas used for reference and surveillance channels,
respectively.

Generally, the parameters srad,i, γref,i and γsur,i are not known.
For known positions of the transmitters, and position and veloc-
ity of the target at a range-Doppler cell (hypothesized position),
the delay-Doppler operator matrices Wref,i and Wsur,i can be
calculated. In addition, owing to the property of unitary ma-
trix, we have Wref,iW

H
ref,i = Wsur,iW

H
sur,i = I, ∀i. Then, after

unitary transformations with Wref,i and Wsur,i, (2) and (3) can
equivalently be reformulated in the following:

H0 :

{
ỹref,i = γref,israd,i + ṽref,i

ỹsur,i = ṽsur,i
(4)

H1 :

{
ỹref,i = γref,israd,i + ṽref,i

ỹsur,i = γsur,israd,i + ṽsur,i
(5)

where ỹref,i � WH
ref,iyref,i, ỹsur,i � WH

sur,iysur,i. ṽref,i =

WH
ref,ivref,i and ṽsur,i = WH

sur,ivsur,i represent the additive
zero-mean white Gaussian noise with variance matrix σ2I, i.e.,
ṽref,i ∼ CN (0, σ2I), ṽsur,i ∼ CN (0, σ2I).

In order to design an efficient detector for the hypothesis
testing, the GLRT detector is employed here by exploiting the
signal model described in the previous section, which is similar
to the Neyman–Pearson detector as the number of samples
approaches infinity [33]. Based on the above definitions, the
joint probability density functions (PDFs) of ỹref and ỹsur under
the hypotheses H0 and H1 respectively, can be expressed as

f((ỹref, ỹsur)|H0)

=
1

(πσ2)(MT+1)K
exp

[
−∑MT

i=1

(‖yref,i‖2 + ‖ỹsur,i‖2
)

σ2

]

(6)

and

f((ỹref, ỹsur)|H1)

=
1

(πσ2)(MT+1)K
exp

[
−∑MT

i=1

(‖yref,i‖2 + ‖ysur,i‖2
)

σ2

]

(7)

where ỹref=[yT
ref,1, . . . ,y

T
ref,MT

]T , ỹsur=[yT
sur,1, . . . ,y

T
sur,MT

]T ,
yref,i = ỹref,i − γref,israd,i, and ysur,i = ỹsur,i − γsur,israd,i

Subsequently, the target detection problem can be formulated
and solved by comparing the likelihood ratio test function as
follows:

Γ(ỹref, ỹsur) =
f((ỹref, ỹsur)|H1)

f((ỹref, ỹsur)|H0)

H1

≷
H0

δ (8)

where δ ∈ [0, 1] denotes a certain threshold value, which can
be determined by a specified probability of false alarm pFA. As
previously stated, since the parameters srad,i, γref,i, and γsur,i
are unknown, they can be substituted with their maximum-
likelihood (ML) estimates in the likelihood ratio test function
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(8) to obtain a new test function, i.e., GLRT function [15].
According to the derivations in [15], the GLRT function becomes

logΓ(ỹref, ỹsur) =
1

σ2

MT∑

i=1

[
ξmax(Zi)− ‖ỹref,i‖2

]
(9)

where Zi � ỹref,iỹ
H
ref,i + ỹsur,iỹ

H
sur,i, and ξmax(Zi) denotes the

maximum eigenvalue of matrix Zi. Hence, the ML estimates of
parameters γref,i and γsur,i can be obtained from

max
γref,i,γref,i,∀i

logΓ(ỹref, ỹsur). (10)

In order to analyze the target detection performance of the
underlying integrated system, the probabilities of detection and
false alarm should be derived. With (11), the probability of
detection pD can be given by

pD = P

{
1

σ2

MT∑

i=1

[
ξmax(Zi)− ‖ỹref,i‖2

] ≥ δ|H1

}
(11)

where (·)|H1 represents that (·) is conditioned on H1, and Zi �
ỹref,iỹ

H
ref,i + ỹsur,iỹ

H
sur,i. Based on the discussions in [15], there

do not exist the analytical closed-form expression for pD, even
though the statistical distributions of ξmax(Zi) and ‖ỹref,i‖2 are
exactly known. In such a scenario, we can get the upper bound
of probability of detection by applying the Markov’s inequality
[15]

pD ≤ E

{
1

δσ2

MT∑

i=1

[
ξmax(Zi)− ‖ỹref,i‖2

] |H1

}
. (12)

After algebraic manipulations, the upper bound of pD boils down
to

pD ≤ 1

δσ2

MT∑

i=1

{|γsur,i|2Prad,i − (K − 2)σ2
}
� pD (13)

where the detailed derivations can be found in [15].
Furthermore, it is assumed that the SNR of the reference

channel is high. As mentioned before, it is common and can
be achieved in practice. Then, the probability of false alarm pFA
can be expressed by [32]

pFA 	
∫ ∞

2δ

1

2MTΓ(MT)
xMT−1e−

x
2 dx =

Γ(MT, δ)

Γ(MT)
(14)

where Γ(MT) =
∫∞
0 tMT−1e−tdt denotes Gamma function,

and Γ(MT, δ) =
∫∞
δ tMT−1e−tdt denotes the upper incomplete

Gamma function. From (14), it can be seen that, for a specified
probability of false alarm, the threshold value δ can numerically
be calculated.

Remark 2: According to (13) and (14), one can notice that,
the target detection performance can be evaluated by adopting
the probabilities of detection and false alarm. Mathematically
speaking, for a fixed pFA, increasing the radiated power of each
transmitter can enlarge the value of pD, implying better target
detection performance. However, it will in turn increase the vul-
nerability of the integrated multistatic radar and communication
system in modern battlefield. Therefore, we develop an LPI-OPA
scheme by optimizing the PA to minimize the total radiated
power consumption, while meeting specified requirements of

target detection and communication rate, as presented in the
next subsection.

C. LPI-OPA Model

For a predefined target detection performance for the RR and
a desired information rate for the CR, the intention of this paper
is to optimally allocate the power resource which can result in
the minimization of the total radiated power. In such a model,
the LPI performance of the integrated system can markedly be
enhanced. The resulting optimization problem can be formulated
mathematically as follows:

(P) : min
Prad,i,Pcom,i,∀i

MT∑

i=1

(Prad,i + Pcom,i) (15a)

s.t. :

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

C1 : pFA ≤ δFA

C2 : pD ≥ δD

C3 : Rcom ≥ rcom

C4 : Prad,i + Pcom,i ≤ Ptot,i, ∀i
C5 : Prad,i ≥ 0, Pcom,i ≥ 0, ∀i.

(15b)

The first constraint C1 stands that the probability of false
alarm pFA is less than a predetermined threshold value δFA,
while the second constraint C2 stands that the upper bound
of the probability of detection pD should be greater than a
given threshold value δD, such that the desired target detection
performance for the RR is satisfied. The third constraint C3
represents that the information rate for the CR is above the
threshold rcom to meet the communication requirement. The last
two constraints C4 and C5 imply that the transmit power of
each transmitter is constrained by a minimum and maximum
value, where Ptot,i denotes the maximum transmit power of the
ith transmitter.

Note that the primary objective of this paper is to guarantee a
predefined target detection performance for the RR and a given
information rate for the CR respectively, while minimizing the
total radiated power through optimal PA at each transmitter for
radar waveforms and information signals. Hence, the available
maximum transmit power of each transmitter Ptot,i (∀i) should
be large enough to perform both radar and communication
functions. Otherwise, neither the target detection requirement
of the RR nor the information rate requirement of the CR could
be satisfied. In such a case, the adaptable parameters Prad,i and
Pcom,i are not coupled. Then, the optimization problem P can
equivalently be recast as the following two subproblems:

(SP1) : min
Prad,i,∀i

MT∑

i=1

Prad,i (16a)

s.t. :

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

C1 : pFA ≤ δFA

C2 : pD ≥ δD

C4 : Prad,i ≤ Ptot,i − Pcom,i, ∀i
C5 : Prad,i ≥ 0, ∀i

(16b)
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and

(SP2) : min
Pcom,i,∀i

MT∑

i=1

Pcom,i (17a)

s.t. :

⎧
⎪⎨

⎪⎩

C3 : Rcom ≥ rcom

C4 : Pcom,i ≤ Ptot,i − Prad,i, ∀i
C5 : Pcom,i ≥ 0, ∀i.

(17b)

From the subproblem (SP1), it is obvious that the optimal
transmit power for radar waveform Prad,i can be obtained when
“=” in the constraint C1 holds. Subsequently, the underlying
subproblem described in (16) is a typical linear programming
problem [34], [35]. Thus, the exact solution P ∗

rad,i can be solved
by several convex optimization algorithms, such as the interior
point approach. After that, this optimal solution P ∗

rad,i is applied
to solve the remaining subproblem (SP2).

To further proceed to solve the optimization problem (SP2),
the following necessary proposition should first be noted.

Proposition 3.1: The optimization problem (SP2) is con-
vex, with the following properties: (a) Rcom is a monotonic
increasing function of Pcom,i; (b) The first derivative of ∂Rcom

∂Pcom,i

is monotonic decreasing in Pcom,i.
Proof: Taking the derivative of Rcom with respect to Pcom,i,

we can obtain

∂Rcom

∂Pcom,i
=

1

MT
· γcom,i

1 + Pcom,iγcom,i
> 0, ∀i. (18)

Then we have

∂2Rcom

∂P 2
com,i

= − 1

MT
· γ2

com,i

(1 + Pcom,iγcom,i)2
< 0. (19)

From the above derivations, we can see that (18) implies the
increasing nature of Rcom with respect to Pcom,i, and (19) in-
dicates the decreasing nature of the first derivative of ∂Rcom

∂Pcom,i

with respect to Pcom,i. Additionally, (18) and (19) show that
the Hessian matrix of the information rate (1) with respect to
Pcom,i is a diagonal matrix with nonpositive elements. Hence, it
is shown that the information rateRcom is increasing and concave
with respect to Pcom,i.

As a consequence, the constraint C3 constitutes a convex
feasible set over Pcom,i, while the objective function is affine
and the power constraints C4 and C5 are the intersection of
2MT half-spaces, and hence convex [36], [37], which completes
the proof. �

Traditionally, numerical optimization approaches, such as
subgradient and gradient projection methods, can be employed
to solve the aforementioned convex optimization problem
(SP2). However, these traditional algorithms require itera-
tive calculations and can only numerically achieve the optimal
solution, that is, no closed-form expression can be obtained
[38]. Thus, to derive the closed-form solution, we employ the
method of Lagrange multipliers to solve the constrained convex
optimization problem (17). Introducing Lagrange multipliers
ϕ1 ≥ 0, ϕ2 ≥ 0, and ϕ3 ≥ 0 for the multiple constraints, the
Lagrange of subproblem (SP2) can equivalently be written as

L(Pcom,i, ϕ1, ϕ2, ϕ3)

=

MT∑

i=1

Pcom,i+ϕ1 · (−Pcom,i)+ϕ2 · [Pcom,i − (Ptot,i − P ∗
rad,i)]

+ ϕ3 ·
[
rcom − 1

MT

MT∑

i=1

log(1 + Pcom,iγcom,i)

]
. (20)

It is worth noting that due to the convex nature of (SP2) the
Karush–Kuhn–Tucker (KKT) conditions are the necessary and
sufficient conditions for the global optimalityP ∗

com,i [29], and the
Lagrange multipliersϕ∗

1,ϕ∗
2, andϕ∗

3. In order to solve the convex
optimization problem (SP2), the KKT optimality conditions
can be subsequently derived as follows for any optimal point
(P ∗

com,i, ϕ
∗
1, ϕ

∗
2, ϕ

∗
3)

∂L
∂P ∗

com,i

= 1− ϕ∗
1 + ϕ∗

2 −
ϕ∗
3γcom,i/MT

1 + P ∗
com,iγcom,i

= 0 (21a)

ϕ∗
1 · (−P ∗

com,i) = 0 (21b)

ϕ∗
2 · [P ∗

com,i − (Ptot,i − P ∗
rad,i)] = 0 (21c)

ϕ∗
3 ·

[
rcom − 1

MT

MT∑

i=1

log(1 + P ∗
com,iγcom,i)

]
= 0 (21d)

0 ≤ P ∗
com,i ≤ Ptot,i − P ∗

rad,i, ∀i (21e)

ϕ∗
1 ≥ 0 (21f)

ϕ∗
2 ≥ 0 (21g)

ϕ∗
3 ≥ 0. (21h)

According to the KKT conditions, if P ∗
com,i is the optimal

solution, it must satisfy the stationarity condition ∂L
∂P ∗

com,i
= 0,

primal feasibility 1
MT

∑MT
i=1 log(1 + P ∗

com,iγcom,i) ≥ rcom, 0 ≤
P ∗

com,i ≤ Ptot,i − P ∗
rad,i, dual feasibilityϕ∗

1 ≥ 0,ϕ∗
2 ≥ 0,ϕ∗

3 ≥ 0
and complementary slackness which states that a primal con-
straint is satisfied with equality, if and only if, the associated
dual variable is strictly greater than zero [38].

From the stationary condition, when P ∗
com,i is optimal, we

obtain

P ∗
com,i =

ϕ∗
3/MT

1− ϕ∗
1 + ϕ∗

2

− 1

γcom,i
. (22)

It is apparent from (21a)–(21c) that the optimality conditions
can be separately investigated for three possibilities regarding
the optimal allocated power at each transmitter. At the opti-
mality, each transmitter can be allocated either with no power
(i.e., P ∗

com,i = 0), with maximum transmit power (i.e., P ∗
com,i =

Ptot,i − P ∗
rad,i), or with a power between these two extreme cases

(i.e., 0 ≤ P ∗
com,i ≤ Ptot,i − P ∗

rad,i).
1) If 0 < P ∗

com,i < Ptot,i − P ∗
rad,i, then ϕ∗

1 = ϕ∗
2 = 0, we have

0 <
ϕ∗
3

MT
− 1

γcom,i
< Ptot,i − P ∗

rad,i

⇐⇒ MT

γcom,i
< ϕ∗

3 < MT

(
Ptot,i − Prad,i +

1

γcom,i

)
. (23)
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Then, P ∗
com,i can be computed as

P ∗
com,i =

ϕ∗
3

MT
− 1

γcom,i
(24)

where ϕ∗
3 can be determined by

1

MT

MT∑

i=1

log(1 + P ∗
com,iγcom,i) ≥ rcom. (25)

2) If P ∗
com,i = 0, then ϕ∗

1 > 0, ϕ∗
2 = 0, we can obtain

P ∗
com,i +

1

γcom,i
=

ϕ∗
3/MT

1− ϕ∗
1

> ϕ∗
3/MT

⇐⇒ ϕ∗
3 <

MT

γcom,i
. (26)

Then, P ∗
com,i can be given by

P ∗
com,i = 0. (27)

3) If P ∗
com,i = Ptot,i − P ∗

rad,i, then ϕ∗
1 = 0, ϕ∗

2 > 0, we have

P ∗
com,i +

1

γcom,i
=

ϕ∗
3/MT

1 + ϕ∗
2

< ϕ∗
3/MT

⇐⇒ ϕ∗
3 > MT

(
Ptot,i − Prad,i +

1

γcom,i

)
. (28)

Then, P ∗
com,i is obtained as

P ∗
com,i = Ptot,i − P ∗

rad,i. (29)

Therefore, the globally optimal PA solution for (SP2) can be
obtained as (30), shown at the bottom of the this page, where
ϕ∗
3 is a constant calculated by the predefined information rate of

the CR

1

MT

MT∑

i=1

log(1 + P ∗
com,iγcom,i) ≥ rcom. (31)

For the sake of clarity, the detailed steps of the LPI-OPA
scheme are summarized in Algorithm 1 for the integrated multi-
static radar and communication system, according to which we
can obtain the optimal transmit PA for both radar waveform and
communication signal. Moreover, it is worth to mention that ϕ∗

3
can be obtained by employing the well-known bisection search
technique [10], which is shown in Algorithm 2.

Remark 3 (Complexity Analysis): As aforementioned, the
subproblem (SP1) can be solved efficiently via the interior
point approach with a computational complexity of O(M3.5

T ).
On the other hand, the iterative steps of bisection search tech-
nique to find ϕ∗

3 can be carried out by utilizing one-dimensional
search over the parameter ϕ3. The complexity of Algorithm 2
is dominated by the number of transmitters and the procedure

of bisection search approach, which is O(MTlog2[(ϕ3,max −
ϕ3,min)/ε]). However, the exhaustive search has a computa-
tional complexity of O(MT(ϕ

∗
3 − ϕ3,min)/ε). For instance, a

system with MT = 6, ϕ3,min = 0, ϕ3,max = 104, ϕ∗
3 = 5 × 102,

and ε = 0.5 requires only on the order of 85.7 iterations with
the proposed method, whereas the exhaustive search approach
will require on the order of 6000 iterations. This implies that
our proposed algorithm requires only 1.43% of the iterations
compared with the exhaustive search method. Moreover, it is
noteworthy that remarkable computational saving can be ob-
tained by employing the proposed scheme for large number
of transmitters MT and great threshold of information rate

P ∗
com,i =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

0, ϕ∗
3 <

MT

γcom,i
,

ϕ∗
3

MT
− 1

γcom,i
,

MT

γcom,i
< ϕ∗

3 < MT

(
Ptot,i − P ∗

rad,i +
1

γcom,i

)

Ptot,i − P ∗
rad,i, ϕ∗

3 > MT

(
Ptot,i − Prad,i +

1

γcom,i

)
(30)
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Fig. 2. Upper bound of probability of detection pD versus transmit power
allocated for radar waveforms Prad,i with different γsur,i and δFA by utilizing
different methods.

rcom. Therefore, the problem (P) has the total complexity of
O (

M3.5
T +MTlog2[(ϕ3,max − ϕ3,min)/ε]

)
.

IV. SIMULATION RESULTS AND PERFORMANCE ANALYSIS

A. Numerical Setup

In all the simulations, we assume an integrated multistatic
radar and communication system consisting of MT = 6 trans-
mitters, an RR, and a CR. Before proceeding to set other param-
eters, we should first determine the probability of false alarm,
where we set δFA = 4.12 × 10−5. Then, the corresponding target
detection threshold value δ can be obtained as 20.7233. The
length of the received signal is K = 4, and the variance of the
zero-mean additive Gaussian noise is σ2 = 10. The maximum
transmit power of each transmitter is Ptot,i = 1000 W(∀i).

B. Numerical Analysis

In Fig. 2, we depict the upper bound of probability of detection
pD with respect to the transmit power allocated for radar wave-
forms Prad,i with different γsur,i by utilizing different methods.
It can be observed that the target detection performance is im-
proved with the increase of transmit power for radar waveforms.
Also, the boundaries of the regions widen as γsur,i goes up [26].
That is to say, the upper bound of probability of detection is
increased more drastically with the increase in γsur,i and δFA.
Moreover, the probability of detection is markedly increased
by employing the proposed strategy when compared with the
algorithm in [12].

Fig. 3 shows the probability of false alarm pFA versus thresh-
old value δ by utilizing different methods. As expected, the
probability of false alarm is decreased as the threshold value
δ increases.

Moreover, the information rate Rcom versus the transmit
power allocated for information signals Pcom,i with different
γcom,i by utilizing different methods is illustrated in Fig. 4. One
can notice that the information rate increases when the transmit
power allocated for information signals goes up. Also, the in-
formation rate can be increased as γcom,i increases. In addition,
the information rate can be significantly increased by employing
the proposed strategy when compared with the results in [12].

Fig. 5 depicts the upper bound of probability of detec-
tion pD versus information rate Rcom with γsur,i = −5 dB,
γcom,i = −5 dB, and δFA = 4.12 × 10−5 by utilizing different

Fig. 3. Probability of false alarm pFA versus threshold value δ by utilizing
different methods.

Fig. 4. Information rate Rcom versus transmit power allocated for information
signals Pcom,i with different γcom,i by utilizing different methods.

Fig. 5. Upper bound of probability of detection pD versus information
rate Rcom with γsur,i = −5 dB, γcom,i = −5 dB, and δFA = 4.12 × 10−5 by
utilizing different methods.

methods. This figure illustrates that the target detection perfor-
mance degrades when the information rate is increased. It can
also be found that the probability of detection is much larger
with the same information rate threshold by using the proposed
strategy than that in [12]. Thus, there exists a tradeoff between
target detection performance and communications requirement.

C. PA Results

In this part, we aim to analyze the effects of several fac-
tors on the PA results. The coefficient values corresponding to
surveillance channels are shown in Fig. 6. Fig. 7 depicts the
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Fig. 6. Coefficient values for different channels. (a) Coefficients
corresponding to the surveillance channels. (b) Coefficients corresponding to
the communication channels.

transmit PA results achieved from our proposed scheme for
different probabilities of detection and information rates. The
results show that, to satisfy the requirements of both radar and
communication subsystems, the integrated multistatic radar and
communication system should properly distribute its transmit
power to different transmitters: (a) More specifically, for a
predetermined threshold of the probability of target detection,
the LPI-OPA scheme only allocates its power resource to the
transmitter with the best channel condition, that is, the largest
channel coefficient value (see the PA results for Transmitter 4 for
example). To guarantee a specified information rate for the CR,
the proposed scheme tends to allocate more power resource to
the transmitters with better channel conditions (see the PA results
for Transmitter 1, Transmitter 3, and Transmitter 6 for example).
Thus, the probability of target detection and information rate can
be averaged. (b) Increasing the threshold values of the probabil-
ity of detection pD and information rate rcom can enlarge the total
radiated power in the proposed LPI-OPA scheme, whereas the
PA tendencies remain the same: the power resource tends to be
assigned to the transmitters with better channel conditions (i.e.,
larger channel coefficient values). In this scenario, the power
resource utilization efficiency can be enhanced [20].

D. Comparison of LPI Performance

To better examine the superiority of the proposed LPI-OPA
scheme, the total radiated power of the proposed PA scheme
is employed as a metric to compare with two existing PA
models in Fig. 8 for different probabilities of detection and
information rates, which is conducted through 105 Monte Carlo
trials. Previously, authors have already presented two types of
PA schemes—(1) maximize the probability of detection while
meeting a desired information rate requirement of the CR, which
is proposed by Chalise and denoted as CBK-OPA scheme [15];
(2) uniformly allocate the limited transmit power resource to
multiple transmitters, which is denoted as the suboptimal PA
scheme. In this scenario, the mathematical representation of the

Fig. 7. LPI-OPA results for radar waveform and information rate:
(a) δD = 0.55, rcom = 1.5 npcu; (b) δD = 0.75, rcom = 2.0 npcu; (c) δD = 0.95,
rcom = 2.5 npcu.

CBK-OPA model can be formulated as follows:

CBK-OPA: max
Prad,i,Pcom,i,∀i

pD (32a)

s.t. :

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

C1 : pFA ≤ δFA

C3 : Rcom ≥ rcom

C4 : Prad,i + Pcom,i ≤ Ptot,i, ∀i
C5 : Prad,i ≥ 0, Pcom,i ≥ 0, ∀i.

(32b)

Here, it is important to note that for a predetermined informa-
tion rate requirement of the CR, the CBK-OPA algorithm mini-
mizes the transmitted power for information signals, whereas all
the remaining power resource is assigned to maximize the proba-
bility of detection. In this paper, the proposed LPI-OPA strategy
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Fig. 8. Comparison of total power consumption for radar waveform and infor-
mation rate utilizing various algorithms with: (a) δD = 0.55, rcom = 1.5 npcu;
(b) δD = 0.75, rcom = 2.0 npcu; (c) δD = 0.95, rcom = 2.5 npcu.

minimizes the total radiated power for both radar waveforms
and information signals while maintaining a specified target
detection performance for the RR and a desired information rate
for the CR. As is expected, the results in Fig. 8 show that the
LPI-OPA scheme radiates the minimum power. To be specific,
through the adequate assignment of the transmit power resource,
our proposed scheme can save about 89% power dissipation for
radar waveform when compared with the CBK-OPA in [15] and
the suboptimal PA approach, and reduce the transmit power for
information rate to 4.4% of that achieved by the suboptimal PA
method. As aforementioned, with the increase of the probability
of detection and information rate, the total transmitted power
of the integrated system in the LPI-OPA scheme goes up. An
intuitive explanation is that, as the probability of detection and
information rate are increased, more power budget need to be

TABLE I
COMPARISON OF THE PROBABILITY OF DETECTION AND INFORMATION RATE

UTILIZING DIFFERENT METHODS (δD = 0.95, rCOM = 2.5 NPCU)

transmitted to satisfy the requirements of both radar and commu-
nication subsystems. Hence, larger probability of detection and
information rate implies that the constraints in problem (15) are
more likely to be satisfied with a larger total power consumption.

Further, to verify the LPI performance improvement of the
proposed LPI-OPA scheme, we define a parameter ρ namely the
improvement of Schleher intercept factor

ρ =
α(·)− αSub-PA

αSub-PA
× 100% (33)

where α(·) denotes the value of Schleher intercept factor by
utilizing the specified algorithm, αSub-PA denotes the value of
Schleher intercept factor by utilizing the suboptimal PA scheme.
Schleher intercept factor is an important metric to evaluate the
LPI performance of an active sensor, which is defined as [39]

αSchleher �
RI

RT
=

(
PTG

′2
T G

2
I λ

2ST

(4π)GTGRσS2
I

)1
4

∝ P
1
4

T (34)

where RI denotes the maximum intercept range of passive inter-
ceptor, and RT denotes the maximum detection range of active
sensor, PT is the peak transmitted power of the active sensor, GT
is the transmitting antenna gain,GR is the receiving antenna gain,
λ is the radar wavelength,σ is the target radar cross section ,ST is
the sensitivity of the active sensor,G

′
T is the active sensor’s trans-

mitting antenna gain in the direction of the interceptor, GI is the
receiving antenna gain of the interceptor, andSI is the sensitivity
of the interceptor. Specifically, if Schleher intercept factor is less
than 1, the integrated system can fulfill its missions, whereas
the intercept receiver cannot intercept its radiation. Otherwise,
the transmission of integrated system can be intercepted by the
interceptor. It is noteworthy that the smaller transmit powerPT is,
the smaller Schleher intercept factorαSchleher is. The definition in
(33) also implies that the larger ρ is, the better LPI performance
of the integrated multistatic radar and communication system is.
This is due to the fact that the radiation strategy with smaller total
power consumption will yield larger value of ρ, which means
better LPI performance. In Fig. 9, the improvement of Schleher
intercept factor for the LPI-OPA scheme and the CBK-OPA
scheme is given for different probabilities of detection and
information rates. From Fig. 9, it can be observed that the
LPI-OPA scheme utilizes a small quantity of power resource to
fulfill the requirements of both target detection and information
transferring, and thus yields an enhanced LPI performance for
the integrated multistatic radar and communication system.

Moreover, Table I compares the achieved probability of de-
tection and information rate employing different algorithms.
We take the probability of detection δD = 0.95 and the desired
threshold of information rate rcom = 2.5 npcu, respectively. As
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Fig. 9. Comparison of the improvement of Schleher intercept factor
for the proposed LPI-OPA scheme and the CBK-OPA scheme with:
(a) δD = 0.55, rcom = 1.5 npcu; (b) δD = 0.75, rcom = 2.0 npcu; (c) δD =
0.95, rcom = 2.5 npcu.

it can be seen, the proposed LPI-OPA scheme can satisfy the
requirements of both target detection and communication rate,
where the threshold values of the probability of detection and
information rate are achieved. Therefore, it is noteworthy that
our LPI-OPA scheme outperforms other state of the art PA
algorithms in terms of LPI performance, target detection per-
formance, and information rate.

V. CONCLUSION

In this paper, we have investigated the LPI-OPA scheme for
an integrated multistatic radar and communication system. The
primary objective is to employ the optimization technique to
minimize the total transmit power consumption for both tar-
get detection and information transferring, while satisfying a
desired target detection performance for the RR and a specified

information rate for the CR. Since the probability of detection
is not analytically tractable, its upper bound is derived. We
analytically show that the resulting optimization problem can
be reformulated as two subproblems, which can be solved by
exploiting the technique of linear programming and the KKT
conditions. The proposed LPI-OPA scheme has been evalu-
ated via several numerical examples. More specifically, it is
shown that the proposed LPI-OPA optimization scheme can offer
unique advantage in terms of LPI performance enhancement
compared to state-of-the-art PA algorithms.

The derivations show that the proposed LPI-OPA scheme can
straightforwardly be generalized to the integrated distributed
MIMO radar and communication system with multiple trans-
mitters, multiple RRs, and multiple CRs. This will substantially
expand the application scenarios of the study in this paper. A
thorough investigation will be addressed in our future research.
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