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Game Theoretic Power Allocation and Antenna Selection for Target
Detection in Hybrid Active and Passive MIMO Radar

SUMMARY In this paper, a hybrid active and passive (HAP) multiple-
input multiple-output (MIMO) radar network is considered, where target re-
turns from both active radar transmitters and illuminators of opportunity (I0s)
are employed to complete target detection. With consideration for the active
radar power limitation and the total available number constraint for the IOs,
the joint discrete power allocation and antenna selection for target detection
in HAP MIMO radar is studied. A game-theoretic framework is proposed to
solve the problem where the target probability of detection (PD) of the HAP
MIMO radar is utilized to build a common utility. The formulated discrete
game is proven to be a potential game that possesses at least one pure strategy
Nash equilibrium (NE) and an optimal strategy profile that maximizes the PD
of HAP radar. The properties of the formulated game, including the feasibility,
existence and optimality of NE, are also analyzed. The proposed game’s pure
strategy NE is determined to be an optimal scheme under certain conditions.
An iterative algorithm is then designed to achieve the pure strategy NE. The
designed algorithm’s convergence and complexity are discussed. It is demon-
strated that the designed algorithm can achieve almost optimal target detection
performance while maintaining low complexity. Under certain conditions, the
designed algorithm can obtain optimal performance.

key words: Discrete power allocation, Antenna selection, Illuminators of
opportunity (10s), Target detection, Potential game.

1. Introduction

With the update of electronic information technology, the elec-
tromagnetic environment becomes more and more compli-
cated, which brings new challenges and opportunities to the
traditional radar system and signal processing. For example,
the commercialization of 5G communication technology has
accelerated recently, resulting in amount of wireless communi-
cation equipment has expanded dramatically [1]. On the other
hand, the future society tends to have everything connected
to the intelligent internet of things [2], which may lead to a
sharp rise in the number of wireless devices and a more com-
plex electromagnetic environment. Thus, radar systems often
coexist with other illuminators of opportunity (IOs). Since
the signals reflected by these 10s contains useful target infor-
mation, it can be exploited to complete radar tasks, which is
called a passive radar system [3], [4]. These IOs, together with
the original arrangement of active transmitters and receivers,
form a hybrid active and passive (HAP) radar system. The
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HAP radar combines the advantages of active radar and pas-
sive radar, and has more advantages in fulfilling radar tasks.
In addition, in many HAP systems mentioned above, there are
usually a large number of receivers and transmitters, which
are often widely distributed in the environment, forming a
multiple-input multiple-output (MIMO) system[5]. Targets
can be detected from multiple directions to enhance the de-
tection performance for MIMO radar. Therefore, this paper
focuses on HAP MIMO radar systems.

The HAP radar has more potential than conventional radar
systems since it can take advantage of IOs in the surveillance
region to assist radar tasks. Some work on coexisting radar
and communication systems [6]-[12] has reflected the idea
of HAP processing. The received communication signals re-
flected by the target have been used in [6]-[8] to enhance
radar detection performance and parameter estimation. It has
been demonstrated that an orthogonal frequency division mul-
tiplexing (OFDM) radar system can lower transmitted power
and increase radar resolution by taking advantage of reflected
communication signals [9]. The authors in [10] have shown
that target location performance can be greatly improved by
using HAP processing. The generalized maximum likelihood
ratio detector has been employed in [11], indicating that the
assist of communication signals provides significant gains in
radar detection performance. Using communication signals
reflected by vehicles, the authors in [12] have demonstrated
enhanced detection performance in an automotive scenario.

In view of the above literatures verifying that the HAP
processing can greatly improve radar performance, some work
have studied the HAP radar in recent years [13]-[16]. In [13],
the joint transmit-receive beamforming for HAP radar has been
considered to maximize the signal-to-interference-plus-noise
ratio. The design for joint optimization of the HAP radar’s
receive filters and radar waveform has been taken into consid-
eration with timing uncertainty in [14]. In distributed HAP
radar networks, a power allocation technique for target local-
ization is proposed in [15] to optimize the power allocation of
each active radar in view of power constraints. In [16], the
resource optimization strategy was considered for HAP radar
network engaged in multiple target tracking, which can opti-
mize the received beams of both active and passive radars and
the active radars’ transmit power. None of the work mentioned
above considered the joint power allocation of active radar and
antenna selection of I0s in HAP MIMO radar. Moreover, the
power allocation for the active part in [15],[16] assumed an
ideal scenario where the power level may be adjusted con-
tinually. In practice, power levels are usually preferred as a
series of discrete values [17]-[19]. For the passive part, the
maximum number of 10s that the system can handle is usually
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Fig. 1: HAP MIMO radar system.

limited, while there is a large amount of IOs available in the
environment and the system’s processing capacity is limited.
In order to optimize system performance while considering
the limitations of the system’s processing capability, it is cru-
cial to choose IOs reasonably. Therefore, it is crucial to study
the joint discrete power allocation of active transmitters and
antenna selection of IOs for the HAP radar system so that the
system performance can be maximized with limited resources.

In this paper, the joint discrete power allocation of ac-
tive transmitters and antenna selection of 10s is investigated
in HAP radar system to maximize the target probability of
detection (PD). A low-complex joint discrete power allocation
and antenna selection scheme needs to be designed for HAP
system under the constraints of the total number of 10s avail-
able and active radar power. An exhaustive search algorithm
may usually solve the discrete optimization problem. How-
ever, because the exhaustive search algorithm’s complexity
increases exponentially as the number of active and passive
transmitters, it becomes extremely impractical as the number
of transmitters increases. Game theory, specifically potential
games, is an appropriate tool that many studies have employed
to address discrete optimization problems [17], [18], [20], [21].
This paper also adopts the potential game to solve the discrete
optimization. First, the PD of the HAP radar is obtained,
based on which a constrained discrete optimization problem
is proposed. Next, a game-theoretic framework is employed
to address the optimization problem with lower computational
complexity where the PD is the common utility. The proposed
game’s properties is analyzed, and an iterative algorithm is
developed to obtain a feasible pure strategy NE. Finally, the
correctness of theoretical analysis is verified by simulation.

The subsequent sections of this work are structured as
follows. The HAP MIMO radar network system model is
introduced in Section II. In Section III, the target detection and
problem formulation is presented. In Section IV, the proposed
game’ properties is investigated and the algorithm is designed
to achieve the feasible pure strategy NE. Performance analysis
is presented in Section VI. Finally, conclusions are drawn in
Section VI

2. Signal Model

The HAP MIMO radar system consists of Mg active
radar transmitters, N receivers, and Mo 1Os, all widely
spaced, each using a single antenna, as depicted in Fig.
1. In a two-dimensional Cartesian coordinate system, the
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mgth, mg = 1,..., Mg active radar transmitter are posi-
tioned at (x;e’mR,y%’mR), the moth, mp = 1, ..., Mp 10 at
(x’o,mo,y’o’mo), and the nth, n = 1,..., N radar receiver
at (x),y,). The mgth radar transmit signal is denoted as
VPR.mrSR,mp (kTs), where T represents the sampling period,
PR.mp is the radar transmit power, k (k = 1, ..., K) is different
indicators on the sample time, K = [T f;], the notation [-]
denotes rounding up, f; is the sampling rate, and T represents
the observation interval. The signal emitted by the mpth IO
i8S VPO, mo80,me (kKTs), where P, is the transmit power.
Assuming a target is present at (x, y), the nth radar receiver’s
received signal at time k7 can be expressed as

Mg PrRomn AR
rulk]l = X2 ﬁgR,nmRsR,mR (kTy - TR,nmR)
mr=1 Rt,mpg ™~r.n

Mo [PomgAo
+ 2 ﬁgO,nmoso,mo(kTs_TO,nmo)"'wn[k]-
m0=1 Ot,mg "7
(D

In (1), the first term is derived from the active radar
transmitters, while the second term is derived from the
10s.  The drime = [, =%+ W e — 917
is the distance between the mpgth active transmitter and
the target, d,, = [(x)—x)*+(y,-y)*]"/? is the dis-
tance between the nth receiver and the target, dosm, =
[(x’o,mo —x)%+ (y’o’mo — 1)*]1/2 is the distance between the
moth passive transmitter and the target, Ag denotes the ratio of
received power to transmitted active power at dgry m = drn =
1, and Ap denotes the ratio of received power to transmitted
passive power at do;,;m = drn = 1. The {r nmy and {0, nme
represent the target reflection coefficients associated with the
nmpgth active and nmoth passive propagation paths, Tr jmg
and 7o, nm, are the corresponding time delays, fr nm, and
fo.nme denote the corresponding Doppler frequencies, and
wy, [k] represents the clutter-plus-noise which is supposed to
follow a white complex Gaussian distribution with zero-mean
and B{w, [k|w}[k']} = 026(k — k"), where E[-] stands for
the mathematical expectation.

The mgth active radar transmitter’s transmit power Pg
is assumed to be chosen from a finite set P,,., where
P = {Pmg1>Pmp2, - s Prng Ly }, and L,,, is the num-
ber of elements in the set of #,,,. The transmission strategy
for active radar, in particular, comprises discrete power allo-
cation and antenna selection in the HAP radar network where
PRr,mr = 0is included. The mgth active radar transmit an-
tenna is not chosen for the HAP radar network if Pg p, = 0.
For passive part, it is possible to select which IO signal to be
used on the receiver. The selection variable of the IO is de-
fined as b,y,,, which is chosen from a finite set B,,, = {0, 1},
where 1 indicates that the IO is selected, and O indicates that
the IO is not selected. Consequently, the signal model (1) can
be further written as

M

R PR.mp AR
rn[k] = % 2 dez {R,nmRSR,mR(kTS _TR,nmR)
mr=1 Rt,mp 9r.n
Mo [Po g A
Oo.,m O
+ 2 P Odz bmogO,nmosO,mo(kTs_TO,nmo)"'wn[k],
mozl Ot.mg 71

(@)

where Promg € Pmg = {Pmgls Pmg2,+ » PmgL,,, ), and
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bmeo € By, =10, 1}.
The received signal vector can be expressed as
T
r, = [rn [11,---,r, [K]] =HRn+HOon+Wn, (3)

where the superscript ”1” stands for transpose, w, =

¥ +
[wn [l] L, Wy [K]] » MR.n = [#R,n[l]’ ’#R,n[K]] >
and o n = [/JO,n [1],-- . to.n [K]]T, in which

Mg Pr.mg AR

MR .n [k]= X ﬁ{R,nmRsR,mR(kTs - TR,nmR),
mR:] Rt,mpg ~r.n
M

o Po.m~A
tonlkl= X e

mo=1 Ot,mp

The overall received signal when the target is present can
be written as

=t gt i 4
r=|r,ry,---.ry| =Hr+Ho+W, @
T

in which pg = [p .-+ iy W17 1o = [ 1.+
and w = [WT ,WIV]T.

3. Target Detection and Problem Formulation

This section first discusses the target detection of the HAP
radar system, and then analyzes the maximization of the prob-
ability of detection, based on which a game-theoretic frame-
work is employed to solve the optimization problem.

3.1 Target Detection

The hypotheses are represented by Hj for target absent and
H, for target present. According to the received signal model
described in (4), the detection problem can be formulated as
follows

H() . r=w,

Hy: r=pugr+puo+w, )
where r|Hy ~ CN (0,021), r|H, ~ CN (ur + po,o21),
and CN (u, C) denotes a complex Gaussian distribution char-
acterised by a mean vector g and a covariance matrix C. Con-
sequently, the log-likelihood ratio can be obtained

_ Sf(r|Hy)
L(r) = log 77y (6)

= 2R {t" (ur + po)} ~lur + pol*} /o2,

where f (r|H}) and f (r|Hy) represent the probability density
functions of the observation vector r under the two hypotheses.
Including these terms which are independent of r in the test
threshold, the test statistic can be obtained as

T(r) = R {r" (ur + po)} . (7

where T(r)|Ho ~ N (0,02), T(r)|H; ~ N (u1,07), g1 =

lug + pol’, and 0 = o | ug + pol*/2.
Utilizing the Neyman-Pearson (NP) criterion, the optimal
detector is determined by [22]

H,
T(r) = R {r" (ur + po)} 3 n, ®)

ﬁbmo {O,anSO,mo (kTg — TO,nmo)-
d dr,n

3

where 71 denotes the detection threshold that is decided by
the desired false alarm probability Pr4 = Pr (T(r) > n|Hyp),
and the Pr(A|H;) represents the probability of event A under
hypothesis H;.

From (7), the false alarm probability is

Pea = Pr(T() > lHo) = 0 (L ). ©)
and the detection threshold 7 is thereby n = Q™! (Pga),

where Q(+) denotes the standard Gaussian distribution’s com-
plementary distribution function, which is expressed as

<1 2
Q(X) Z/ Ee_Tdt .

Consequently, for the HAP radar system the radar target prob-
ability of detection can be calculated as

(10)

Pp = Pr(T(t) 2 nlH) =0 (@7 (Pra) - 1), (1)

where 1 = & = \[2|ug + pol* /o,

3.2 Probability of Detection Maximization Problem

When the total transmit power of the active radar and the
number of 10s that the system can handle are limited, the
probability of detection maximization problem for joint dis-
crete power allocation and antenna selection in the HAP radar
network can be described as

Problem 1 : max Pp
PR,mR E‘PmR smeEBmO
Mg
Z PR,mR < Piotals (Cl) (12)
s.g.{ M=l
.I. Mo
Z bmo < Mtotal; (CZ)
mo:]

where C1 represents the total power constraint for the active
radar and P;,;4; is the total available power, and C2 denotes
the maximum number of IOs that the system can process and
M, ;41 18 the total available number of 10s.

For the convenience of subsequent presentation, define

Pm_{PR,WHm:19”'9MR (13)

- bm—MR7m:MR+],"',MR+MO
which are chosen from a finite sets
p —| PrRm ={Pmu1,Pm2, , Pmr, }, m=1,--- Mg, (14)

T Bu-mg ={0,1}, m=Mg+1,--- Mg+ Mop.
, N K 5
Further, define § = |ux +pol* = X % |lur.n [K] + pon [K]],
n= =

which can be expressed as

Mgr Mg Mo Mo

S= Z Z ‘[PR,mRPR,m;QQmRm;Q"' Z Z ,}bmobmb’)’mom
mgr=1 mk:l mo=1 m'o=1

Mg

Mo
2 X 2 VPR,mRbmoKmRmO,

mR:I m0=1

(15)

in which

’

o



4
N K
AR %
% ;o= —k , 8 kT — 1,
mrmpy, nZ::l kz::1 dé,,deg,n gR’”ngR,nmR R,mR( s R,nmR)

Xs;,m;{ (kT - TR,nm;e)a
{ Po.mey A0 AR

a2 42 ar fR,nmeg nmo
Ot,mp “Rt,mpg “7:1 ’

N K
KmRmo = Z Z %
n=1 k=1
XSR,mR(kTs - TR,nmR)S*O’mO(kTs - TO,nmo)} s
N K

Ymomg = nz=:1 k=1

X$0,mo (kTs - TO’"mO)S*O,m’O (kTs — TO,nm’o)-

PO,mo AO ( (*
2 7 60,nmo ¢ ’
By iy Con 050,nml,

N K

From (13) and (15), S = 3, 3. |ur.n [k] + pto.n [k]|" can be
n=1 k=1

written as

Mgr+Mo Mr+Mo

S= Z Z VPP P s (16)
m=1 m’'=1
in which
Uy, m,m’ =1,--- Mg,
_ Km(m'-MR)» m=1,--- ,Mr,m'"=Mgr+1,--- ,Mr + Mo,
Pmm" =3 kot m-tg)s m=Mg+1,-- ,Mr+Mo,m’ =1,-- , Mg,

m,m’=MR+1,-~- ,Mgr +Mop.
a7

Y(m-Mpg)(m’'-Mg)»

The PD in (11) increases monotonically with the increase
of u = py /o, which is determined by S in (16), as the Gaussian
complementary function in (10) is a monotonically decreasing
function. Thus, the Problem 1 can be recast as

MRr+Mo Mr+Mo

Problem2: max S= 2 NPuPu Pmm
Pmepm m=1 m’'=1
Mg
Zle < Piorals (C1) (18)
m=

s.t. Mg+Mo
Z Pm < Myiorai- (Cz)

m=Mpg+1

3.3 Game-Theoretic Formulation

Problem 2 is undoubtedly a discrete optimization problem
with constraints that can be solved directly using exhaustive
search algorithms. Nevertheless, an exhaustive search algo-
rithm (ESA) is highly inappropriate, especially for large sys-
tems, since it has to search Q(2Mo HZ:I L,,) antenna selec-
tion and power allocation strategies and compare their cor-
responding performance. For example, supposing that each
active transmitter in a HAP radar has five optional power strate-
gies and that Mo = 10, Mg = 6, the ESA needs to search all
21056 = 16000000 combinations of power allocation of ac-
tive transmitters and antenna selection of IOs. In such case,
the ESA has a high computational complexity and requires a
significant amount of memory.

Achieving the optimal scheme of Problem 2 is a chal-
lenging task. Game theory offers a promising alternative to
this issue. The joint active power allocation and passive an-
tenna selection problem is addressed using a game-theoretic
approach, specifically applying potential games to represent
the incentives of all players through a global function [20].

All active and passive radar transmitters are taken into
consideration here with the same utility. Furthermore, no
transmitter is allowed to utilize a transmission strategy profile
that is in violation of either the C1 or C2. This is challenging
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because it is hard to determine beforehand which strategy pro-
files are infeasible and which are feasible for all transmitters.
Consequently, S in (18) is not suitable to be applied directly
as the utility function. Referring to (18), the common utility
function of transmitter m (m = 1,2, ,Mg,--- , Mg + Mp)
is defined as [17]

MR MR+M0
U= S+BP®(Ptotal - Z Pm)+,8M® Miotal - Z P |,

m=1 m=Mpg+1

19)

with 8P and B being non-negative scalars, and the penalty
function O (s) being

s, if s <0,

0, otherwise. (20)

00 -{
The second term in (19) stands for the total power constraint
for the active transmission, whereas the third term in (19)
represents the constraint on maximum number of 10s for the
passive transmission.
Then the joint power allocation and antenna selection for
the HAP radar can be defined as a discrete game

G= [7(’ {Piticx, {”i}ieW] >

in which K={1,2,--- ,Mg,--- , Mg + Mo} is the set player,
including the index set for all passive and active transmit-
ters in the HAP system, %; is the pure strategy set of the ith
transmitter, and u; is the utility function of the ith transmitter.
Therefore, it can be seen that the proposed game is a common
payoff game and the utility function U is specified in (19). In
other words, u; = u; = U, Vi,j € K. Asaresult, G is a
potential game in which U is the potential function [20].

2n

4. Properties of Proposed Game

This section analyze the feasibility and existence of the pro-
posed game’s Nash equilibrium (NE). Subsequently, the opti-
mality of NE, which is the relationship between the optimal
scheme and the NE to Problem 2, is examined.

Definition 1. (Pure strategy NE) [23] A strategy profile
(Pr,--- ’P;FMR+MO) is a pure strategy NE of G, if Vi € K and
an alternate strategy P; # P}, P; € P;, we have

ui (P}, P%;) > u; (P, PZ;). (22)

4.1 Feasibility

If no constraints exist, the proposed game’s NE can serve as a
solution to Problem 2. Determining if the NE satisfies C1 and
C2 is difficult when the HAP system is constrained by them.
Following this, the feasibility of the NE is examined.

Define
P S(Pi,Pf,:)] _S(PP)
By}, = max { max [ P, T e Proral
| /€ KmR
i € Ky, Pi € Pi, Pi #0, (23)
M _ S(Pi,P-i)] S(Pi,P-i)
B,y = max | max [—Pi » max Y Pi~Mioral
JEK-Kpp

ie K- -,(MRaPi e P, Pi #0,
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where K, = {1,2, -+, Mg} denotes the set of the first Mg
players of K, and K — Kjy, represents the set of K except
Kig-
Theorem 1. The pure strategy NE of game G must be
feasible if B¥ > Bﬁl and gM > ﬁ%, .
Proof: See Appendix Appendix A. ]

4.2 Existence

In addition to feasibility, another essential matter to explore in
game-theoretic networks is the existence of pure strategy NE.
A game may not always have a pure strategy NE, however the
proposed game G is a game with common utility, which allows
for obtaining the following results.

Theorem 2. A maximizer of U in (19), that is an optimal
scheme to Problem 2, is a feasible pure strategy NE of game
G if ¥ > Bl and pM > M.

Proof: Suppose that (P, --- Py +Mo) maximizes U
in (19).1t is clear that U(P?, - - - ’PIOWR+MO) >0.If (P2,

10V1R+Mo) is not feasible, then U(P?,---, P10V1R+Mo) <0
contradicting the previous inequality. Hence, if the theorem’s
conditions are satisfied, (P‘l’, cee, PX/,R . Mo) is feasible, result-
ing in U(P?,--- ’POMR"‘MO) = S(P?,--- ,PX/IR+MO). Since
(P,---, PE"/IR . Mo) can maximize U, for any feasible strategy
profile (P, -- ’PMR+Mo)’ we have S(P?,--- ’PX/IR+M0) >
S(Pl, .-, P Mt Mo) , when the theorem’s conditions are sat-
isfied. Consequently, (P, -- ,PX,,R . Mo) is also an optimal
scheme to Problem 2.

For every i in set K, let P; represent an alternate strategy
of player i, where P; € #; and P; # P{. Since u; = uj = U,
Vi, j € K, it follows that

ui (P¢,P%;) > u; (P, P%;). (24)

As aresult of this, it is impossible for any player to unilaterally
alter their strategy to enhance its utility, so (P?, - - -, PX,IR . Mo)
is a pure strategy NE as defined in Definition 1, which com-

pletes the proof. (|
4.3 Optimality

Nevertheless, understanding the quality of the NE is also
crucial. The relationship between the exhaustive search
algorithm-obtained optimal scheme to Problem 2 and the NE
of game @G is studied in this subsection.

Theorem 2 shows that the optimal scheme to Problem
2 is also a feasible pure strategy NE of G if B > B!, and
BM > M. Hence, if the game G has a unique NE, the NE
is the optimal scheme. However, determining the number of
NEs for game G is generally challenging. When the game G
has multiple NEs, it is important to note that the NE may not
always be the optimal scheme, as per the definition of NE.
Fortunately, for the joint discrete optimization problem in this
paper, when the HAP system meets certain conditions, the NE
of game G and the optimal scheme are equivalent, which is
described in Theorem 3 below.

Theorem 3. If all of the following conditions are satis-
fied, then a pure strategy NE of game G is the optimal scheme
to Problem 2:

(1) all strategy profiles are guaranteed to satisfy C1 and

5

C2;

(1) pmme = 0.Vm,m’ € {1,--- ,Mr + Mo} in (17).

Proof: See Appendix Appendix B. (]

Note that by appropriately selecting penalty factors SF
and 8™, the condition (i) of Theorem 3 can be satisfied. In
practical systems, it is common for all active and passive trans-
mitted signals to be orthogonal to one another, ensuring the
Theorem 3’s condition (ii). In such scenarios, it is always pos-
sible to simply solve Problem 2 by obtaining a pure strategy
NE of game G.

5. Joint Power Allocation and Antenna Selection Algo-
rithm

Theorems 1-3 demonstrate that there is a feasible pure strategy
NE for the proposed game given certain conditions. Moreover,
if the conditions of Theorem 3 are satisfied, a pure strategy NE
is an optimal scheme for the joint power allocation and antenna
selection in HAP radar. This indicates that, in some cases, a
local search algorithm, instead of the complicated exhaustive
search, can provide an optimal scheme to Problem 2. This
interesting finding can guide the design of practical systems.

Consequently, a low-complex iterative algorithm is de-
signed to get a pure strategy NE, which is called the iterative
power allocation and antenna selection algorithm (IPAASA)
and presented as Algorithm 1.

Algorithm 1 [PAASA

ot 0 po —0
Initialize the strategy profile (Pl. , P? i) and sett = 0;
repeat

fori=1: Mg+ Mo

P;+1 = argmaxp; ep; Ui (P[’ Pil‘);
— 1.
P! =P!*;

end

Updatet =t +1;
until u; (P!, P',) =i (PI7 P13, Vi e K

return (P!, P');

When Algorithm 1 converges to a strategy profile

(Pt,--- ,P;‘VIMMO), we have
u; (P;‘,P’ii) > u; (Pl’., P:) ,Vie K, (25)

where P is any alternate pure strategy that is not equal to P;.
From Definition 1, (P7,--- ,P;‘VIR . Mo) is a pure strategy NE
of G. In addition, based on Theorem 1, (PZ,--- ,P}‘WR +Mo)
is feasible if B > BF and pM > BM. This means that
Algorithm 1 converges to a feasible pure strategy NE of game
G.

The thresholds of the penalty factors are set sufficiently
enough in Algorithm 1 such that B¥ > gf and pM > pM.
Since they are merely boundaries of penalty factors, knowing
their precise values is not necessary in practice. To guarantee
that the requirements of Theorems 1, 2, and 3 are satisfied,
the penalty factors can be any positive real integers greater
than ﬁﬁl and ,8%. It is also possible to dynamically modify
the penalty factors at each iteration of Algorithm 1 so that
the conditions of Theorems 1, 2, and 3 are satisfied. In each
iteration 7, the values of B, (r) and B¥ (1) are determined by



referring to (23). If g¥ > ,Btf;l(t) and g™ > B%(t), BF and
BM stay unaltered, otherwise, if B© < gf (1), p¥ = BL, (1),
and if BM < pM (1), pM = pM (1).

The complexity requirements of Algorithm 1 are then
analyzed to obtain the pure strategy NE and compared with
the ESA. Algorithm 1 searches for O(t{zl‘m/lfl L, +2Mop})
combinations with ¢ denoting the total number of iterations,
whereas the ESA searches all O (20 H%fl L,,) strategy pro-
files. The complexity requirements of Algorithm 1 and the
ESA increase significantly with the growing number of active
and passive transmitters in the HAP radar system. In contrast
to the exponential growth required by the ESA, the complex-
ity of Algorithm 1 grows only linearly with the number of
transmitters. As there are usually a big number of active trans-
mitters and I0s in HAP radar system, Algorithm 1 can greatly
reduce memory overhead compared with the ESA.

6. Performance Analysis

This section provides examples to demonstrate the detection
performance of the HAP radar system. Assuming each active
radar transmitter, receiver, and IO is positioned 7km away from
the origin of the coordinate system, with a uniform dispersion
in angle across the range [0; 27r). The number of receivers is
N = 4. For the active transmitters, the available transmit power
set is Pm, = {0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9, 1}
Watts, mg €0,1,---, Mg.

The waveforms transmitted by the active part are fre-
quency spread single Gaussian pulse signals Sg () =
(2/T2) /Y exp(—nt? |T3)e/2™mrIs!  where fy represents the
frequency difference between adjacent radar transmit signals
and T is the pulsewidth. Set fa = 100Hz and Tg = 0.01.
The OFDM signals are adopted for passive transmission
S0.me (1) = Z,I:Z_/i,_fl/z Amg, [n] €270 where ap, [n] de-
notes data symbols, Af is the subcarrier frequency interval,
and Ny is the number of subcarriers. Let Af = 333 Hz,
and Ny = 6. The sampling frequency is fy = 1250Hz and
the observation interval is 7 = 0.01ls. Define the signal to
clutter-plus-noise ratio (SCNR) as

N (Mg AR Mo Po.mp Ao
Z Z d2 dZ + 2 2
n=1 1 “Remp9rn 21 QOormep 9ron

m=

SCNR = 10log,, . (26)

No2
Assume that there is a target located at (2500, 2300)m and the
probability of false alarm is set at a fixed value Pr4 = 1073,

The proposed game is evaluated in comparison with an
exhaustive search algorithm (ESA). A commonly used dis-
crete optimization algorithm, the genetic algorithm (GA) [24],
is also provided for comparison, showing the performance of
different population size (Pop) and generations (Gen). Addi-
tionally, the random selection algorithm (RSA), in which each
transmitter randomly selects its transmission strategy, is also
presented for comparison over 1000 independent realizations.
In RSA, when the chosen transmission strategy profile does
not satisfy either one or both of C1 and C2, the PD is adjusted
to 0. Moreover, the uniform scheme (Uniform) which means
that all active radar transmitters allocate the available power
uniformly is also provided with constraint C1.

Fig.2 provides the PDs versus SCNR for ESA, RSA, GA,

IEICE TRANS. FUNDAMENTALS, VOL.E105-A, NO.xx xxxx 2024

S—RSA
—— Uniform

G—IPPAS.
—%—ESA
GA(Pop=20,Gen=100)
GA(Pop=5,Gen=20)

-10 -5 0 5
SCNR/dB

(@) MR =6

S—RSA

—#— Uniform

&—IPPAS
GA(Pop=20,Gen=100)
GA(Pop=8,Gen=20)

6o 66054

SCNR/dB

(b) Mg =12

Fig.2: Pp versus SCNR of RSA, GA, Uniform, IPAASA and
ESA for HAP MIMO radar with C1 and P, ,;q; = 4Watts

—&—RSA
—#— Uniform
&— IPPAS

—*—ESA
GA(Pop=20,Gen=100)
GA(Pop=5,Gen=20)

-10 5 0 5

SCNR/dB

Fig.3: Pp versus SCNR of RSA, GA, Uniform and IPAASA

for HAP MIMO radar with C1, Mg = 6, Piora1 = 4Watts and
with non-uniform distributed transmitters and receivers.

S— RSA
—#— Uniform
&— IPPAS.

—%—ESA
GA(Pop=20,Gen=100)

| GA(Pop=5,Gen=20)

-10 5 0 5

SCNR/dB

Fig.4: Pp versus SCNR of RSA, GA, Uniform and IPAASA

for HAP MIMO radar with C1, Mg = 6, P;orar = 4Watts and
orthogonal transmitted signals.

uniform and the proposed IPAASA for various number of ac-
tive transmitters with constraint C1, that is, the active radar
power allocation problem is considered. In this case, the total
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o—P—6—o o o4

—5—RSA
&— IPPAS
—*—ESA
GA(Pop=20,Gen=100)
GA(Pop=6,Gen=20)

03F

0.2

01t :
-10 5 0 5
SCNR/dB

Fig.5: Pp versus SCNR of RSA, GA, ESA and IPAASA for
HAP MIMO radar with C2, Mo = 12, Mypra1 = 8

power constraint for the active radar is P;yrq; = 4Watts. In
Fig.2 (b), ESA’s performance is absent when Mg = 12 due
to the high complexity. As can be seen from figures, the pro-
posed IPAASA significantly outperforms RSA and uniform
algorithm. Given that the complexity of the GA algorithm is
O(Pop - Gen) , when Pop =5, Gen = 20, the complexity of
the GA algorithm aligns with that of the proposed algorithm.
When Pop = 20, Gen = 100, the complexity of the GA al-
gorithm is significantly greater.This figure illustrates that the
proposed algorithm outperforms the GA under similar com-
plexity conditions. Moreover, the target detection performance
of IPAASA is comparable to that of ESA.

In order to simplify the scenario, Fig.2 assumes that all
transmitters and receivers are uniformly distributed in angle
across the range [0;2x), while Fig.3 considers the scenario
where all transmitters and receivers are not uniformly dis-
tributed when Mg = 6. Assume that all transmitters and
receivers are randomly distributed over a range of 7 km. The
results in Fig.3 are basically consistent with the results pre-
sented in Fig.2 (a), indicating that the proposed method is
effective regardless of uniform distributed or non-uniform dis-
tributed transmitters and receivers. No special explanation is
given later, all transmitters and receivers are assumed to be
uniformly distributed.

In Fig. 4, the parameters are the same as those in
Fig. 2 except that all the active transmitted signals sat-
isfy orthogonality by setting fa = 800Hz [25], that is ,
Pmm = 0Ym,m’ € {1,--- ,Mg + Mp} in (17). The re-
sults depicted in Fig. 4 indicate that the proposed algorithm
nearly matches the performance of ESA, thus confirming the
validity of condition (ii) in Theorem 3.

Fig.5 provides the PDs versus SCNR for ESA, GA, RSA,
and the proposed IPAASA with constraint C2 where My = 12
and M;,:q; = 8, that is, the passive antenna selection problem
is considered. As can be shown in the figure, the proposed
IPAASA performs significantly better than the RSA and the
GA under similar complexity conditions. Additionally, the
IPAASA’s target detection performance is comparable to that
of ESA.

Fig.6 depicts the PDs versus SCNR for ESA, GA, RSA
and the proposed IPAASA when constraints C1 and C2 are
both taken into account. Set Mg = 4, Mo = 6, Pipra1 =
3Watts, M;orq1 = 5. According to the figure, the proposed
approach consistently outperforms RSA and the GA under
similar complexity conditions. Moreover, the the proposed

7

—6—RSA
&—IPPAS
¥ , —%—ESA

0.1 o GA(Pop=20,Gen=100)
GA(Pop=8,Gen=20)

-10 -5 0 5
SCNR/dB

Fig.6: Pp versus SCNR of RSA, GA, ESA and IPAASA for
HAP MIMO radar with C1, C2, Mg = 4,Mp = 6, Pipra1 =
3Watts, Ml()l(ll = 5 .

Iterations

Fig.7: Convergence rate of IPAASA under different numbers
of Mg and M,y With C1, C2, and SCNR = -3dB.

IPAASA performs nearly as well as the ESA algorithm when
it comes to joint power allocation and antenna selection in the
HAP radar system.

Fig.7 displays the convergence rate of IPAASA for various
numbers of active radar transmitters and IOs with SCNR =
—3dB. The results show that the IPAASA illustrates a re-
markably rapid convergence rate in the simulations, requiring
less than 4 iterations. In addition, the convergence rate of
IPAASA remains uninfluenced by the number of active radar
transmitters and IOs. It can be concluded that the complex-
ity of Algorithm 1 is significantly lower compared with the
exhaustive search method O (2Mo ]_[%fl Ly,).

7. Conclusions

In this paper, the joint discrete power allocation and antenna
selection for target detection was addressed in HAP MIMO
radar using game theory. The feasibility, existence and opti-
mality of pure strategy NE in the proposed game have been
demonstrated, based on which an iterative algorithm then is
developed to obtain the pure strategy NE. It was demonstrated
that the proposed algorithm can achieve near-optimal target
detection performance while greatly decreasing the computa-
tional complexity in comparison with the optimal exhaustive
search algorithm. Moreover, the designed algorithm can ob-
tain optimal performance under certain conditions.

Appendix A:  Proof of Theorem 1

Consider the strategy profile (P7, - - - ,P;‘V[R +Mo)’ which fails
to meet C1 of player i and is a pure strategy NE of game

G. Then, i € Ky, (P, Pproing,) # (0,---,0), and
P; # 0. The utility function of player i can be written as



Mg
wi (P}, P7,) =S (PP} + BP0 (P,,,ml -3 P;‘n)
m=

M Mgr+Mo
+,8 C] Mtotal - Z Pjn ’
m=Mpgr+1 (A 1)
Mg :
wi (0.P7,) =5(0.P7,) + 570 (Proyar - 3 Pi,
m=1,m+#i
M Mgr+Mo
B O\ Mioral — % P
m=Mpgr+1
Mg
Given that B > BF if Pioyar — X P}, >0, itcan
m=1,m+#i
be obtained that
uj (P;’Pii) U (O’Pii) = S(P:'F’Pii) _S(O’Pii)
Mg A-2
_ﬁP(ZPm_PtOtal)<09 ( )
m=1
Mg
and else if Prorar — 2, Pj, <0, itcan be obtained
m=1,m#i

ui (P5,P*;) —ui (0,P*,) =S (P}, PY,) - S(0,P,) - PP} <.

(A-3)

Thus, from (A-2) and (A- 3), it can be obtained that
ui (P}, P*;) —u; (0,P*;) <0, (A-4)
which goes against the assumption that (PT, cee, PijR+ Mo)

is a pure strategy NE of game G. As a consequence, it is
impossible for (P, - - -, P7\/1R+Mo) to be a pure strategy NE of
game G.

Similarly, consider that the player i’s strategy profile
(P3,--- ’P;4R+Mo) does not satisfy C2, which is also a pure
strategy NE of G. Then, i € K — Ky, (P}, -+, P;,IRJrMO) *
(0,---,0), and P; # 0. Applying the same analysis
method as previously mentioned, it can be concluded that
if (P},---, P}‘VIRJrMO) violates C2, then it can not be a pure
strategy NE of game G.

Hence, if ¥ > BF, and g > BN then it is clear that a
strategy profile that fails to meet either C'1 or C2 cannot be a
pure strategy NE game G.

Proof of Theorem 3

Let P? = (P, ’PX/IR+MO) and P* = (P, - ’PI*VIR+M0)
represent the optimal scheme to Problem 2 and a pure strategy
NE of game G, respectively. It follows that for an arbitrary

player i

Appendix B:

MRr+Mo MRr+Mo

u (P*)=U(P*) = 2—1 Z_l P PY Do
MptMo Mg+Mo (B. 1)
Ui (P{)) =U (P”) = Zl Zl Pompfnfpmm"
m= /=

Furthermore, according to the condition (i), the strategy profile
(P¢, P*,) satisfies C1 and C2, and then it can be obtained that

Mgr+Mo Mgrp+Mo
Ui (P:),Pit) = D

m=1,m+#i m’=1,m’#i

P;knP;:ypmm’

Mgr+Mo Mgr+Mo (B.2)
+ X PLPlpomi+ X PP piny -
m=1 m'=1,m’#i
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According to the Definition 1, u; (P*) > u; (P?, P* ), then

MRgr+Mo MRr+Mo
(VPi=Pe) L >0 VPupmi+ Y. \JPrpin {2 0.
m=1 m’'=1,m’#i
From the assumption p;,,y = 0,Ym,m’ € {1,--- ,Mr+Mop}

in condition (ii), it can be obtained that

P! > P!, VieK. (B.3)
That is to say,

Mgr+Mo MRr+Mo

$ S S
m=1 m=1

m’'=1

Mgr+Mo Mr+Mo

Z ‘,P%an, mm’ >

m’'=1

which means that U (P*) > U (P°). Since assumed that P°
is an optimal scheme, U (P°) > U (P*). Therefore, U (P*) =
U (P°) can be obtained, thereby concluding the proof.
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