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Abstract: The modern radar confrontation situation is complex and changeable, and inter-system combat has
become a basic feature. The overall system performance affects the initiative on the battlefield and even the
final victory or defeat. By optimizing the beam resources of radar and jammers in a system, the overall
performance can be improved, and the effective low-intercept detection effect can be obtained in the spatial and
temporal domains. However, joint optimization of cooperative beamforming in the spatial and temporal
domains is a nonconvex problem with complex multiparameter coupling. In this paper, an optimization model is
established for a multitasking dynamic scene in the spatial and temporal domains. Radar detection performance
is the optimization goal, while the interference performance and energy limitation of jammers are the
constraints. To solve the model, a joint design method of space-time cooperative beamforming based on
iterative optimization was proposed; that is, iterative optimization of radar transmitting, receiving, and
multiple jammers transmitting beamforming vectors was alternately optimized. To solve the Quadratically
Constrained Quadratic Programs (QCQP) problem with indefinite matrices for multijammer collaborative
optimization, this paper is based on the Feasible Point Pursuit Successive Convex Approximation (FPP-SCA)
algorithm. In other words, on the basis of the SCA algorithm, algorithm feasibility is ensured through
reasonable relaxation by introducing relaxation variables and a penalty term, which solves the difficulty of
obtaining a feasible solution when a problem contains indefinite matrices. Simulation results show that under
the constraint of certain jammer energy, the proposed method achieves the effect of multiple jammers
interfering with each enemy platform in the spatial and temporal domains to cover our radar detection. This
effect is achieved while ensuring high-performance radar detection of the target without interference. Compared
with traditional algorithms, the collaborative interference based on the FPP-SCA algorithm exhibits a better
performance in the dynamic scene.

Key words: Radar and jammer resources; Space-time beamforming joint optimization; Multiparameter coupling

nonconvex problem; Iterative optimization; Feasible Point Pursuit Successive Convex Approximation (FPP-

SCA)
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Fig. 1 Schematic diagram of the multitask scene
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Abstract: The modern radar confrontation situation is complex and changeable, and inter-system combat has
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become a basic feature. The overall system performance affects the initiative on the battlefield and even the
final victory or defeat. By optimizing the beam resources of radar and jammers in a system, the overall
performance can be improved, and the effective low-intercept detection effect can be obtained in the spatial and
temporal domains. However, joint optimization of cooperative beamforming in the spatial and temporal
domains is a nonconvex problem with complex multiparameter coupling. In this paper, an optimization model is
established for a multitasking dynamic scene in the spatial and temporal domains. Radar detection performance
is the optimization goal, while the interference performance and energy limitation of jammers are the
constraints. To solve the model, a joint design method of space-time cooperative beamforming based on
iterative optimization was proposed; that is, iterative optimization of radar transmitting, receiving, and
multiple jammers transmitting beamforming vectors was alternately optimized. To solve the Quadratically
Constrained Quadratic Programs (QCQP) problem with indefinite matrices for multijammer collaborative
optimization, this paper is based on the Feasible Point Pursuit Successive Convex Approximation (FPP-SCA)
algorithm. In other words, on the basis of the SCA algorithm, algorithm feasibility is ensured through
reasonable relaxation by introducing relaxation variables and a penalty term, which solves the difficulty of
obtaining a feasible solution when a problem contains indefinite matrices. Simulation results show that under
the constraint of certain jammer energy, the proposed method achieves the effect of multiple jammers
interfering with each enemy platform in the spatial and temporal domains to cover our radar detection. This
effect is achieved while ensuring high-performance radar detection of the target without interference. Compared
with traditional algorithms, the collaborative interference based on the FPP-SCA algorithm exhibits a better
performance in the dynamic scene.
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1 Introduction

Radar is essential equipment in combat sys-
tems for acquiring target information. Damage to
the radar not only disrupts this information
source but also seriously affects the system’s over-
all combat effectiveness. Active jamming can dis-
rupt the normal operation of an opponent’s plat-
form through radiation or electromagnetic wave
scattering, thereby preventing it from correctly
acquiring information about our radar systemsl'l.
Therefore, the networking and coordination of
radar and jammer systems can achieve the dual
goals of reducing the probability of radar signal
interception while ensuring target detection per-
formance. Optimal detection performance can be
achieved for radar systems in the spatial and tem-
poral domains by networking radar with multiple
jammer platforms and jointly allocating time,
power, beamforming direction, and other re-
sources across platforms. This approach increases
the difficulty for the opponent’s reconnaissance
and detection platforms to discover radar signals.
It also overcomes the limitations of traditional de-
tection platforms that operate independently and
one-to-one jamming methods, which are con-
strained in time, space, and power. However, al-
though jamming platforms offer the advantages of
agility and low cost, their resources are severely
limited. Therefore, how to reasonably allocate
beamforming resources to achieve optimal jam-
ming effects is a key issue in resource optimiza-
tion for dynamic scenes.

Resource allocation problems adhere to either
system resource minimization or task perform-
ance optimization criteria. This study primarily
explores the latter, which aims to maximize per-
formance by fully utilizing available resources!?.
In recent years, resource allocation problems in
radar networks have received widespread atten-
tion, with numerous notable studies emerging in
this field® 2!, In Ref. [3], a joint optimization al-
gorithm for beamforming allocation and dwell
time is proposed to allocate resources. This ap-
proach uses a two-step method to minimize the
total beamforming dwell time while ensuring

tracking accuracy. However, this method is lim-

ited to target-tracking tasks involving a single
radar and does not consider joint resource alloca-
tion across multiple platforms. Building on this
foundation, Ref. [7] addresses multitarget track-
ing scenes in networked radar systems. Account-
ing for target threat levels and lower bounds on
tracking accuracy, it solves the optimization prob-
lem of maximizing the relevant utility function
using an iterative descent search method. Simil-
arly, Ref. [8] focuses on multitarget tracking re-
source allocation problems and examines a scene
wherein radar systems share the same operating
frequency band with communication base sta-
tions. It investigates models for joint optimiza-
tion of power and time allocation in networked
radar systems. Regarding joint allocation of radar
beamforming and power resources, Ref. [9]
presents a global objective function design based
on exponential utility functions for optimal track-
ing performance criteria. In Ref. [10], the authors
reformulate this problem as a convex optimiza-
tion problem by utilizing a local search method
based on the Benefit-Cost Ratio (BCR). In the
area of cooperative jamming resource allocation,
Ref. [11] optimizes the beamforming and trans-
mission power of multiple jammer platforms to re-
duce the detection probability of networked radar
systems against targets, thereby achieving multit-
arget penetration. Considering beamforming and
power allocation problems under limited jamming
resources, Ref. [12] establishes a jamming re-
source allocation model and solves it using an im-
proved genetic algorithm.

However, these methods primarily address
single tasks, such as target tracking or cooperat-
ive jamming, without considering resource alloca-
tion in a multitasking scene. Furthermore, the op-
timization of beamforming resources is achieved
by traversing and assigning binary values (0 or 1)
to variables in the beamforming direction matrix.
This method does not achieve continuous optimiz-
ation at the beamforming weight vector level.

In addition to the aforementioned heuristic al-
gorithm-based research, resource allocation meth-
ods based on Deep Reinforcement Learning
(DRL) and game theory have been applied to net-
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worked resource allocation optimization. DRL al-
gorithms learn optimal mapping strategies from
states to actions through agent-environment in-
teractions. Addressing radar resource allocation
problems in target detection environments, Ref. [13]
treats networked radar as an agent and incorpor-
ates domain knowledge into traditional DRL al-
gorithms to enhance the reward mechanism,
thereby improving policy network convergence
performance and speed. For networked radar
power allocation under escort jamming, Ref. [18]
models jammers and radars as two separate
agents. A Proximal Policy Optimization (PPO)
policy network generates radar power allocation
vectors, while a hybrid policy network generates
beamforming selection and power allocation ac-
tions for the jamming agent. Alternating training
is then conducted to learn the policy network
parameters for both agents. However, DRL re-
quires substantial data for training. Sufficient en-
vironmental data in a multitasking confrontation
scene are impossible to obtain in advance for
agent learning. Moreover, policy networks
struggle to converge because of scene complexity.
Conversely, game theory-based methods involve
both parties selecting strategies that maximize
their own benefits under certain constraints. For
target detection problems in clutter environments,
Ref. [19] optimizes beamforming resource alloca-
tion for each radar to minimize transmission
power while satisfying specific detection criteria
for each target. Ref. [20] presents Nash Equilibri-
um (NE) analysis for power allocation in multi-
base distributed multiple input multiple output
radar networks, establishing an optimization mod-
el that minimizes transmission power under Sig-
nal-to-Interference-plus-Noise Ratio (SINR) con-
straints, combining convex optimization and game
theory methods for solution. Additionally, Ref. [21]
reviews strategies employed by radar systems for
target detection and jamming suppression, includ-
ing power allocation games, target-jamming
games, coding method games, waveform design
games, and target detection and tracking games.
However, the optimization models under these

game theory approaches typically involve only

one or two optimization variables with low coup-
ling. In a multitasking scene, as the number of op-
timization variables increases and the coupling
between variables becomes stronger and more dif-
ficult to separate, the solution complexity in-
creases substantially.

Therefore, we address the joint optimization
of radar and jammer beamforming resource alloca-
tion in a space-time multitasking scene, aiming to
achieve an excellent low-intercept detection per-
formance. The key challenges are primarily mani-
fested in two aspects. First, under complex con-
straints, the simultaneous operation of multiple
platforms and joint optimization of multiple tasks
result in a nonconvex problem with coupled mul-
tiple parameters. Second, the allocation of beam-
forming and energy resources involves coordin-
ated optimization in the spatial and temporal do-
mains, increasing model complexity and making
traditional Semi-Definite Relaxation (SDR) al-
gorithms unsuitable®?. To address these chal-
lenges, we present the main contributions and in-
novations of our work, which include

(1) A joint design method based on iterative
optimization is proposed for a dynamic scene in-
volving multiple optimization tasks, such as
transmitting and receiving beamforming of the
radar and the coordinated optimization of inter-
ference beamforming. This method addresses the
issue of coupled multiparameter interference ef-
fects in the spatial and temporal domains, with
constraints on interference energy.

(2) This study precisely targets beamforming
weight vectors in the spatial and temporal do-
mains, achieving flexible allocation of radar and
jammer beamforming energy across different time
instances and directions.

(3) For the nonconvex optimization problem
of Quadratically Constrained Quadratic Pro-
grams (QCQP) with indefinite matrices in multi-
jammer cooperative optimization, this study em-
ploys the Feasible Point Pursuit Successive Con-
vex Approximation (FPP-SCA) algorithm®. This
approach resolves the challenge faced by tradi-
tional algorithms in obtaining feasible solutions

when matrices are indefinite. Compared with SDR
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and SCA algorithms, cooperative jamming based
on the FPP-SCA algorithm demonstrates superi-

or performance.

2 Modeling the Joint Optimization Problem
of Radar and Jammer Beamforming
Resources for a Multitasking Dynamic
Scene

This section first introduces the dynamic con-
frontation scene involving radar and jammer co-
operation. It then builds a problem model for the
scene and finally elaborates the objective func-
tion and constraints.

2.1 Radar and jammer scene and parameters

Consider a multitasking dynamic scene: our
radar performs target detection, while the oppos-
ing side uses L detection radars and K reconnais-
sance platforms to detect and monitor our radar
activities. The opponent’s detection radar can ob-
tain information, such as the distance, radial velo-
city, azimuth, and altitude of our radar relative to
the electromagnetic wave emission point, by
transmitting electromagnetic waves to illuminate
our radar and analyzing the received echoes. The
reconnaissance platforms are deployed in a planar
formation and are characterized by wide band-
width and a large field of view. Although the op-
ponent’s radar can actively detect our radar, the
reconnaissance platforms, which possess high con-
cealment and long operational range, are pass-
ively receiving. The combination of airborne de-
tection radars and ground-based reconnaissance

¥

Radar

[ 3
]
'
'
'
'
]
' Additional?
: interference

Jammer 1

Jammer 2

Our side

[] e ©
>

' .

' :

'

¢ »P=1 Jammer N Int()rfe

: ' ence

platforms employed by the opponent to acquire
information about our radar poses a serious threat
to our operational security. Therefore, our N jam-
mers collaborate to interfere with the opponent’s
systems to cover our radar operations. The
schematic is shown in Fig. 1.

We assume that the parameters of the oppon-
ent’s platforms (e.g., position, carrier frequency,
beamforming weight vector, noise power) are
known. Radar parameters can be obtained
through the identification and analysis of elec-

[23-25]  The move-

tronic reconnaissance systems
ment trajectories of targets and the opponent’s
radar can be predicted in the short term**?". In-
formation about reconnaissance platforms can be
acquired using methods such as satellite and in-
frared reconnaissance. Numerous high-resolution
imaging reconnaissance satellites® and infrared
reconnaissance warning equipment!*’! are cur-
rently available for land target surveillance.
Ground clutter can be mitigated through appro-
priate clutter suppression methods". To achieve
frequency domain protection, our jamming plat-
forms operate in the same frequency band as our
radar. According to the mission requirements of
the opponent’s reconnaissance platforms, they are
configured to collect signals within our radar’s fre-
quency band and are directed toward our radar’s
position. Simultaneously, we assume that an over-
lapping frequency band exists between the oppon-

ent’s radar and our platforms.

Opposing radar 1 &£
Opposing radar 2 =L

A
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Fig. 1 Schematic of the multitasking scene
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To describe the direction of signal transmis-
sion and reception, we introduce 65 to represent
the angle between the direction of platform 2 and
the normal direction of the antenna array of plat-
form 1, where platform 1 serves as the reference
point. To characterize the different intensities of
transmitting and receiving beamforming across
various directions, we introduce the M x 1 trans-
mitting beamforming weight vector w;; and re-
ceiving beamforming weight vector wi,. In this
notation, symbols 1 and 2 represent any platform
identifiers, where jammers are denoted as
n(n=1,2,--,N), radar as o, reconnaissance plat-
forms as k(k=1,2,---,K), opponent’s radar as
l(l=1,2,---,L), and targets as s. Each platform
contains M antennas arranged with equal spacing
d, thus allowing the system to transmit or receive
up to M beamforming directions simultaneously.
Considering the beamforming pointing problem,

we introduce a(f12) and b(612) to denote the

transmitting and receiving guiding vectors of plat-
form 1 against platform 2, respectively. Addition-
ally, the two general forms of the signal transmis-
sion model in this study are defined as
F(1,2,7) = wil(r)a (B2(r)) and g(1,2,7) = wll(r)
-b (012(7)), representing the transmitted and re-
ceived signals of platform 1 in the direction of
platform 2 at time 7. The notation []" denotes
the conjugate transpose operation.
2.2 Joint optimization model for radar and jammer
space-time beamforming

To ensure effective target detection and co-
operative interference at each time instant, we es-
tablish an optimization problem that maximizes
the minimum radar detection SINR across all
time periods. The optimization is subject to con-
straints on the jamming-to-signal ratio at recon-
naissance platforms and opponent radars, as well
as the total energy for each jammer. The model

framework is given in Eq. (1).

power of the echo signal detected by the radar

max min

power of the interference signal received by the radar 4+ power of noise

power of interference signal received by reconnaissance platformtpower of noise

any moment:

s.t. power of interference signal received by the opposing radar 4+ power of noise

any moment:

>threshold

power of our radar signal received by reconnaissance platform

> threshold

total power of each jammer < upper limit

The total time period is discretized into T
time instants, with any time instant represented
as 7, where 7 € [1,T]. Using P to represent the ef-
fective signal power and J to represent the sum of
interference and noise power, the problem model

corresponding to Eq. (1) is as follows:

P, ('wor (T) y Wot (T))

max min

Wor(T),Wori (T),wni (1) TE{1,2,+, T} Jo(wor(T)v'wnt(T))
Ji(wne (7))
— = >y, k=12, K
Py(we(r) = "
Ji(wni (7))

> l=1.2.---. L
s.t. P, Z y 4yt

T
Z wne(T)1* < pn, n=1,2,-,N
=1

(2)

The optimization variables include the radar
transmitting beamforming weight vector we(7),
radar receiving beamforming weight vectorw,, (),

and jammer transmitting beamforming weight

power of our radar signal received by opposing radar

(1)
vector wy,(7). The beamforming weight vectors
reflect the energy allocation across antenna array
elements. Under fixed system parameters, the ef-
fective signal and interference power at each plat-
form are determined by the optimized beamform-
ing weight vectors. Specifically:

(1) The echo signal power P,(wu(7), wot(T))
received from the detected target is determined
by the radar transmitting and receiving beam-
forming weight vectors.

(2) The jammers and radar operate in the
same frequency band with overlapping spectra, so
the radar suffers interference from jammer sig-
nals and detection signals from the opponent’s
radar. Consequently, the total interference and
noise power J,(we(7), wn(7))at the radar receiv-
er is determined by the jammer transmitting
beamforming weight vector and radar receiving

beamforming weight vector.
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(3) Ji(wne(7)) and Jy(wye(7)) represent the
interference signal power received by the kth re-
connaissance platform and hostile radar [, respect-
ively. These quantities are governed by the jam-
mer beamforming weight vector.

(4) Pi(we(7)) and P, denote the effective sig-
nal power received by the kth reconnaissance plat-
form and opponent’s radar [, respectively. For re-
connaissance platforms aiming to acquire informa-
tion from our radar, Py(w.(7)) depends on the
radar transmit beamforming weight vector. Con-
versely, the echo power from the opponent’s radar
detection of our radar is predominantly influ-
enced by its own parameters.

Additionally, v and 7; denote the minimum
interference-to-signal ratio thresholds required to
effectively jam the reconnaissance platform k and
opponent’s radar [, respectively. p, represents the
total energy limit of the nth jammer, and | -|?
denotes the vector norm operation.

Therefore, the goal of this space-time cooper-
ative optimization of beam resources is to identi-
fy the optimal beam allocation scheme that max-
imizes target detection performance while satisfy-
ing energy constraints and ensuring jamming ef-
fectiveness. This optimization process corres-
ponds to solving for the beamforming weight vec-
tors in the proposed model. The following sec-
tions provide detailed descriptions of each com-
ponent in the aforementioned model.

2.2.1 Optimization objective of the problem model

To evaluate the radar target detection per-
formance, this study adopts the SINR as the
quantitative metric. Here, SINR is the ratio of the
effective signal power received by our radar to the
sum of interference power and noise power. The
effective signal power corresponds specifically to
the echo signal power from the target detected by

our radar.

Po(wor(7), wor(7)) = |g(0,5,7) f (0,5, 7)1 (7)[* (3)
where g(o,s,7)f(0,s,7)021 (1) =wi(7)b(0,s(7)) wik(7)
-a (6,5(7)) £21(7) represents the echo signal from
the target detected by our radar. The symbol
02;(r)(i=1,2,--,7) denotes the amplitude con-
stant of the transmission channel at time 7. Para-

meter 2;(7) primarily depends on the distance

between our radar and the target and the target’s
radar cross section.
In addition, the sum of interference and noise

power is expressed as

Jo(Wor (T), Wy (7))

N
= Z lg(0,n,7) f(n,0,7)2(7)|
n=1

@

L
+Z|g(0,l,7’)f(l,0,7’)93(7')|2+ 0721 (4)
=1 (1)

(I

Eq. (4) can be decomposed into three com-
ponents:

(I) The aggregate interference power from N
jammers to our radar. While collaboratively jam-
ming the opponent’s platforms, the signal from
the jammer in the direction of our radar is ex-
pressed as g(o,n,7)f(n,0,7), where w(7)b(6,,)

or
wll (T)a (0,,,). Here, 25(7) denotes the distance
between the jammer and our radar.

(IT) The total interference power from the op-
ponent’s radar L to our radar. The signal from
the opponent’s radar [ in the direction of our
radar is given by g(o, 1, 7) f(I, 0, 7), where wL(7)b (0,(7))
wl(T)a (0,,(7)). 253(7) represents the distance
between the opponent’s radar and our radar.

(IIT) The noise power at the radar receiver.

In summary, the objective function of the

proposed model is

SINR o (Wor (7), Woi (T), Wy (7))
_ Py(wor (T), wor (7))
Jo (wor (T) y Wnt (T))

2.2.2 Constraints of the optimization model

()

The interference received by the opponent’s
platform includes the coordinated jamming effect
of the N jammer and its own noise influence.
Therefore, the total interference signal power re-

ceived by the reconnaissance platform £ is

N
Te(wne(7)) = |g(k,n, 7) f(n, b, 7)2(7)* + 07
n=1
(6)

where g(k,n,7)f(n,k,7) denotes the interference

channel vector from the n jammer to the recon-

naissance platform k, equivalently wil(r)
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b0 ()W (T)a(0,1(7)). 24(7) is inversely pro-
portional to the squared distance. From the mis-
sion requirements of the reconnaissance platform
k, the signal from our radar is its effective signal,
so the effective signal power received by the re-

connaissance platform £ is
Py(wei (7)) = lg(k, 0,7) f (0, k, 7)25(7) [
= [ Wi (T)b(Oko (7)) wiey (7)
@ (0o (7)) 25 (7)|” (7)
£25(7) is inversely proportional to the square
of the distance from our radar to the reconnais-
sance platform. Any reconnaissance platform

needs to satisfy the minimum SINR:

Ji(woe(7))
Pe(wa(r) = ¥

Similarly, the total jamming signal power re-

k=12 K (8)

ceived by the opponent’s radar [ is

(Wt (T Z|gln7

where g(I,n,7)f(n,l,7) represents the jammer n

(n, 177—)96(7—)‘2 + 0721 (9)

jamming the signal of the opponent’s radar [,
i. ., Wl (1)b(On(7))wlh (T)a(0u(r)) . 2(r) is in-
versely proportional to the square of the distance
between the jammer to the opponent’s radar.
Similarly, the effective signal power received by

the opponent’s radar [ is

P =lg(l,0,7)f(l,0,7)2(7)"

2
= [wit (T)b(b1o(7) )wii (T)a(91(7)) 22 (7)| (10)
Eq. (10) includes the transmit signal f(l,0,7),
echo signal g¢(l,0,7), and amplitude constant
£27(7) of the opponent’s radar [ in the direction of
our radar. Similarly, all radars of the opponent

must satisfy the minimum SINR constraints.
Jl(w#;(T)) Z’Yl, l:1527"'7L (11)
In addition, we consider the total energy con-

straint for each jammer, as shown in Eq. (12).

T
S e (r)

3  Spatial-domain Beamforming Optimization
Algorithm Based on Multiparameter
Iteration

H2 Sﬂn, 77,:1,27~~',N (12)

For illustrative purposes, this section intro-
duces the principles and application of the pro-
posed algorithm in the special case of T =1 and
then extends it to the dynamic scene in Section 4.
3.1 Overall framework of spatial-domain beamforming
iterative optimization algorithm

This section focuses on the optimization in
the spatial domain, with the parameter T'=1 in
Formula (2). Under this setting, the problem
model is obtained, as given in Eq. (13).

’wgb((?os)w a(0,s .Ql|

max

Wot, Wor,Wne Y

3 [wlhb(Gon)wha(0,0) 22|

n=1
N

n=1

n Z W b(0,) wha(010) 25 + 02
=1

3wl b(Orn)wha(0i) 2| + 02

s.t.

n=1

‘ wgrb(eko) ota(HOk)‘Qr

3 [wllb (@) wlha() 2| + o2

> Vi k= 1727 7K (13)

The model includes three optimization vari-
ables and many constraints, making it difficult to
solve using traditional methods. Therefore, this
study proposes an iterative beamforming joint optimi-
zation algorithm, which simplifies the model by
treating two of the optimization variables as constants.
The model is reduced based on known conditions,

and the remaining variable is then optimized to

2
|witb(010)wila(61,) 27|
meHZ < Pny M= 172, "',N

>, I = ]-727"'1-[/

improve the objective function. This iterative pro-
cess continues until the objective function and op-
timization variables converge. The overall frame-
work of the algorithm is illustrated in Fig. 2.
3.2 Optimization method of radar receiving
beamforming weight vector based on generalized
Rayleigh quotient

According to the above algorithm, when the
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radar transmitting beamforming weight vector
w,; and interference jammer transmitting beamform-

ing weight vector w,,; are fixed, the radar receiving

beamforming weight vector w,, becomes the sole
optimization variable. The constraint in Eq. (13)

does not involve w,,, so the model is equivalent to

Hq})ax N |wor ( Os)woza,( os) 1| (14)
or ; :
> |wib(Oon)wriia(0no) o] + > [wib(Oor)wiia(tho) 25| + o,
n=t =1
Let the vectors be defined as a = b(60,5)w W = Anax (B~'A) (17)

-a(0,5)621 , br=b(0,,)wa(0,,)2, and ¢; = b(0y)

nt

-wila(0,,)925. Eq. (14) simplifies to

wlaallw,, (15)
max
Y SN Wy S 2
E w, bbb wy + E W, CIC] Wor + 0,
n=1 =1
2 .
where 02 = wlIolw, /|wy||” normalizes the

power of the radar receiving beamforming, i.e.,
2 _ H
n

N L
and B = anl bub;, + 21:1 ce+ 1o, Eq. (15)

simplifies to

|we:||> =1, then o2 = wlIo2w, .Let A=aa

H
= 16
Hﬁgx wil Bw,, (16)

Where A and B are Hermitian matrices, with B
being positive definite. Eq. (16) satisfies the con-

dition of the generalized Rayleigh quotient; thus,

the optimal solution of Eq. (16) is*!

Initialize w,,, w,,

Find the w, that makes the objective
function optimal

!

Fix the current w,, w,, and find the w, that
— makes the objective function optimal

L

Fix the current w,, w,, and find the w,, that
makes the objective function optimal

y

Fix the current w,, w,, and find the w, that
makes the objective function optimal

The objective function
and the optimization
variables converge

End

Fig. 2 Overall framework of the joint optimization algorithm of

beamforming resources based on iteration

Where Apax () denotes the eigenvector correspond-
ing to the largest eigenvalue of the matrix.
3.3 Optimization of radar transmitting beamforming
weight vector based on deflation of semi-negative
definite matrix definition
Similarly, when the radar receiving beam-

forming weight vector w,, and jammer transmit-
ting beamforming weight vector w,; are con-
sidered constants, Eq. (13) can be simplified as

max ‘wglrb(t%s)w?ta(Qos)Ql‘2

Wot

N
3 [l b(6rn) w0 a(8i) 2] + o2

s.t. n=1 5 Z Vi,
| Wb (Oko)wika(Bon) 25|

k=1,2, K (18)

Let the constant

N 2
= (S0, lwlbuwla@menl +o?)
M-dimensional vectors d = wlb(0,s)a(0,s)52;,
gk = wiLb(010)a(0or) 25 . It can be obtained as
max |w§td|2

st [wiar|” < By, Vk (19)

Let the matrix D = dd", Gy = grgl', Eq. (19)
simplifies to

min wl (—D)we
Wot

s.t. wl Grwe < By, VEk (20)

In Eq. (20), (—D) is a semi-negative definite Her-
mitian matrix, so for any M-dimensional vector z,

we havel'!

wi (—D)wy < 2Re {2 (-D)wy } —2"(—D)z (21)

ot

where Re{-} denotes the real part of the opera-
tion. Normalizing the optimization variable w
power, i.e., H’UJotH2 =1, the optimization problem

is finally equivalent to
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min 2Re {zH(—D)wot} —2%(-D)z

s.t. wl Grwe < B, VEk
whwe =1 (22)
Eq. (22) is a convex optimization problem
and can be solved directly.
3.4 Jammer transmitting beamforming vector
optimization method based on FPP-SCA algorithm

Prior sections have introduced the methods

N
IB}L{I Z |w§rb(00n)wgta(0no)n2

n=1
N

n=1

for optimizing the radar receiving beamforming
vector w,; and transmitting beamforming vector
w,. This section elaborates on the third crucial
step of the iterative optimization algorithm that
is, treating the interference aircraft transmitting
beamforming vector w,; as the sole variable. The
model shown in Eq. (13) can be equivalently rep-

resented as

’ 2

S [l b0k )0 a(Os) 24" + o2

s.t. N

n=1

|wgb(9ko)w§a(90k)95

3 [wllb (@) whha() 25|

|2 > Yk k:]-v??"'aK

L (23)
0—71,

Let vectors h, =wlb(0o,)a(0n0) 22, ppr=wil
-b(ekn)a(an)Q4, qni = w}jb(eln)a(enl)ﬂe and con-
stants By = !wErb(Hko)wia(Gok)devk -0}, B =

|wgb(010)wga(910)97|2 v — o2 . We then obtain

N
min Z }wgthn |2
Wnt

n=1

N
Z |'wgtpnk.|2 >0, k=1,2,--- K

n=1

(24)

s.t. N " )
> |whigu| > B, 1=1,2,,L
n=1

[wnil* < pny n=1,2,, N

w%t)T be an MN-di-
mensional vector, H =diag(hhl hohll, -
hyhY) P, = diag(Pi P, Py PlL - Py PY)
and Q; = diag(quqih. g29%, -, aniql,) are M N-or-
der matrix. Let R,, be an M N-dimensional block

matrix. The Nth position on the diagonal of R, is

— (T T
Let wy = (w, w3, -

the identity matrix I, and the rest is zero matrix
0, 7;'6'7 R, = dlag(I7 0, 0)7 R, = dlag(0717 0, 0)7
-+, Ry = diag(0, 0, -, 0,I). Simplifying, we obtain

min 'thH wy
wy

w%{(_Pk)wt < _Blw k= 1’2, ,K
s.t. w‘?(le)wt <-05,1=1,2,---L
thRnwt <pn, n=1,2,- N

(25)

2
|wilb(010)wila(6,,) 027 |
wnil* < pny n=1,2,-, N

> Vi, [ = 1a27"'aL

In Eq. (25), H is a positive semi-definite matrix.
However, (—P;) and (—Q;) do not satisfy posit-
ive definite or positive semi-definite conditions, so
the problem is nonconvex. Therefore, the FPP-
SCA algorithm is used for solving®”. First, we in-
troduce relaxation penalty s,, to ensure the feas-
ibility of the problem and incorporate relaxation
parameter p to balance the original objective
function and penalty term, as in Eq. (26). We
then track and approximate the feasible points.
The specific procedure is shown in Alg. 1.
(K+L+N)
lg)ltigl wl Hw, + p Z Sm
’ m=1
wl (=P w, < =B+ sp, k=1,2, K
wi (—Qwy < =B+ sk, 1=1,2,,L
thRnwt < pn+Sx+p4n, n=12,---' N
$Sm >0, m=12- K+L+N

s.t.

(26)

In summary, this section has introduced the

joint optimization algorithm of beamforming re-

sources based on iteration in the spatial domain,
as shown in Alg. 2.

4 Algorithm for Joint Optimization of
Space-Time Beamforming in Dynamic
Scene

Section 3 has introduced the principle of the
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Alg. 1 Optimization process of jammers’ transmitting beamforming vectors based on FFP-SCA algorithm

Step 1 Initialization:

Set the iteration count ¢ = 0, initialize the M-dimensional vector zg;

Step 2 Iterative execution:
(1) Solve the following convex optimization problem:

K+L+N
min wl Hw; + p E Sm
wy,8 me—1

2Re {z}zl(fpk)wt} < —Bk + zg(ka)zq +sk, k=12, K

ot J 2Re {Zg(—Qz)wr} < B+ 28 (-Qzg + sk, 1=1,2,-+ L

thRnwt <pn+SK+L+n, =12, N
Sm >0, m=1,2- K+ L+N
Obtain the current optimal solution w: ;

(2) Assign the obtained w, from the gth iteration to zg41;
(3) Set g = q +1;

The loop continues until the objective function converges, then the iteration ends.

Alg. 2 Joint optimization algorithm of beamforming resources based on iterative optimization in the spatial domain

Step 1 Initialization:

Set up the scenario data (such as platform positions, number of array elements, and inter-element spacing) and provide initial values

for wot and wng;
Step 2 Iterative execution:

Solve Eq. (17) to obtain the current optimal solution w/, : Perform an eigenvalue decomposition on the matrix B~1 A, where

the eigenvector corresponding to the largest eigenvalue is the desired solution ’w;,;

(2) Solve the convex optimization problem as shown in Eq. (22) to obtain the current optimal solution "-UZr?

(3) Obtain the current optimal solution w:w according to Alg. 1.

The loop ends when the objective function and optimization variables converge.

Step 3 Output results:

The final values of beamforming weight vectors w;r, 'w:m and w;r represent the optimal result of joint beamforming resource

optimization.

joint optimization algorithm of beamforming re-
sources based on iteration in a nondynamic scene
with fixed parameters (e.g., T =1). In this sec-
tion, it is generalized to solve the dynamic scene
model described in Eq. (2). In this generalized
case, the optimization process of radar transmit-
ting and receiving beamforming weight vectors is
the same as the previous one. Only the dimen-
sion is increased from one to T dimensions. The
jammer transmitting beamforming weight vector
can also be reduced to the form shown in Eq.
(25), which is then solved by the FPP-SCA al-
gorithm. However, owing to the change in the
form of the third constraint in the dynamic scene,
the simplified process of solving the jammer trans-
mitting beamforming weight vector is no longer
consistent. This change is explained below.
Simplifying the objective function gives

Wi A, (27)

where A =diag(A;, As,, Ay), A and other

terms are arranged diagonally across the matrices.

a,(al(1) 0 0
a,(2)al
e O ()af(2) :
0 0 an(T)al(T)
(28)
In Eq. (28), an(r) = wk(7)b (0on) a (0no) 2o(7)
and b, = (@ @l - @l - @), where b, =
(wi (1) wih(2) - wik(1))".

Simplifying the three constraints, respectively,
gives the following:

’CI}%—I(—B]C(T)) th_Bk(T)a k:172a7K7
r=1,2,T (29)

e (—C’l(r)) B, < —fi(r), 1=1,2, -, L;
F=1,2, T

Wl D, < pp (31)

In Eqgs. (29) and (30), constant fi(r) =
|l (7B (0r0(7)) whh (7)a (0o (7)) 25(7) " 3 — 0
and fi(r) = [wi(r)b(0i (1) wh () a(01o(7)) 2:(7) |

7y —02 , so the NMT -order matrix is expressed as
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Iql—{lslk(T)i)IfIk(T)IT ) 0 ,
By(7) = 0 IEka(T).bglk (NI, - 0 "
0 0 I'p Nk(T).B}}vk(T) I
Leumeint 0 0
Ci(r) = 0 It 021(7').021(7)IT 0 .
b 0 IE&Nl(T).é}Krl(T)IT

bk (1) = Wi (T)b (On (7)) @ (0x(7)) 24(7) n Eq. (32)
and €,,,(7) = wii (T)b(01, (7)) @ (01 (7)) 26 (7) in Eq. (33)
can be defined as follows. I, denotes the
M x MT-dimensional tiling matrix whose 7th po-
sition is the M-order unit matrix E,;. All other

positions contain zero matrices:

L=(Ey 0 ~ 0)
L=(0 Ey - 0)

(34)
Ir=(0 0 Ev )

In Eq. (31), D, denotes the MT-order block mat-
rix. The nth position on the diagonal is an nth-or-
der unit matrix Ej7, and the rest is the MT-or-
der partition matrix of the NMT-order zero mat-
rix; that is, D;= diag(Eyr, 0, -+, 0) D, =
diag(0, Eyrr, 0, -+, 0), -+, Dy = diag(0, -, 0, Eprr).

Thus, the final optimization problem is equi-
valent to

min IDtHA'tIJt
Wy

e (—Bk(r)) By < —Bu(r), k=1,2, K
F=1,2,.T (35)
5.9 ol (—CZ(T)) B, < —Bi(r), 1=1,2,,L
T=12--T
UN)EIDn'lI]t < Pn, = 1727 aN

Eq. (35) has taken the same form as Eq. (25) and
can be solved using Alg. 1.

In summary, the iterative-based joint opti-
mization method of space-time cooperative beam-
forming resources proposed in this study solves
the beamforming resource allocation problem
in the space and time domains for multiple
platforms, as shown in Alg. 3. In particular,
the convex problem is solved based on the
original pairwise interior point method, and the
overall complexity of the algorithm is
O ((MNT + K + 1)*?) 232

5 Simulation Results and Analysis

In this section, the effectiveness of the space-
time cooperative beamforming joint optimization
method based on iteration is verified through sim-
ulation experiments. Moreover, the FPP-SCA al-
gorithm used for solving the cooperative interfer-
ence beamforming weight vector is compared with
the SDR® and SCA algorithms®". The compar-
ison verifies the better performance of the FPP-
SCA algorithm.

5.1 Simulation parameter setting

Assume that our cooperative flight formation
has a detection radar and N =3 jammers. The
opponent has ground reconnaissance platforms

K =2, airborne detection radar L =1, and a tar-

Alg. 3 Joint optimization method of space-time cooperative beamforming resources based on iterative optimization

Step 1 Initialization:

Set the scene data (e.g., platform motion trajectory, number of array elements, and array spacing) and give the wot(7), Wwn(7) initial

value.
Step 2 Execute the loop:

(1) Fix the current woi(7), wnt(7), simplify and solve Eq. (2) to get the optimal wer(7);
(2) Fix the current wor(7), wnt(7), simplify and solve Eq. (2) to obtain the optimal we(7);

(3) Fix the current wor(7), woi(7), and solve Eq. (35) using the FPP-SCA algorithm to obtain the optimal wn (7).

Until the objective function and optimization variables converge, the loop ends;
Step 3 Output the results:

The current values of the beamforming weight vectors w},. (1), w¥ (7) and w}, (7) are the optimal results of the joint optimization

of the beamforming resources for the motion platforms.
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get detected by our radar. The position of the
platforms in relation to the ground and their
movement routes are shown in Fig. 3.

Assume that the number of array elements of
each platform M = 16, and the spacing of array
elements d is half wavelength. The typical work-
ing frequency band of airborne fire control radar
is X-band (8-12 Hz), so we set the carrier fre-
quency of airborne platform signal f. = 10 GHz
in this study. The noise power of radar and recon-
naissance platforms at the receiving end o2 = 0
dB. To cope with different radars, the dry signal
ratio required for the effective interference meas-
ures varies, generally from a few dB to more than
two dozen dB. Therefore, we set the other side of
the platforms to be the threshold for effective in-
terference v = 17 dB and set the relaxation
quantity u =2 in the FPP-SCA algorithm. Let
the beamforming angle constraint be (—x/2,1/2).
To facilitate the subsequent simulation and ana-
lysis, we take our radar as the reference system,
and the positions and movement routes of each
platform are shown in Fig. 4.

The proposed method pre-allocates the beam-
forming resources for a short period in the future,
setting T =4, and the platform coordinates at
each time instance are listed in Tab. 1.

5.2 Algorithm simulation effect

In the joint optimization of radar transmit-
ting and receiving and jammer transmitting
beamforming, the change of the objective func-

80
Jammer 1
Our radar
©-6-6-0
60 -G-GO
— > {
_ o060 Jammer 2 Z %
§/ 20 | mJammer 3 q|> %
= It Target
Opposing radar
20
Reconnaissance Reconnaissance
platform 1 platform 2
0 1 € 1 1

-60 -40 20 0 20 40 60
z (km)
Fig. 3 The position and movement route of each platform

relative to the ground

tion in the problem model is shown in Fig. 5. The
objective function at each time instance con-
verges quickly under the proposed iterative op-
timization method, verifying its feasibility. As
shown in Fig. 5(a), the SINR values of the radar-
detected targets at each time instance after op-
timization are approximately 16.6, 18.1, 17.7, and
18.0 dB, which are considerably improved com-
pared with those of the initialization state (5.2,
16.0, 10.4, and 10.7 dB). Theoretically, the con-
vergence of the optimization objective can still be
maintained even when tracking a large number of
time instances. Establishing the objective func-
tion optimization process is thus meaningful. The
process is shown in Fig. 5(b).

To further illustrate the effect of the joint op-
timization of beamforming resource allocation,
Figs. 6 and 7 depict the beamforming power alloc-
ation of our platform in each direction at each
time instance after optimization. Fig. 6 presents
the results for the radar platform. The target

120
———> Targ
100 | o o oo et
80 | ) l Reconnaissance
G@smg radar & platform 1
el Rl
2 60 © i ]
= Reconnaissance
& platform 2
40 |
Jammer 1
20 O Jammer 2
o o Jammer 3
0 Our radar ! I |
0 20 40 60 80 100
z (km)
Fig. 4 The position and movement route of each platform

relative to the radar

Tab. 1 The coordinates of each platform at each time (km)

Platform Moment 1 Moment 2 Moment 3 Moment 4
Target (5, 100) (10, 100) (15, 100) (20, 100)
Opposing radar (10, 75) (16, 70) (22, 65) (28, 60)
Reconnaissance . N . .
platform 1 (60, 90) (60, 85) (60, 80) (60, 75)
Reconnaissance .
platform 2 (60, 60) (60, 55) (60, 50) (60, 45)
Radar (0, 0)
Jammer 1 (-3, 20)
Jammer 2 (12, 10)
Jammer 3 (20, 10)
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Fig. 6 The beamforming vectors of radar at each moment

moves in the positive direction of the axis relat-
ive to the radar, so the angle of the main flap of
the radar’s transmitting and receiving beamform-
ing in the figure gradually becomes larger over
time, which accurately points to the direction of
the target. Fig. 7 presents the results for the jam-
mer platform. Each jammer is not fixed to jam-
ming a certain platform. Instead, the system ad-
apts to a more optimal solution according to the
scene. The beamforming power is allocated in the
angles corresponding to the locations of the op-
ponent’s radar or reconnaissance platforms.

Figs. 6 and 7 show the allocation of the jam-
mer signal power at different angles after normal-
izing it at each time instance. These results
mainly reflect the optimization effect in the spa-
tial domain. The next section mainly illustrates
the beamforming resource allocation in the time
domain. Figs. 8 and 9 show the received power on

each angle of the opponent platform at each time

instance. The reconnaissance platform and the op-
ponent’s radar receive larger signal power from
the direction of the jammer at all time instances.
By contrast, the received power at the other
angles is relatively small and reaches the
threshold of the dry signal ratio.

Figs. 8 and 9 show that each time instance
can effectively interfere with the other platform,
but from which jammer the received jamming sig-
nals specifically come remains unclear. Fig. 10 in-
dicates the received power of the other platform
in the direction of the jammer. In Fig. 10(a), the
jamming signals received by the reconnaissance
platform 1 at each time instance mainly come
from jammer 2. In Fig. 10(b), the jamming sig-
nals received by reconnaissance platform 2 at
time instance 1 mainly come from jammer 2. At
time instance 2, the signals come from jammer 2
and jammer 3. In the latter two time instances,

the jamming signals mainly come from jammer 3.
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In Fig. 10(c), the opponent’s radar receives jam-
ming signals from jammer 2 at time instance 2
and from jammer 1 during the other time in-
stances. In general, the reconnaissance platform is
mainly jammed by jammer 2 and jammer 3,
whereas the opponent’s radar is mainly jammed
by jammer 1 and jammer 2. This outcome is re-
lated to the spatial location distribution. The re-
connaissance platform is closer to jammer 2 and

jammer 3, whereas the opponent’s radar is closer

to jammer 1 and jammer 2, so the distribution of
jamming resources is more effective.

In summary, the proposed method realizes the
joint allocation of beamforming resources in the
space and time domains. It effectively interferes
with each other’s platforms at each time instance
and improves the target detection signal-to-noise
ratio.

The traditional SDR algorithm struggles to
obtain a feasible solution for QCQP problems
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Fig. 9 The received power of the opposing radars at all angles

with indefinite matrices and many constraints, we
perform a simulation comparison under the condi-
tion T'= 1. Taking the distribution of the plat-
form position at the initial time instance in Fig. 4
as an example, we compare the FPP-SCA al-

gorithm used for solving the optimal beamform-

ing power vector of the jammer with the SDR and
SCA algorithms. The SCA algorithm approxim-
ates the nonconvex part of the original problem
with a quadratic curve and then iteratively re-
fines the solution until the convergence criterion
is satisfied, using the step size a = 1.

Fig. 11 illustrates the change in the signal-to-
dry noise ratio of the radar-detected target dur-
ing the joint optimization of beamforming re-
sources. From the curves in the figure, the object-
ive function converges quickly at different num-
bers of array elements, and improvement after op-
timization is considerable. All three algorithms
are effective. From the local zoom in Fig. 11(a),
the convergence value of the FPP-SCA-based al-
gorithm is larger than that of the SDR algorithm
due to the relatively large approximation errors
inherent in the SDR algorithm. As can be seen
from the local zoomed-in graph in Fig. 11(b), the
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Fig. 10 The received power of the opposing platforms in the direction of the jammers
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optimization objective converges faster under the
FPP-SCA algorithm than under the SCA al-
gorithm.

Fig. 12 shows the optimized radar beamform-
ing power vectors, where Fig. 12(a) shows the
transmitting case, and Fig. 12(b) shows the re-
ceiving case. The maximum power of the optim-
ized radar transmitting and receiving beamform-
ing under the three algorithms is at the angle
where the target is located.

Fig. 13 shows the optimized received power of
the opponent’s platform at various angles. The
solid line corresponds to the FPP-SCA algorithm,
and the dashed line corresponds to the SDR al-
gorithm in Fig. 13(a) and the SCA algorithm in
Fig. 13(b).

As shown in Fig. 13(a), the jamming power

received by the opponent’s radar and reconnais-
sance platform 1 is not that different under the
two algorithms, but the jamming power received
by reconnaissance platform 2 under the SDR al-
gorithm is much less than that of the FPP-SCA
algorithm. Hence, the joint allocation of the FPP-
SCA algorithm is more effective. The above differ-
ence is related to the automatic allocation of the
algorithm to the jammer. Taking the opponent’s
radar as an example, as seen from the horizontal
coordinate angle in the figure, it is mainly sub-
ject to the role of jammer 1 under the FPP-SCA
algorithm. Under the SDR algorithm, it is mainly
subject to the role of jammer 2 and jammer 3.
Furthermore, according to the platform position
distribution, the closest to jammer 1 is the oppon-

ent’s radar, and the power of jammer 1 is mainly
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used to jam the opponent’s radar, which has a rel-
atively more favorable effect.

As shown in Fig. 13(b), the source of the jam-
ming signal received by each platform of the op-
ponent under both algorithms is the same.
However, the jamming power received by each
platform of the opponent under the FPP-SCA al-
gorithm is higher than that under the SCA al-
gorithm. The reason is the allocation of the power
of each jamming machine by the FPP-SCA al-
gorithm is more accurate, reducing resource
waste.

In summary, the radar detection SINR under
the FPP-SCA algorithm is larger than that un-
der the SDR algorithm, and it converges faster
than the SCA algorithm. In addition, the co-inter-
ference under the FPP-SCA algorithm is optimal
compared with that under the SDR and SCA al-
gorithms. Moreover, the complexity of the SDR
algorithm is higher than that of the FPP-SCA al-
gorithm®?, and the use of the SCA algorithm re-
quires an initial feasible solution. Therefore, the
FPP-SCA algorithm is optimal.

6 Conclusion

In this study, a method for joint optimal al-
location of radar and jammer space-time cooper-
ative beamforming resources is proposed for the
multitasking dynamic scene of target detection
and cooperative jamming. The method aims to
optimally allocate the limited beamforming re-
sources and maximize their utilization to ensure
low interception detection in the multi-platform
confrontation system. The method takes the radar
detection SINR as the optimization objective and
takes the dry-to-noise ratio requirement of cooper-
ative jamming and the energy limit of the jam-
mer as the constraints. An optimization model is
then established that contains the radar transmit-
ting and receiving and jammer transmitting
beamforming power vectors. To solve the above
model, an iterative optimization algorithm for
space-time cooperative beamforming is proposed.
It fixes two optimization variables, simplifies the
problem according to the scene conditions, and
determines the other optimization variable that
maximizes the objective function. It iteratively re-

fines the process until the three optimization vari-
ables and the objective function converge. The
simulation results show that at any time instance,
the optimized radar detection SINR is consider-
ably improved. The main flap of the radar receiv-
ing beamforming weight vector accurately points
to the target direction, and the main flap of the
jammer transmitting beamforming weight vector
points to the direction of the other platforms. All
the platforms of the opponent are suppressed by
the jammer direction at any time instance. There-
fore, the joint optimization method of radar and
jammer space-time cooperative beamforming re-
sources proposed in this study is effective and ap-

plicable to more complex confrontation scenes.
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