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Abstract

The dual-functional radar-communication (DFRC) integrated system presents an ideal
solution to address the challenge of spectrum resource congestion in future networks.
This paper explores an adaptive power allocation technique based on beamform-

ing to enhance the word error probability (WEP) performance of the DFRC system.
Initially, a joint optimization model is developed to minimize the WEP while adhering
to constraints on radar signal-to-interference-noise ratio (SINR), peak-to-average-power
ratio, sidelobe level, and total transmit power. This model incorporates dual-function
transmit beam, radar, and communication receive beam patterns. Subsequently,

the proposed subproblem convex relaxation alternating update (SCRAU) algorithm

is introduced to achieve a locally optimal solution for multi-carrier power allocation.
This algorithm decomposes the original non-convex optimization problem into three
sub-problems with lower complexity and iteratively optimizes them. Simulation experi-
ments validate that the SCRAU algorithm can simultaneously fulfill radar and com-
munication functions. The SCRAU algorithm demonstrates superior WEP performance
compared to current advanced algorithms.

Keywords: Dual-functional radar-communication integrated system, Word error
probability, Beamforming, Adaptive power allocation

1 Introduction

The advancement of 5G and the anticipated development of 6G technologies are esca-
lating the demand for wireless spectrum within the global communication industry. To
tap into additional spectrum resources, communication spectrum is being extended
to higher frequency bands, leading to overlaps with radar spectrum [1, 2]. The dual-
functional radar-communication (DFRC) integrated system, which achieves both radar
and communication functions concurrently by utilizing shared hardware and spectrum
resources, is considered a paradigm for the next generation of wireless systems and net-
works [3-5].
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Currently, the predominant dual-function implementation schemes involve fast-
time modulation for information embedding (IE) and the sidelobe control information
embedding (SCIE) scheme [6]. In the DFRC integrated system, the primary drawback
of fast information embedding schemes lies in the potential for inefficient bandwidth
utilization, increased system complexity, and adverse impacts on communication per-
formance [7, 8]. Conversely, the SCIE scheme in the DFRC integrated system offers a
significant advantage in reducing interference, particularly in mitigating the interference
from the radar system on the communication component. This contributes to enhancing
the performance of the communication system, ensuring the reliability and stability of
the communication link [9].

The SCIE scheme comes in various forms, including amplitude modulation (AM)
[10], phase modulation (PM) [11] and quadrature amplitude modulation (QAM) [6].
A general framework for information embedding in frequency-hopped (FH) multiple-
input-multiple-output (MIMO) DERC system is introduced in [10]. A unified formula
is defined to accommodate various existing modulation methods. The proposed hybrid
modulation strategy significantly increases the data rate, but the scheme still has obvious
defects in range sidelobe suppression and target detection. In [11], an adaptive DFRC
system based on PM iteratively updates target scene parameters by learning from the
radar scene at the receiver and dynamically reallocating transmit power. The goal is to
adapt to the time-varying characteristics of radar targets and surroundings. A two-part
waveform optimization method is proposed that improves target detection without
affecting communication function. The optimization problem of DFRC transmit beam-
forming and receive beamforming is studied in [12]. The alternating direction sequential
relaxation programming (ADSRP) algorithm is proposed, optimizing the detection per-
formance of DFRC while simultaneously achieving the dual functions. In the integrated
radar and communication system discussed in [13], an orthogonal frequency division
multiplexing (OFDM) integrated signal with QAM is employed. To address the challenge
of high peak-to-average power ratio (PAPR), an active constellation expansion algorithm
is applied to control the PAPR of the integrated signal. This algorithm enhances target
detection performance with minimal impact on the word error probability (WEP).

WEP measures the proportion of incorrectly interpreted words at the communication
receiving end. A lower WEP indicates fewer data misinterpretations, helping to reduce
the need for redundant information, improve system efficiency, and ensure better com-
munication quality under various conditions [12]. PAPR has significant implications for
the integration of radar and communication systems. Higher PAPR may lead to nonlin-
ear distortions in power amplifiers, impacting the system’s dynamic range [14]. In DFRC
integrated systems, optimizing PAPR handling is crucial for system performance, reli-
ability, flexibility, and adaptability to various communication environments. Optimizing
power allocation enables efficient system operation, enhances communication reliabil-
ity, minimizes overall energy consumption, and ensures stable system performance in
complex environments [15]. Meanwhile, precise control of beamforming can further
minimize radiation in non-target directions, reducing additional energy consumption.
By synergistically optimizing beamforming and power allocation, the DFRC system can
achieve better signal transmission and target detection performance, and improve the
overall effectiveness of the system.
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Increasing transmit power can improve radar SINR and communication WEP, but
blindly increasing transmit power may consume resources and increase the risk of inter-
ception [16]. For the current research on multi-carrier power allocation in DFRC sys-
tems, the problem of optimizing communication WEP while considering total transmit
power, PAPR and SINR is still not sufficiently concerned. To address this problem, we
propose a multi-carrier power allocation problem for DFRC signals based on beam-
forming with sidelobe control information embedded in it. To ensure the Quality of
Server (QoS), we comprehensively investigate transmit/receive beamforming in DFRC
integrated systems. Since DFRC systems share transmission signals and equipment, the
radar and communication performance are highly coupled. Relying only on radar or
communication channel states for power allocation can severely degrade performance.
Therefore, limited power allocation while realizing radar and communication functions
has become an urgent problem.

This paper makes the following key contributions:

(1) Beamforming-Based Multi-Carrier Power Allocation: We introduce a beamform-
ing-based approach to present a multi-carrier power allocation problem for inte-
grated radar-communication signals. The objective is to minimize the word error
probability (WEP) while considering constraints on radar signal-to-interference-
noise ratio (SINR), sidelobe level (SLL), peak-to-average-power ratio (PAPR), and
total transmit power.

(2) SCRAU Algorithm for Non-convex Optimization: To address the non-convex
optimization problem, we propose the subproblem convex relaxation alternating
update (SCRAU) algorithm. This algorithm decomposes the original non-convex
problem into three sub-problems, achieving a locally optimal solution through

alternating iterative optimization.

The paper is structured in the following manner: Section II introduces the system
model and signal model; Section III elucidates the proposed algorithm; Section IV pro-
vides simulation results and analysis, and Section V presents the conclusions.

Notations: ()T, W-LE{}LC,CMXLCM*M and [M*M denote transpose, conju-
gate transpose, conjugate, absolute value, the Euclidean norm, average value, complex
ensemble, the set of M x 1vectors with complex entries, the set of M x M matrices with
complex entries, and M x M identity matrix, respectively. CA/(-,) denotes the complex
Gaussian distribution. Re{-} denotes the real part of the number in parentheses.

2 System model and signal model

Figure 1 illustrates the DFRC integrated system, which consists of dual-function trans-
mitting co-located array, communication receiving array and radar receiving array.
The dual-function transmitting co-located array contains Mt array elements, and the
radar receiving array contains Mp, array elements, and communication receiving array
contains Mp array elements. The integrated signals transmitted by the dual-function
transmitting array can realize both radar and communication functions. We consider
the scenario where all arrays are assumed to be uniform linear arrays, and the spacing
between array elements is set to half the wavelength. The radar and communication
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Fig. 1 DFRC integrated system

receiving arrays have the same number of array elements, that is Mg, = Mg, = M. In
this model, the radar transmitting and the receiving arrays are positioned in close prox-
imity. Looking from the viewpoint of the target in Fig. 1, the DFRC transmitting array
and the radar receiving array are assumed to be positioned at the same angle. Assuming
that we have information about each angle and the channel state information (CSI) for
both the radar and communication [12].

{sn}fl\[=1 is defined as an integrated multi-carrier signal with N subcarriers. Let Af
be the frequency interval of the subcarriers and assume that Af is large enough, then
the subcarriers are independent of each other. The power of the n—th subcarrier is
E { sy |2} = Py,. In the DFRC integrated system, the radar and communication functions
are implemented by the s, of the dual-function transmitter. The main lobe of the beam
pointing to the detection target is used to detect the information of the target, and the
sidelobe of the beam pointing to the communication user transmits the communication
symbol. Radar performance is affected by the source of interference, and from the per-
spective of the communication, the reflected signal from both the target and the inter-
ference source can affect the communication performance.

4, = [qum q2m ...,qMT,,Jr € CMrx1 s defined as the transmit beamforming vector
of M1 x 1 on the n—th subcarrier, where an || = 1. At the dual-function transmitter, s,
and ¢q,, are multiplied to obtain the integrated transmission signal g,s, of M7 elements
on the n—th subcarrier. Target detection is achieved through the analysis of echo sig-
nals received by the radar receiving array. Simultaneously, the communication receiving
array processes the received signals to facilitate the transmission of information.

v, = [vl,n,vz,n..., VMR,,,]Jr e CMrx1 js defined as the radar receive beamforming vec-
tor on the n—th subcarrier which is of size Mp x 1. Assume that the channel between

the dual-function transmitting co-located array and the target (the interference source)
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is H e CMr>Mr(f, ¢ CMr>Mr), respectively. The target and the interference source are
located at angles wp and w1, respectively. Then the received signal on the n—th subcarrier at
the radar receiving array is

Yrin = V:,(Hn +Hp,)q,50 + VI,wr,n (1)

where H, = ag,nﬁ(wo)a(a)o)T and Hj, = al,nﬂ(wl)a(wl)T.a(a)) e CMT  and
B(w) € CMR are the transmitting and receiving steering vectors pointing to the angle
w, respectively. ap,, € C and a1, € C are the channel coefficients on the correspond-
ing n—th subcarrier and obey complex Gaussian distributions CA (0, ‘73,0,;4) and
CN (0, Uil’n), respectively. @, , € CMr*1 represents the noise vector of the radar on the
n—th subcarrier and obeys Gaussian distribution CA/ (0, 0.2, I e x My )
Assume that u, = q,,s;, the received signal ¥, , is filtered by v,, to improve the radar SINR
of the n—th subcarrier at the radar receiving array.
01,12,0,;4 ’2

2
VL ﬂrnvﬂ + Gr,nvLVﬂ

viH,u
SINR,.,, = [V it

where ¥, = E{H} ,u,u}H] ,}.
Assume the communication receiving array is positioned at azimuth angle 9, the base-

band communication transmission signal on the n—th subcarrier is
d, =al @upsy, {=1,.,L,n=1,..,N) 3)

where each value of d,, corresponds to only one particular communication symbol. In
order to transmit log, (L)-bit symbols (one pulse duration) on each subcarrier, L d,
different transmit beams need to be designed and stored in the code word dictionary
D= {dl,n,‘..,dL,n } The transmission of communication symbols is achieved by con-
trolling the amplitude of the expression (3), i.e., the sidelobe level of the transmitted
beam in the direction of the azimuth angle. Therefore, during the duration of the pulse,
ad;,is selected from D = {dl,n, ol } At the communication receiving end, the cor-
responding symbol is determined by judging the d; ,, and then the symbol transmission
is completed.

w, = [WL,,,, W15 eer WMRJ,T € CMrx1 ig defined as the communication receive beam-
forming vector on the n—th subcarrier, which is of size Mg x 1.The received signal at the
communication receiving array comprises both the desired signal and interference signal.
The desired signal comes from the dual-function transmitting array. The interference signal
comes from the reflection of the target or from the reflection of the interference source. The
received signal on the n—th subcarrier at the communication receiving array is

Yen = Wi (YuB@)e(@)" + bouB(Po)er(@o) + byuBP1)e(@) )0 + W,
(4)
where 9%,99 and ¥ are the angles of arrival of the transmitted signal (reception angle of
the communication array), the angle of the desired communication signal and the angle
of the communication interference signal, respectively. y, is the communication channel
coefficient on the n—th subcarrier and obeys CN(O, U)%,n)‘ boy € Clby,, € C) is the

channel coefficient of the n—th subcarrier from the transmitter to the reflectors (target
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and interference source) and then to the communication user.bg, € C (b1, € C) obeys
CJ\/(O, oo n)(CN (0, of, n)). we, € CMr*1is the communication noise vector on the
n—th subcarrier and obeys Gaussian distribution CN (0, 62, 1rzx Mz )

The received signal y., is filtered by w,, to improve the communication SINR on the
n — th subcarrier at the communication receiving array.

2 |w*/3(8*)‘2

*/\/l,,w,, + cr Wiwy,

SINR,,, =

where M,, = E{fnu,,u;f:,} and f, = ao,kﬂ(ﬁo)a(wo)T + alykﬁ(ﬂl)a(wl)T.
The amplitude of the transmitted sidelobes for each pulse is selected from a pre-
designed codebook d; = (dl,lx ey dlyN)T e CN. This codebook consists of L code words
of length N, i.e., D = {d;, ..,d}. The identification of the communication symbol for
the communication user is based on the comparison of the amplitude of the received
signal |y,u| on the n—th subcarrier with L — 1 thresholds. We assume that d; is the com-
munication transmit symbol, during the pulse duration, the expression for the commu-
nication WEP is [17].
’wTﬂ(a*)| |dln - s;'1|2
4(wI,./\/ly,wn + o2,wiw,)

W, = f(L — 1) exp(— man

where d; ,, is a code word different from d .

3 Multi-carrier power allocation algorithm for integrated signals

The objective is to minimize WEP in a DFRC integrated system with beamforming, con-
sidering constraints on radar SINR, PAPR, and total transmit power. The multi-carrier
power allocation scheme P = (a2 Nuall?, .. lun 121F can be derived through the
optimization problem presented as follows [18]

| 2, wiB@")|*|diy — dsn|®
P : arg min {2(L —1)exp ( mmz 4(WI,Man T o2, whw) (7a)

{s1,v1,W}

N | + 2
v Cnu,,}

Cl: > %

HZ:: Vi,V + 02, viv,

N
$£9.C2: 3 gl < P 70

C3:al@u,=dyp,1<n<N,1<l<L
C4: PAPR < 6,

where C1 indicates that the sum of radar SINR should not exceed 0; C2 indicates that
the transmit power cannot exceed Pyy; C3 controls the amplitude of the side flap point-
ing in azimuth to accomplish communication symbol transmission; C4 indicates that the
PAPR cannot exceed d,. In addition, it can be seen from constraint C3 that in order to
transmit log, L bit symbols/pulses, optimization problem (7) needs to be solved L times.
The PAPR is denoted as [19]

Page 6 of 19
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max [lu, >
PAPR= ——1<n<N

1 N 2
N > Nl
n=1

(8)

Since the optimization problem (7) is high-dimensional and non-convex, it is hard to
solve the closed-form solution directly. Drawing inspiration from the algorithm intro-
duced in [20, 21], the divisible structure of the objective function allows for its expres-
sion as follows:

argmin WEP = <arg min WEP, arg min WEP, arg min WEP) 9)

{st1,v1,W1} {wn} {vu} {wn}

To obtain a suboptimal solution of problem (9), i.e., {u}, vi, w}}, an iterative SCRAU
algorithm is introduced, aiming to tackle the three low-complexity sub-problems. Let
{ut, v, w' } denote the solution in the ¢—¢/ iteration, ¢ > 1. Firstly, a feasible initial value
{ud, v, W%} is set and then iteratively solve sub-problems u,,v, and wj. To attain the
solution by the (¢ + 1)—th iterative step, the following iterative optimization procedure
is given:

(1) update %! by fixing v, and w’;

(2) update v: by fixing ul! and w?;

(3) update w' 1 by fixing u’t! and v4, L.

The iteration process stops when the difference between the optimization results in
the (¢ 4+ 1)—th iteration and the t—tk iteration is not more than &.

H‘V;+1(un,vn,wﬂ) — Wlt(un, Vu, w;q) <e¢ (10)

where Wf (4, vy, wy,) denotes the minimum value of WEP obtained in the t—th itera-
tion, and ¢ is a predefined constant used as the stopping criterion for iterations.
A. Radar Transmit Beamformer Update

When v/, and w, are fixed to solve out u},"!, (7a) takes the following shape
t 2 2
t+1 ¢t 1 . N Ur%n (Wf,,) B(a*) |dl,n - ds,n
Wl(un ‘{vn,wn}) = -(L—1)exp [ —min " "
2 s#L T 4((wt) Muwt + a2, (wh) wi,)
(11)
Therefore, when v’ and w’, are fixed, u’,"! can be obtained by solving P;.
t 2 2
. N o2, |(wh) B@*)| |diy — dsnl
Py {uif } = arg min ¢ exp | —min - -
) R it 4((w;) Muwh, + o2, (wh,) w;)

s.t.C1,C2,C3,C4 (12)

Page 7 of 19
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Because of the non-convexity of C1 and C4, the optimization problem (12) is non-convex.
We can transform problem (12) into a relaxed convex problem and subsequently solve it.

1) Relaxation of the objective function in (12)

Since SINR, , is non-convex in the objective function (12), we perform a convex transfor-
mation on SINR, ;. Firstly, SINR, , can be rewritten as

&
SINR y = ———
cn Wl Gl + £ (13)
where ¢!, = o2, |(w!)TB(3*) gl = o2, (wZ)erfq and G, = fiw!, (w;)T(fZ)Jr In accord-

ance with the linear approximation from the first-order Taylor series expansion [22]
0 0)? 0
1/ > 1/x —1/(x) (x—x) (14)

where the equation holds true when x = x°. Subsequently, according to (14), it can be
derived that

t 1 _ ()"l (wn — )
| ) G () g+ 1)

SINRc > & (15)

where u!, denotes the transmit beam formation vector obtained in the previous iteration.
The objective function (11) is equivalently replaced by (15), i.e.,

N \fat t
)] 1 u,) G, (u, —u
exp _?;?ZZ;Z N i t - ">2 (16)
| ) G () gt 451
2
where n; = |dl,,, — ds,,,} .
2) Relaxation of C1 in (12)
To solve out u’ ! by fixing v/, and w’, we rewrite C1 as
N ’(Vt)TH u ’ N oyl (vt)JrH 2u
n“n n n
SINRyy = . =y 7 >9n  (17)

=) W o, ()Y T+ o2, (V)

where 7, = E {H Vs (v)'HE, } The following Eq. (18) is obtained by shifting the
terms left and right on both sides of the inequality.

rm n’n

uL|vI,Hn|2un - Si(uz’fnun + ol viv ) >0 (18)

3) Relaxation of C4 in (12)

From [19], constraint C4 can be recast as
5. N
+ 4 t
1, Qutty — z:l ubu, <0 (19)
n=

where

Page 8 of 19
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0, ) 1, mi =nandny =n
nii, 112) = 0, otherwise (20)
We use the first-order expansion condition to obtain
uu, > (uﬁ,)Tuf, + 2Re{ (uﬁ,)tufz - u;r,u,,} (21)
According to (19) and (21), the constraint C4 can be equivalently replaced as
) N t t
u! Quu, — ]\71; X Z ((uZ) ul, + 2Re{(uf1) ul, — uI,u,,}) <0 (22)
n=1
Problem (12) can be formulated as the relaxation problem presented below
N t\fot t
1 —
{uﬁ["l} = arg minexp { — min % Z " T - (Mn) O (un u,,>2
() A4 () Gl + & ((ut)'Geout + 1)
s.t.(18),C2,C3, (22) (23)

The convexity of the optimization problem (23) enables the acquisition of its optimal
solution through the utilization of the CVX toolbox [23].

B. Radar Receive Beamformer Update

When u:+! and w', are fixed to solve out v:+1, vi+1 can be obtained by (24)

12 112
1) _ ‘VIan”51+ ‘ _ ’VLH”u£1+ }
Ve | =argmax ——- S =argmax ———— 5
wa) ViV, Vet oL,V vn vu}  Vn (1!!,1 + o7 dmg XMR)VVI
(24)
The optimization problem (24) can be equated to the minimum variance distortionless
response (MVDR) beamforming problem [24]:

P, : arg min [VL (1[!,4 + GZnIMRxMR)Vn}
{vn}

S.t.

V:,C,,uffl‘ -1 (25)

Therefore, the local analytic solution of v is

t+1 2 -1 t+1
pitl — ( n T Gr,nIMRXMR) Hyu, (26)
n - + ~1 26
t+1 T (gpt+1 t+1
(un ) H(¥4h +Gr2,nIkaMR) H,u;,
C. Communication Receive Beamformer Update
When u:+! and vi*! are fixed to solve out w’,"!, wi*! can be obtained by (27)
2 t |2 2 t N
t+1 thn|lvnlg(a )’ C,hnyvvn}g(a )‘
w, | =argmax —— 5 S = argmax ;
{w,} W,,Mn Wy + ac,nwnwl’l {w,} W;El ( ;tq+ + GCZ,MIMRXMR) wy

(27)

Page 9 of 19
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The optimization problem (27) can be equated to the MVDR beamforming problem:

Ps arl{g nr;in [WL (Mffl + O’Cz,nIMRxMR)Wn}
Wy
s.t.ar%n|wzlﬁ (0] =1 (28)

t+1
n

Therefore, the local analytic solution of w ™ is
-1
witl — (MZH + Gcz,n X IMcxMc) B(*)

n -1
BN (M + 02, X Tucxme ) BO)

D. Algorithm Complexity and Convergence Analysis

1) Algorithm Complexity Analysis

The complexity of the proposed SCRAU is related to N, the dimension of u,,v,,w,
and the number of iterations. The relaxed convex problem (23) is solved using the
interior point method (IPM) (via the CVX toolbox) during the t—th iteration to get
u!. Its computational complexity is O(NM3°)[25, 26]. v, and w!, are obtained from
problems (25) and (28), respectively, and the computational complexity of both is
O(NMI%). Therefore, for each iteration, the computational complexity of SCRAU is
O(NM3° + 2NM3).

2) Convergence Analysis

During the t—th iteration, the WEP is non-increasing when optimizing u,, i.e.,
Wi (ul v, wh) < W (ul,|vi, w,); when optimizing v,, the WEP is non-increasing,
ie., Wi(ul [vh,wh) < Wi (vt ul T, w!); since wy, is not an independent variable of
WEP when u, and v,, are fixed, then W (w/™ a1, vi 1) = Wy (viH |ufF1, wh). Thus,
it can be obtained that W;(u,, v, w,) is non-increasing during the iteration process,
Le., Wi (ul ™, vi L, witl) < Wi (ul, v, wh).
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Algorithm 1: Sub-problems convex relaxation alternating update (SCRAU) algorithm

. * 2
Inputs: M, , M, ,M;, ,0,®,0,0,%,%,N,P,,0., 0.,

2 2 2 2 2 g
300 201 30504 30451, >R s

d,,L,6,,¢.
Outputs: WEP and power allocation scheme {H”l T 7 7 e 178 2} in problem (7).
Initialization: {uno} , {v,,o} , {w,,o} and iteration index ? .
while HW,”I (w,,v,,w,) =W (u,,v,,w,)| <& isnot satisfied do
Solve the convex problem (23) to get {u”’”} and{Hul SN 172 17 N 7% 2} ;

Solve the MVDR beamforming problem (25) to get the closed-form solutions {v,,'”} ;

Solve the MVDR beamforming problem (28) to get the closed-form solutions {wn”'} ;

t=t+1

end

Figure 2 illustrates the relationship between WEP and the number of iterations for the
SCRAU algorithm under various radar SINR values and transmit power conditions. In
Fig. 2, with an increasing number of iterations, WEP stabilizes at a fixed value in all three
cases. According to the monotonic convergence theorem, the SCRAU algorithm pro-

posed in this paper is convergent [27].

4 Simulation results and analysis

The efficacy of the SCRAU algorithm is verified through simulation in this sec-
tion. The simulation scenario is shown in Fig. 3. Assume that there is an interfer-
ence source, the target and the interference source are located at angles wp = 0° and
w1 = 60°, respectively. Assume that the number of the total subcarriers is N = 16,
the numbers of transmitting and receiving elements are M7 = Mp,. = Mg, = 16.
The communication receiving array is located at angle 9 = 40°, and L = 2 types of
sidelobe are pre-designed, i.e., —20 dB and —25 dB. From the perspective of the
communication receiving array, it receives desired signals from the communication
arrival angle 9* = 0° and interference signals from angles ¥, = 50° and ¥ = 70°.
Without loss of generality, we assume a noise variance of 1 for both radar and com-
munication, i.e., 0,2,,, = crcz'n = 1. All other channel coefficients are set to 0.01, i.e.,

2

_ 2 _ .2 _ 2 _ : . .
Ouom = Oajn = Chon = Opin = 0.01, meanwhile, the variance of the communica-

tion channel coefficients is set to 1, i.e.,af,n = 1. Assume sufficient frequency spacing
between shared subcarriers for independence of observation noise and signal reflec-
tions. The iteration stopping constant is set as & = 107,

To better understand the intensity distribution of the transmitted signal in differ-

ent directions, Fig. 4 shows the relationship between the normalized transmit power
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Fig. 3 Simulation scenario of DFRC integrated system

distribution patterns and spatial angles for L = 2 transmit beam patterns. Figure 4
shows that the two transmit beams have the same amplitude of the main lobe, this
implies that these two beams have comparable detection ranges. The angle of the
communication receiving array is @ = 40°, and the communication SLLs are —20 dB
and —25 dB, respectively. During the pulse duration, the communication receiving
array determines the corresponding communication symbol by comparing the ampli-
tude of received signal from the side-lope during the pulse duration. In addition, the
presence of a deep null at azimuth w; = 60°, this means that the system can effec-
tively suppress or minimize interference from that direction, thus improving the sys-
tem’s performance and immunity to interference (Table 1).

Figure 5 shows the communication receiving beam when the main lobe direction
is 8* = 0°, and the interference source direction is located in ¥y = 50° and ¥ = 70°.
From Fig. 5, it can be seen that there are deep nulls in both azimuths ¥ = 50° and
t = 70°. This shows that the proposed algorithm can reduce the beamforming of
interference, so that it has less impact on communication. The direction diagram of
the communication receive beam is mainly determined by the azimuths 8*,9¢ and 4.

In order to further delve into the power allocation algorithm of beamforming-based
DERC integrated system, we investigate the adaptive power allocation of all N subcar-
riers under specific channel conditions. A traditional communication system (TCS)
without considering the radar SINR constraint and WEP minimization is used as a
comparison simulation to verify the performance of the DFRC integrated system.
Assuming the state of the communication channel is predetermined. The normalized
communication signal-to-noise ratio (SNR) [12, 28] is as shown in Fig. 6a, i.e.,

10log;, (afyn/crcz’n), where it can be seen that subcarriers 2 and 9 are favorable to the

communication system. Figure 6b shows the channel strength of the desired radar
signal, i.e., 10log;, (aio,n/orz’n); Fig. 6¢ shows the channel strength of the radar inter-

ference signal, i.e., 10log;, (Uij’n/cr,%n), where subcarriers 3, 4 and 5 interfere more
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respectively

Table 1 Parameter values

Parameter Value Parameter Value Parameter Value
Mr 16 3 0° oo, 001
Mg, 16 a 40° gjym 0.01
Mg, 16 N 16 oo 0.01
Yo 50° L 2 o'sz P 0.01
02 70° wo 0° o, 1

SLLy —20dB w1 60° gén 1

SLLy —25dB J 1 o‘;n 1

strongly with the radar; Fig. 6d shows the channel strength of the communication
interference signal, i.e., 10log;, (051 n/“c%n)

Figure 7 illustrates the multi-carrier waveform power allocation for the DFRC inte-
grated system under TCS, SINR=5, and SINR=10 for the specific channel states
described in Fig. 6. When §, = 2.5, the power allocation results of Py, = 10kw and
P,y = 30kw are shown in Fig. 7a and b, respectively. It is evident from Fig. 7a and b
that, in the case of TCS, the highest power allocation is assigned to subcarrier 2. This is
because the TCS only considers the communication channel state and does not consider
radar SINR constraints. With radar SINR constraints, the DFRC integrated system con-
siders both radar and communication system channel conditions. When the SINR =10,
the subcarrier 9 is allocated with the most power because the subcarrier 9 has the worst
radar channel state and communication channel is better, thus more power is needed to
meet the constraint of SINR=10. In addition, higher radar SINR requirements result in
a more "uniform’ power allocation across subcarriers.
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In general, under low radar SINR, the allocation of power to subcarriers is predomi-
nantly influenced by the communication channel state. Conversely, under high radar
SINR constrains, the subcarrier power allocation is more significantly impacted by the
radar channel state. By comparing Fig. 7a and b, it is clear that increasing total transmit-
ted power leads to a reduction in power allocation discrepancies between the three sce-
narios. Analysis of Fig. 7a and ¢ shows that when the PAPR constraint is lower, the gap in
the distribution of the transmit power over each subcarrier is smaller. In addition, from
the deep nulls in Figs. 4 and 5, it is evident that the interference channel states of radar
and communication have almost negligible effects on the power allocation.

The proposed SCRAU algorithm is founded upon the sidelobe control information
embedding scheme. To validate the efficacy of the SCRAU algorithm, this study com-
pares its performance with that of the QAM-IE algorithm. The QAM-IE algorithm solu-
tion process is detailed in [29]. The fundamental principle of the QAM-IE algorithm is to
control the amplitude and phase of the sidelobe directed toward the communication user
while preserving the main lobe gain of the radar. The communication receiver demodu-
lates the received signals to determine the corresponding communication symbols.

WEP performance of SCRAU and QAM-IE for 8, = 2.5 with TCS, radar SINR=5 and
10 is shown in Fig. 8. Figure 8 show that TCS achieves the lowest WEP in both SCRAU
and QAM-IE algorithms. TCS, not considering radar performance, allocates transmit
power based on communication channel conditions to minimize WEP. From Fig. 8, it
is evident that an increase in SINR corresponds to an elevated value of WED, i.e., the



Tao and Zhang EURASIP Journal on Advances in Signal Processing ~ (2024) 2024:89 Page 16 of 19

performance of communication accuracy decreases. Increasing the total transmit power
leads to a gradual decrease in WEP under the three conditions. This indicates that a judi-
cious increase in transmit power can effectively reduce WEP, enhancing the reliability of
communication transmission. Figure 8 show that the SCRAU algorithm, with the same
and transmit power and radar SINR, outperforms the QAM-IE algorithm in combating
noise, resulting in a significantly improved WEP performance.

The WEP performance of SCRAU and QAM-IE for radar SINR=10 with §, = 2.5and
8p = 2.11is visualized in Fig. 9. It is clear from Fig. 9 that the increase in total transmitted
power is associated with a decrease in WEP. When §, = 2.5, the performance of WEP is
better. This is due to the fact that the over-restriction on PAPR allows for a more uniform
allocation of subcarrier power in specific channel states as shown in Fig. 7. This restric-
tion prevents the DFRC system from adequately considering and accurately achieving
the goal of minimizing the communication WEP, which leads to an increase in the WEP.
In all cases, the WEP values obtained by the SCRAU algorithm are lower than those of
the QAM-IE algorithm. The reason for this difference is that the SCRAU algorithm per-
forms adaptive power allocation based on the channel state conditions with the aim of
minimizing the communication WEP while meeting the radar performance constraints.
The SCRAU algorithm improves the reliability of the communication transmission and
ultimately optimizes the overall performance of the DFRC system. On the communica-
tion side, reducing the WEP helps to ensure the integrity and accuracy of data transmis-
sion. On the other hand, the QAM-IE algorithm uses a single carrier waveform and does
not consider the radar communication coupling of the DFRC system.

The realization of this result can be attributed to several key factors: (1) the pro-
posed method, by modulating in specific directions, mitigates interference from other
directions, thereby enhancing the system’s performance in complex environments; (2)
the method in this paper results in higher achievable rates as well as larger distances

WEP (log scale)

—6— QAM(SINR=10) 1
107 F SCRAU(SINR=10) 4
SCRAU(SINR=5) 3
SCRAU(TCS)
—— QAM(TCS)
1 0-6 T T T I L L L I

10 20 30 40 50 60 70 80 90 100
Total Power(kw)

Fig. 8 WEP performance of SCRAU and QAM-IE for 8, = 2.5with TCS, radar SINR=5 and 10
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Fig.9 WEP performance of SCRAU and QAM-IE for radar SINR=10 with §, = 2.5and §, = 2.1

between symbols in the symbol space on the subcarriers, which reduces the commu-
nication word error rate; (3) the modulation method in this paper is easier to integrate
with the radar system for radar and communication integration; (4) QAM-IE optimizes
only the transmit beamforming vectors while higher gain is obtained by optimizing the
transmit and receive beamforming vectors; (5) the SCRAU algorithm adaptively allo-

cates power according to the specific channel state.

5 Conclusion

This paper thoroughly investigates the adaptive power allocation problem in dual-func-
tional radar-communication (DFRC) systems. We formulate the optimization criterion
as a minimization of word error probability (WEP) under constraints of radar signal-
to-interference-noise ratio (SINR), total transmit power, peak-to-average power ratio
(PAPR), and sidelobe information. To address the non-convex nature of this problem,
we introduce the subproblem convex relaxation alternating update (SCRAU) algorithm,
which decomposes the original problem into three sub-problems: (1) dual-function
transmit beamforming vector optimization subproblem; (2) design of the radar receive
beamforming vector; and (3) design of the communication receive beamforming vector.
We prove the decrease and boundedness of WEP, ensuring the convergence of the algo-
rithm. Finally, we compare the SCRAU algorithm with the quadrature amplitude mod-
ulation information embedding (QAM-IE) algorithm under various radar SINR, total
transmit power, and PAPR conditions. Numerical results demonstrate that the SCRAU
algorithm effectively improves WEP performance, enabling adaptive power allocation by

jointly considering radar and communication channel states.
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A future research direction to consider: in our simulations and analyses, the power
limit is set to be fixed within a single pulse duration. Future work will further explore
optimization strategies for power allocation under different PRI conditions to ensure
system performance under various operating conditions.
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