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Abstract—In this paper, we explore a multiple-input multiple-
output (MIMO) system with orthogonal frequency division mul-
tiplexing (OFDM) transmissions and study the low peak-to-
average power ratio (PAPR) MIMO-OFDM waveform design
for integrated sensing and communications (ISAC). This is
done by utilizing a weighted objective function on both com-
munication and radar performance metrics under power and
PAPR constraints. The formulated optimization problem can be
equivalently transformed into several sub-problems which can be
parallelly solved by the semi-definite relaxation (SDR) method
and the optimal rank-1 solution can be obtained in general. The
feasibility, effectiveness, and flexibility of the proposed low-PAPR
MIMO-OFDM waveform design method are demonstrated by a
range of simulations on communication sum rate, symbol error
rate as well as radar beampattern and detection probability.

I. INTRODUCTION

The critical shortage of spectrum resources has driven the
spectrum reuse between radar and communications, which
has been regarded as a promising way for achieving a win-
win policy for both sides. As a step further, with shar-
ing one set of hardware equipment and signal processing
frameworks for communications and radar, dual-functional
radar-communication (DFRC) design provides a cost-efficient
solution for achieving integrated sensing and communications
(ISAC), which have drawn great attention from both academia
and industry [1-4]. DFRC systems aim at fulfilling wireless
communications and radar detections simultaneously through
designing a single transmitted waveform. Recently, more atten-
tion is focused on DFRC systems with joint DFRC waveform
design [5,6] to guarantee both sensing and communication
performance, which is not limited by any existing radar
or communication waveforms and is promising to achieve
scalable performance trade-off between the two functionalities.

As a key enabler for 4G and 5G wireless networks, the tech-
nique of orthogonal frequency division multiplexing (OFDM)
is part of communication standards and has been studied exten-
sively [7, 8]. Actually, OFDM has also recently been exploited
for radar sensing [9-11]. The orthogonal property of OFDM
waveform fulfilled by the discrete Fourier transform (DFT) and
inverse DFT (IDFT) operations at transceivers can facilitate
signal processing for both communications and radar sensing.
Even though OFDM waveform is an excellent candidate for
joint design of DFRC systems, one major disadvantage of
OFDM waveform is high peak-to-average power ratio (PAPR)
which should be effectively dealt with. Otherwise, high PAPR
may cause non-linear distortion of the transmit signals and lead
to radar/communication performance degradation considering

the limited linear region of the low-cost power amplifiers [12,
13]. However, to the best of our knowledge, most of the DFRC
OFDM systems in the state-of-the-art literature have not taken
the PAPR constraints into consideration, especially for the
joint design DFRC systems.

II. SYSTEM MODEL

We consider a wideband DFRC MIMO-OFDM system,
where a DFRC-BS equipped with a uniform linear array
(ULA) of Ni-antenna transmits DFRC waveforms, aiming at
serving K downlink single-antenna user equipment (UEs) and
sensing M far-field targets simultaneously. Our objective is
to effectively design the transmitted DFRC MIMO-OFDM
waveform under transmit power and specific PAPR constraints,
so as to obtain desirable low-PAPR DFRC MIMO-OFDM
waveform achieving satisfactory performance tradeoff between
communications and radar functionalities.

A. DFRC MIMO-OFDM Waveform Formulation

We assume that the wireless communication channels are
with the memory of U — 1, i.e., each has U effectively non-
zero channel taps. In addition, the length of the effective
data symbols in each block is Ny which need modulate Ng
subcarriers for transmissions [7], and we denote the index of
symbols/subcarriers as n € Ny = {1,---, Ns}. In order to
eliminate inter-symbol interference (ISI) of wideband multi-
carrier transmissions, the standard OFDM technique of cyclic
prefix (CP) is utilized [8]. The length of CP is denoted as N,
with N. > U — 1, and thus the total number of time-domain
samples per block is N = Ng+ N,. Without lose of generality,
we use N. = U — 1 in this paper.

1) Symbol Data and Preoding Model: Let

S=[S{,--,Sy,|" e CNHxE (1)

represent the symbol data matrix for all UEs of k € K =
{1,---, K} on Nj subcarriers, transmitted during a communi-
cation frame with length L.! Here, S,, = [Sn1,- - 7sn}K]T €
CH*L is the symbol matrix for all UEs on subcarrier n € N
with s, ; € CL*1 being the specific symbol vector for user
k. In addition, W = diag(W1,--- , Wy, ) € CNsNexN:K g
the compact precoding matrix for all UEs on all subcarriers
where W,, = [w,, 1, -+, Wy, i] € CNV*E ig the precoding
matrix for all UEs on subcarrier n € Ny with w,, j, € CNex1
being the specific precoding vector for user k.

1L, is the length of the radar snapshot/communication frame, corresponding
to the number of OFDM symbols in the time domain.



The transmit symbol data S is first precoded by W in the
frequency domain and then converted to the time domain by
IDFT operation before subcarrier modulations. We further use

X, =WS=[X], - Xy ]t eCVNxt (2

to indicate the baseband precoded symbol matrix on all
subcarriers before the IDFT processing where X,, = W,,S,, €
CNexL for n € MN,. We denote F, € CN-*Ns a5 the
normalized DFT matrix for data transmissions with

s _ L 2oy

n,m \/Me (3)
being the (n, m)-th element of Fg for n,m € N. The IDFT
processing at the transmitter of the DFRC-BS is operated
by (FI' @ Iy,) € CNsNexNeNe congidering the fact that the
ULA array is equipped with Ny transmit antennas. Hence, the
transmitted time-domain data signal waveform after IDFT can
be further expressed as

G2 (F'@In)X, =[G],--- Gy ]T e CVNxE @)

where G,, = (f!, ®1Iy,)X, € CNe*% is the transmitted DFRC
MIMO-OFDM 51gnal from NNy antennas on the n-th subcarrier
with £, ,, € CN=*! being the n-th column of Fy corresponding
to the (DDFT operations on the n-th subcarrier.

2) DFRC MIMO-OFDM Waveform with CP: The next step
is adding CP with size N, = U — 1, which is crucial for
eliminating the ISI caused by multi-path frequency-selective
fading. It is operated by repeating the last N, symbols at the
beginning of the original symbol sequence [14]. We denote
XyJh e CE (5)
Fo=[f N Not1, s No—Not2, - LT N, € CNaxNe (6)
and let X = [XI, X" € CNNxL and F = [F.,Fy] €
CN*N then the transmitted DFRC MIMO-OFDM waveform
after adding CP can be expressed as

G AL (FH ®INt)X c CNNth

_ T T
XC - [XNS—NC+17XNS—NC+2a Ty

T T T T T 1T
= [GN57N0+17GN57NC+27' o 7GN53G1 [ 7GN§] ) (7)

recalling that N = N, 4+ N;. Through operating the IDFT
and adding the CP at the transmitter side, the effects of ISI
caused by frequency-selective fading can be eliminated after
removing the CP and operating the DFT at the receiver side.

B. MIMO-OFDM Communication Model

1) Overall Downlink Channel and Received Signal: After
adding the CP, the signal is then up-converted to the radio
frequency (RF) domain through subcarrier modulations for
transmisgion via Ny RF chains connected to Ny antennas. We
denote H, = [h,, ,hi  JT € CF*Ne as the channel
matrix of the u-th tap for u € U = {0,--- ,U — 1}, where
h;., € CPNe ~ CN(0, £1y,) is the corresponding channel
vector for UE k € K with independent identically distributed
(i.i.d.) Rayleigh fading coefficients.

Lemma 1. The overall effective downlink channel matrix
of the DFRC MIMO-OFDM system on the n-th symbol sub-
carrier can be written in frequency domain as [7, 14]

U—-1

~  j2ru(n—1)

H, = E H,e Ns
u=0

Vn € Ns. (8)

Also, we have H,, = [hi,,--- hi 1T € CK*N with
j2mu(n—1) c ClXNt

b, = S0 g hy,e” M . In addition, the
received signal of symbol data sequence can be expressed as

Y, = H.X, + Z, € CV:F7F ©)

where Hy = diag(Hy,--- ,Hy,) € CNEXNNe gnd 7, €
CN-KEXL js the additive white gaussian noise (AWGN) with
i.i.d. random variables following CN(0,0?).

2) Multi-user Interference (MUI) and Sum Rate: The
downlink MU-MIMO OFDM transmissions will induce MUI,
which will have great effects on the performance of the achiev-
able sum rate and the symbol error rate (SER). Assuming that
the data symbols for all UEs of k£ € K on all subcarriers of
n € N, follow the same constellation modulation, we can
re-express the compact received signal in (9) as

Y= S +(HX;—S)+ Zg, (10)
Signal MUI Noise
where H; X — S represents the MUI signals caused by multi-

user transmissions [15]. The signal-to-interference-plus-noise
ratio (SINR) of UE k € K on subcarrier n € N per frame
can be further expressed as

E{lsy,.°}
E{|hk,nxn,l - SiL’k‘Q} + 0'2’

SINRj, = (11)

where sln’ & 18 the [-th element of the symbol vector s,, 3, and
X, € CNex1 s the [-th column of the precoded symbol
matrix X,, for all UEs. The expectations in (11) are taken
with respect to (w.r.t.) the time index [ € £ = {1,---, L} [5],
and E{|s! ,|?} is fixed with given constellation mode. Hence,
the maximum achievable sum rate of the K downlink UEs on
subcarrier n can be given as R,, = Zn 1log, (1 + SINRg ,,),
and the average sum rate/spectral efficiency of the MIMO-
OFDM system is measured as R = Ni 22[21 R

Note that the MUI is an important performance metric of
the DFRC MIMO-OFDM system which should be minimized
from the perspective of communications, so as to increase the
achievable sum rate and decrease the SER. To this end, in the
following we employ the MUI as our objective/cost function

for enhancing the communication performance of the DFRC
MIMO-OFDM system, given as

min [H.X, - 8. (12)

C. MIMO-OFDM Radar Model

1) Radar Beampattern: Radar beampattern is a crucial
indicator for measuring the radar detection and tracking per-
formance. Note that designing MIMO radar beampattern can
be equivalently transformed into designing the probing signal
waveform since the radar beampattern is highly related to the
covariance matrix of the probing waveform [5, 16]. For the
considered DFRC MIMO-OFDM system, the transmit radar
beampattern versus the detection angle 6 is written as

Ba(0) = 5 Z a

)R na(b), (13)



which is averaged on the N; subcarriers. Here a(f) € CNe*!
is the transmit steering vector given as

.N¢—1 . . Ny—3 .
a(e): e d t 7rs1n97€—] t—msin 6

CNg+1 . T
> sin 6
yoee,el 2 T ]

, (14

under the assumption that even number of transmit antennas
are equipped at the DFRC-BS ULA and the center of the ULA
is chosen as the reference point. In addition, Rg ,, € CNt>*Ne
is the effective spatial covariance matrix of the transmit
waveform on the n-th subcarrier for n € N, given as
R, = $G,GH. In order to ensure that {Rq,, }nen; are
positive-definite, we assume that the frame length satisfies
L > N, which is easy to achieve in the considered wideband
scenario with approximately time-invariant channels.

2) Radar Detection Probability: From the perspective of
radar, another important performance indicator is the detection
probability. We first express the radar received target echo
signal at the [-th snapshot/frame as

y; = aX(0)g +z" € CNNext 15)

which is an expanded radar received echo vector considering
the Ny ii.d data streams on the Ny subcarriers for [ € L.
Here, o is the complex path loss of the radar-target-radar
path, g = (FI @ Iy, )xs; € CNsNeX1 with %, ; € CNsNext
being the [-th column of the precoded signal matrix X, and
z' ~ CN(0,0%In.n,) is ‘the AWGN for radar reception. In
addition, Y() = Iy, ® Y(0) € CNNexNeNe with Y () =
a,(0)af (0) € CNe*Nt where a,(0) and a, () are the transmit
and receive steering vector with a,(0) = a;(0) = a(0).
Based on the Generalized Likelihood Ratio Test [5, 17], the
asymptotic radar detection probability can be written as

Ppo=1-Fxz((Q) =1—Fxz (S;(;(l - Pf)) , (16)

where Pt = 1 — Fx2(() is the false alarm rate and §y; is
the chi-squared cumulative distribution function (CDF) with 2
degrees of freedom (DoFs). In addition, the function §xz(,)
in (16) is the non-central chi-squared CDF with 2 DoFs and
the non-central parameter p is defined as

p= Lla*Pltr (Y(O)RcYH(0)(021)7 1)
= SNRgtr (Y(0)Rc Y (0)), (17)

where Py is the power of the DFRC MIMO-OFDM probing
waveform and Rg = %GGH € CNsNexNoNu T addition, the
signal-to-noise (SNR) ratio of the radar received target echo
signal is denoted as SNRy = Llc:fi‘:P‘ [17].

To design our DFRC MIMO-OFDM waveform, we employ
a desired benchmark of the MIMO-OFDM radar waveform,
denoted as Go = (F! @ Iy, )X, 0 with X being the radar
waveform before IDFT operation, which is capable to achieve
desirable detection probability. One such benchmark waveform
of Gg can be obtained by leveraging the Directional Beampat-
tern Design [18]. From the viewpoint of radar performance, it
is beneficial to make the DFRC waveform G = (Fl®1y, )X,
to be as close to G as possible. Hence, the objective/cost
function for enhancing the radar performance of the DFRC
MIMO-OFDM system is given as

win [(FY @ In,)X; — Go||5- (18)

III. Low-PAPR DFRC WAVEFORM DESIGN

PAPR is defined as the ratio between the maximum power
and the average power of the complex passband signal [8],
which should be effectively restrained in the practical OFDM
systems with low-cost non-linear amplifiers. Based on the re-
sults in [8, 12], PAPR levels can be accurately measured if the
discrete-time signals are Y-times interpolated (oversampled)
with T > 4. Our aim is to elaborately design the DFRC
MIMO-OFDM waveform matrix Xg € CNsNeXL (o achieve a
desirable performance tradeoff between communications and
radar detections under the low-PAPR and power constraints.

A. PAPR of the DFRC MIMO-OFDM Waveform

We first formulate the power allocation constraint on each
frame/snapshot [ € L as

2
H(FH®1M)5¢ZH2 — P, VieL (19)
where x; € CNNexl ig the [-th column of X and P, is
the transmit power budget for each frame/snapshot. Here, the
equality power allocation constraints are leveraged due to
the fact that the radar is usually required to transmit at its
maximum available power in practice.

Considering an oversampling rate T > 4, the correspond-
ing IDFT of each transmit antenna should with YNy input
and output points. We further denote F,, € CYN-xTN:

as the normalized oversampling DFT matrix where I} =
27 o

\/%e_j 775 C=Dm=1) g the (i, m)-th element with index
iym € Nos = {1,2,--- ,TNg}. In addition, the precoded

symbol matrix should be Y-times interpolated with O as
XOSZ[X}‘7"'7X%S/27 07 T 07
————

TN—1 Oy n,

T
X%S/%le .. vXJTJS] € CTNNXL, 20)

considering even number of subcarriers Ng, then the over-
sampled IDFT output can be written as (FIL ® Iy, )Xos €
CTNsNexL Hence, the PAPR constraint of the oversampled
discrete-time signal for the DFRC MIMO-OFDM waveform

after IDFT can be expressed as

2
max [[(F5 9 In,)Xar] |

PAPR(Xos) = —

- . 2
vz || (B © Lv) X |
2
H
o e (PR e T0Xe],

. .12
e o]
2
max ‘

H
® il ‘ [(FOS ® INt)XOS]%l

i <e, 2n

n,

where ¢ € [1, NNV is indicated as the maximum allowable
PAPR threshold of the DFRC MIMO-OFDM system, and v €
Nost ={1,--- ,TNsN;}, I € L. In addition,

Fos = [FS,, Fog] € CTNX (TNt Ne) (22)

XOS = [(ng)Ta Xg;] S (C(TNS+NC)NtXL (23)

with F¢, € CTNsxNe and X¢, € CNe*Me being formulated
by the last N, columns of F,¢ and the last N.N; rows of



Xos. respectively. It is easy to observe that XS, = X, in the
practical scenario where N, < N,/ 2.2 In (21), (a) and (b) can
be easily verified based on the fact that

& O TIv ) Xasl |y = (P! @ Tv) X[ = 2R, 24

Sl
Hence, the PAPR constraint in (21) is equivalent to the set of
PAPR constraints given beIOW'

2
‘[(FH D In)Xee] || < oL Yy €Ny, V€L (25)

- N N

It is easy to note the effective elements of the oversampled
matrix X,s € CTNeNeXL in (20) are exactly the elements
of the original precoded symbol matrix X, € CNsVe XL For
utilizing the PAPR constraint (25) and facilitating the formu-
lation of the optimization problem with the effective matrix
X, one challenging lies in transforming (FIL ® I,)X, in
(25) into a function of Xj, which is also a key step for
simplifying the problem solving process and reducing the
computational complexity. To this end, we further denote an

equivalent oversampling DFT matrix Fo, € CTVsXNs a5

%l’

efj'rN (n 1)(m 1)
Vv Ns
Ny
~ TL:]_, 777 :17 7TNsa
Fos = 1 . (26)
e J T]"\;s ('I‘Ns71\75,4»('r171))(m71)7
VN,
Ny
n:7+1~- Ny, m=1,--- , TNq,
and it is easy to prove that
(FIL @ In,)Xos = (FIL @ Iy, )X, € CYNNexL o (27)

Then the PAPR constraints in (25) can be equivalently trans-
formed into

~ 2
‘ (P oIn X || <~ Vv ENyar, VIEL,

- N Nt
which will be used in the following for problem formulation.

o (8)

B. Problem Formulation

In order to achieve desirable performance tradeoff between
communications and radar under the PAPR and power alloca-
tion constraints, we can formulate the DFRC MIMO-OFDM
waveform optimization problem as

. P 2
(P1) : min ——||HXs —S||. +
3 e I
1—
HGO@ |(FH @ Iy, )Xs — Goll.  (299)
=~ eP,
s.t. ‘[(Fi@lm)xs]%l‘ < Nl\tft’
Yy € Nyst, VI € L, (29b)
. 2
FloIy)x|| =P, VieLl, (29)
¢ 2

where a weighted objective function considering the normal-
ized objectives relating to the performance of communications
and radar is leveraged. It is easy to verify that

’In order to improve the energy efficiency of practical OFDM communi-
cation systems, the number of symbols is usually set to be much larger than
the length of CP, i.e., Ns > N. In the scenario considered in this paper, we
assume that Ng/2 > N.

. 2
| o1y )s|| = el
= | (B2 @ Tne) e[+ || (B © Tv) |

2 2
=glls + [ITegillx
(CNNtxl

(30)

CNSN,xl (CNSN,XI

where g; € . Xs1 € and g; € are
the I-th column of G, Xg, and G, respectively. Here, I'; €
RNsNexNsNe ig defined as

O(N,—Ne) Ny x Ne N,
In.n,

O(N,— NN,

T.=
O NN x (N~ Ne) Ny

€1y
which is utilized to abstract the signals in G; used for CP. We
further divide the equality power allocation constraint (29c)
into two equality power allocation constraints respectively on
the symbol signals and the CP signals as

[(FY @ Iy, ) xq|[2 = ll&ll2 = 8P,
T (F¥ @ Iy, ) xou||2 = ITegi]2 = (1 = B) P,

by introducing a power splitting parameter 5 € (0,1). For
simplicity, we fix § = N* and then we have SP; = IIVV P2
Pfand (1 -pB)P, = CPt £ P¢, which is reasonable on the
basis of average power allocation on data transmissions.

In order to further simplify problem (P1), we denote D =
FE ®1In, € € CNsNexNoNe which is a full-rank matrix with

D' =(F) 'l =F, @Iy, =D (34)

(32)
(33)

Considering G = (FIl @ Iy,)X; = DX, the optimization
variable X can be re-expressed as X, = D™'G. Let Hp =
H, D! € CNsKXNsNe then problem (P1) in (29) with power
allocation constraints (32), (33) can be further rewritten as

P
(PQ):mm—HHDG—SH P1|G = Gol[% (35a)
SISl ’ HG I ’
st [[@G].]* < NN , Vv € Nogy, V€ L, (35b)

lgille = Pr, Vi€ L, (35¢)
ITeglly = P¥, Vi€ L, (35d)

where @ = D D! € CTNsNexNNe with D = FH - Q1y,.
The problem (P2) in (35) can be solved by directly optimizing
G 2 (FE®1Iy,)X,, and we can further simplify the problem-
solving process through the following Lemma.

Lemma 2. Problem (P2) in (35) can be optimally solved
by addressing L sub-problems parallelly as follows

1-— 2
(P3) :m |Hpg: —s z|| & — go.t||"(36a)
() IISH2 HG 1Go|2
£
t. diag(@gigle™) < —L1 36b
s.t. diag(@gig; ©") < NN, TN (36b)
lgll” = Py, (36¢)
|Teg|® = P, (36d)

which corresponds to the frame/snapshot | € L.

Lemma 2 provides a low-complexity method for solving
the problem (P2) in (35). Next, we will focus on solving the
sub-problem (P3) in (36) for [ € L.

3The technique of CP is beneficial to avoid ISI cased by frequency-selective
fading but at the cost of consuming extra energy and thus degrade the energy
efficiency. The effects of adding CP on the degradation of energy efficiency

can be eliminated by enlarging Ny where 8 = % can approach to 1.



C. MIMO-OFDM DFRC Waveform Design

It is easy to verify that the objective function of problem
(P3) in (36) can be equivalently re-expressed in the form of

2
| Ag: — bylf (37)
where A = {“[‘ HE, ”G neols INN}TE C(NsK+Ns N ) X Ne Ny
0 t
and b; = [H\sq S ol 8o '€ COMKENNDXL Moreover,

the minimization of the objective function in (37) without any
constraints can be equivalently transformed into a problem
with an auxiliary parameter £ as follows

2
min HAgl ffbl‘ st le2=1 (38)
g1

Based on this observation, problem (P3) in (36) can be
equivalently reformulated as

. . H x AHA _AHbl 8l
(P4) : 12121 (g, ¢ {—blHA blel } {f (%)
st. diag(@gigl'®") < —-1 (G9%)
t ¢(Ogg! NN T Ns Ny
el = L%, 2%
_ 2
Hrcgl =LF, (35
€2 =1, (39%)

which is a homogeneous quadratically constrained quadratic
program (QCQP) and can be solved by SDR. We denote

/g\ — [g}—l,g*]H c (C(NSNt+1)><17 (40)
G = ggl' € CNMADX(NNAD), (@D

ATA - —AMb| (NN X (NN
Q - |:bHA bel € C 5 (42)
T - THT. On, N, x1 € CONeNAD X (N Ni+1) (43)

¢ 01><N N O
problem (P4) in (39) can be further rewritten as
(P5) : min Tr(QG) (44a)
G

s.t. diag(@GOH) < eh g (44b)

. g S NN, LNy
Tr(G) = PP +1, (44c)
T (L.G) = P, (44d)
GN,N+1,NNe+1 = 1, (44e)
Gr-o, (441)
rank(é) =1, (44g)

through optlmlzmg the hermitian semi-definite matrix variable
G where @ = [@ O'I‘NSNtxl] e CTNs Nex(NaNe+1) By
dropping the rank-1 constraint (44g), problem (P5) becomes
a standard SDP and can be effectively solved by the classic
SDR technique via the existing numerical tools, e.g., CVX.

Lemma 3. If can be proved that the rank-1 solution exist in
general for the SDR of problem (P5) in (44), indicating that
the globally optimal solution of problem (P5) can always be
obtained by solving its SDR without considering the rank-1
constraint (44g), denoted as G° [18].

IV. SIMULATION RESULTS

In this section, simulation results are given to demonstrate
the effectiveness of the proposed methods for designing the
low-PAPR DFRC MIMO-OFDM waveform. The basic simula-
tion parameters are listed in Table I unless specified otherwise.
The obtained results in the following figures are averaged over

1000 Monte Carlo simulations.
TABLE I
SIMULATION PARAMETERS

Parameter Symbol | Value
Number of transmit antennas at the DFRC-BS | Ny 8
Number of subcarriers Ns 16
Number of non-zero channel taps U 4
Length of CP Nc 3
Number of active UEs K 2
Number of targets M 3

The frame length L 128
Power budget for each OFDM symbol Py IW
Oversampling rate T 4

(a) Sum Rate: 8x2 p=0.8 (b) SER: 8x2 p=0.8
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Fig. 1. The average achievable sum rate and SER versus SNR.

1) Performance for Communications: In Fig. 2, the com-
munication performance of average sum rate and SER versus
SNR are shown in scenario of communication priority with
p = 0.8. It is easy to observe that the communication-only ZF-
Power Constrained scheme provides a upper bound while the
radar-only Directional-Strict scheme provides a lower bound
for communication performance. The sum rate and SER for the
proposed DFRC scheme is highly superior to the Directional-
Strict scheme and close to the ZF-Power Constrained scheme.
The average sum rates of all the schemes gradually saturate
as SNR increases due to the fact the noise power gradually
becomes negligible considering the fixed limited signal power
and thus MUI dominates.

5 () 8x2 PAPR=03dB, p=0.2

(b): 8x2 PAPR= 3dB, p=0.2
------- ZF-Power Constrained
----- Directional-Strict
——DFRC with PAPR
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o
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A
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Fig. 2. Radar beampatterns of the waveform versus angles.

2) Performance for Radar: In Fig. 3, the radar performance
of detection beampattern are presented in the scenario of radar



priority with p = 0.2, where three targets of interest with
angles of —m/3, 0 and 7/3 are considered. It demonstrates
the effectiveness of the designed low-PAPR DFRC MIMO-
OFDM waveform in detecting targets. The beampattern of
the proposed DFRC scheme can well match the desired
Directional-Strict scheme and can be enhanced by relaxed
PAPR constraints. For the communication-only ZF-Power
Constrained scheme, the beam gains at all directions are almost
the same which is impossible to detect the interested targets.

(a) Sum Rate vs P,: SNR_=-2dB (b) SER vs P: SNR_=-2dB
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Fig. 3.  The average achievable communication sum rate and SER for

SER=20dB versus the radar detection probability Pp for SNRr=—2dB.

3) Performance Tradeoff: In this section, we try to ana-
lyze the direct performance tradeoff between functionalities
of communications and radar. The communication results
of average sum rate and SER versus the radar detection
probability Pp are depicted in Fig. 4 for SNRg = —2dB.
The six points shown in this figures correspond to p =
[0.01,0.2,0.4,0.6,0.8,0.99]. We can observe that the Pp
requirements are easier to be satisfied since most of the points
are located in the area of Pp > 0.8, and thus the satisfactory
settings of p and PAPR thresholds can be flexibly selected
based on the requirements of sum rate and SER.
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Fig. 4. The empirical CDF of the PAPR (dB).

In Fig. 5, the empirical CDFs of waveform PAPR for the
proposed DFRC scheme and the two benchmarks are provided,
where the PAPR constraints are not considered. It is clear to
see that the PAPR of the DFRC scheme is within the range
of [9,14]dB which are too high to satisfy the strict hardware
requirements. In comparison with the previous simulation
results, we can clearly observe that we can restrain the PAPR
levels of the DFRC waveform to 3dB, 2dB, 1dB and even
0.3dB without too much performance degradation for both
communications and radar, demonstrating the feasibility and
effectiveness of the proposed low-PAPR DFRC MIMO-OFDM
waveform design method.

V. CONCLUSION

In this paper, the low-PAPR DFRC MIMO-OFDM wave-
form design is investigated. A weighted objective function on
normalized communication and radar performance metrics is
minimized under the transmit power and PAPR constraints.
The optimization problem can be equivalently solved by
addressing sub-problem parallelly, and each sub-problem can
be optimally solved by the SDR method satisfying the rank-1
constraint. The simulation results are provided to verify the
feasibility, effectiveness, and flexibility of the proposed low-
PAPR DFRC MIMO-OFDM waveform design method.

ACKNOWLEDGMENT
This work is supported by the U.K. EPSRC under grant
EP/S028455/1.
REFERENCES

[1] A. Hassanien, M. G. Amin, E. Aboutanios, and B. Himed, ‘“Dual-
function radar communication systems: A solution to the spectrum
congestion problem,” IEEE Signal Process. Mag., vol. 36, no. 5, pp.
115-126, 2019.

[2] D. Ma, N. Shlezinger, T. Huang, Y. Liu, and Y. C. Eldar, “Joint radar-
communication strategies for autonomous vehicles: Combining two key
automotive technologies,” IEEE Signal Process. Mag., vol. 37, no. 4,
pp. 85-97, 2020.

[3] F. Liu, C. Masouros, A. P. Petropulu, H. Griffiths, and L. Hanzo, “Joint
radar and communication design: Applications, state-of-the-art, and the
road ahead,” IEEE Trans. Commun., vol. 68, no. 6, pp. 3834-3862, 2020.

[4] J. A. Zhang, F. Liu, C. Masouros, R. W. Heath Jr, Z. Feng, L. Zheng,
and A. Petropulu, “An overview of signal processing techniques for joint
communication and radar sensing,” arXiv preprint arXiv:2102.12780,
2021.

[5] F. Liu, L. Zhou, C. Masouros, A. Li, W. Luo, and A. Petropulu, “To-
ward dual-functional radar-communication systems: Optimal waveform
design,” IEEE Trans. Signal Process., vol. 66, no. 16, pp. 4264-4279,
2018.

[6] X. Liu, T. Huang, N. Shlezinger, Y. Liu, J. Zhou, and Y. C. Eldar, “Joint
transmit beamforming for multiuser MIMO communications and mimo
radar,” IEEE Trans. Signal Process., vol. 68, pp. 3929-3944, 2020.

[71 D. Tse and P. Viswanath, Fundamentals of wireless communication.
Cambridge university press, 2005.

[8] Y. S. Cho, J. Kim, W. Y. Yang, and C. G. Kang, MIMO-OFDM wireless
communications with MATLAB. John Wiley & Sons, 2010.

[9] C. Shi, Y. Wang, F. Wang, S. Salous, and J. Zhou, “Joint optimization

scheme for subcarrier selection and power allocation in multicarrier dual-

function radar-communication system,” IEEE Syst. J., vol. 15, no. 1, pp.

947-958, 2021.

T. Tian, T. Zhang, L. Kong, and Y. Deng, “Transmit/receive beamform-

ing for MIMO-OFDM based dual-function radar and communication,”

IEEE Trans. Veh. Technol., vol. 70, no. 5, pp. 4693-4708, 2021.

M. E. Keskin, V. Koivunen, and H. Wymeersch, “Limited feedforward

waveform design for OFDM dual-functional radar-communications,”

IEEE Trans. Signal Process., vol. 69, pp. 2955-2970, 2021.

S. H. Han and J. H. Lee, “An overview of peak-to-average power

ratio reduction techniques for multicarrier transmission,” IEEE Wireless

Commun., vol. 12, no. 2, pp. 56-65, 2005.

G. Wunder, R. F. Fischer, H. Boche, S. Litsyn, and J.-S. No, “The

PAPR problem in OFDM transmission: New directions for a long-lasting

problem,” IEEE Signal Process. Mag., vol. 30, no. 6, pp. 130144, 2013.

B. Muquet, Z. Wang, G. Giannakis, M. de Courville, and P. Duhamel,

“Cyclic prefixing or zero padding for wireless multicarrier transmission-

s?” IEEE Trans. Commun., vol. 50, no. 12, pp. 2136-2148, 2002.

S. K. Mohammed and E. G. Larsson, “Per-antenna constant envelope

precoding for large multi-user MIMO systems,” IEEE Trans. Commun.,

vol. 61, no. 3, pp. 1059-1071, 2013.

J. Li and P. Stoica, MIMO radar signal processing.

Sons, 2008.

I. Bekkerman and J. Tabrikian, “Target detection and localization using

MIMO radars and sonars,” IEEE Trans. Signal Process., vol. 54, no. 10,

pp- 3873-3883, 2006.

X. Hu, C. Masouros, F. Liu, and R. Nissel, “MIMO-OFDM dual-

functional radar-communication systems: Low-PAPR waveform design,”

arXiv preprint arXiv:2109.13148, 2021.

[10]

[11]

[12]

[13]

[14]

[15]

[16] John Wiley &

(17]

(18]



