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Abstract—This paper investigates the problem of the collab-
orative sensing sequences for distributed orthogonal frequency-
division multiplexing (OFDM) base stations (radars) with aim
of low auto-correlation and cross-correlation levels. Considering
the constraints of characteristics of OFDM waveforms, peak-
to-average power ratio (PAPR) and energy of the OFDM se-
quences, the optimization problem is established by minimizing
the weighted integrated sidelobe level (WISL). Since the resultant
problem involves a nonconvex fourth-order objective and a non-
convex constraint, it is difficult to obtain a closed-form solution.
Towards that ends, an efficient iterative method based on the
alternating direction method of multipliers (ADMM) algorithm
is devised to solve the problem. Finally, the WISL property of
the designed sequences is verified by numerical simulations.

Index Terms—Collaborative OFDM sequences, distributed
radars, time-frequency structure constraint, weighted integrated
sidelobe level (WISL)

I. INTRODUCTION

In recent years, distributed sensing base stations have gar-
nered increasing research interest due to their ability to achieve
spatial diversity gains through spatial multiplexing [1]. In the
distributed sensing base stations, the distribution of stations at
different spatial locations gives rise to different angles relative
to the target, thereby achieving spatial multiplexing gain and
geometric gain. Distributed radar typically transmits orthogo-
nal signals to distinguish the transmitted signals from different
radar stations by matching and separating the received data,
thereby preserving target information more effectively [2].

Typically, effective orthogonal signal energy emphasizes the
design of waveforms with low autocorrelation sidelobes after
distance compression [3] [4]. Early orthogonal code design
mainly focused on the construction of phase codes with low
autocorrelation properties. For example, researchers in [5] used
a genetic algorithm to optimize orthogonal polyphase codes.
With the development of optimization theory, the design of
orthogonal waveforms with continuous phase codes has also
attracted widespread attention. In [6] [7], a weighted new
cyclic algorithms was proposed to indirectly optimize the
weighted integrated sidelobe level (WISL) of the waveform.
In [8], a nonlinear alternating direction method of multipliers
(Nonlinear-rADMM) was proposed to directly optimize the
WISL of the waveform, achieving lower correlation sidelobe
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levels compared to [6]. However, these methods mainly ad-
dress situations involving constant modulus waveforms. For
non-constant modulus waveforms, such as orthogonal fre-
quency division multiplexing (OFDM) signals, they are no
longer applicable [9].

Compared to traditional radar waveforms such as linear
frequency modulation (LFM), OFDM waveforms offer ad-
vantages such as higher range resolution [10], lower Doppler
sensitivity [11], stronger anti-jamming capabilities [12], and
waveform diversity [13], making them suitable for radar
detection. However, the phases of the subcarriers in an OFDM
waveform are independent in the frequency domain, which
means they can be combined constructively or destructively
[14]. This results in a large dynamic range for the time-domain
OFDM waveform, and its peak-to-average power ratio (PAPR)
is typically high [15]. In [16] [17], a joint transceiver design
method is proposed to minimize the ratio between the peak
value to integrated sidelobe level under the PAPR constraint,
which achieves a trade-off between sidelobe performance and
PAPR performance. However, these methods are designed only
for single OFDM waveform designs and do not consider the
design of orthogonal waveforms for distributed OFDM base
stations.

Based on the above analysis, this study investigates the
design of distributed OFDM radar waveforms with low cross-
correlation sidelobes for cooperative sensing. Firstly, the WISL
formulation of distributed OFDM base stations waveforms is
derived and used as the objective function to establish an
optimization problem, while also considering constraints such
as time-frequency structure, PAPR, and energy allocation. A
solution process based on the alternating direction method of
multipliers (ADMM) method is proposed according to the
above analysis. Finally, simulation results demonstrate the
low cross-correlation sidelobe performance of the designed
distributed OFDM waveforms.

Notation: a and A denote a vector and a matrix, respec-
tively. (-)*, ()7 and (-)¥ separately stand for the conjugate,
transpose and conjugate transpose operators. CNXN represents
the sets of N x N complex-valued matrices. vec(A) denotes
the vectorization of matrix A. Iy denotes the N x N identity
matrix and ® denotes Kronecker product, respectively.

II. SIGNAL MODEL AND PROBLEM FORMULATION

In this section, we first present the signal model for the
distributed OFDM base stations considered in this study. Sub-

EUSIPCO 2025



sequently, an optimization model is formulated with the min-
imization of WISL as the objective function, time-frequency
structure, PAPR, and energy constraints as conditions.

A. Signal Model

Assume the number of base stations (BSs) in the distributed
OFDM base stations is M and the OFDM waveform trans-
mitted by each BS contains N subcarriers. The frequency-
domain signals from all stations can be represented as s =
[sT,sT...,sT]T, where Sm = [Sm1,...,Smn]  denotes the
frequency-domain signal of the m-th station. Similarly, the
time-domain OFDM sensing waveform for the M stations
can be represented as x = [x7,x3...,x%,]T, where x,, =
[Zm (1), ..., 2m (N )]T The time-frequency domain signal of
the m-th station satisfies the following relationship:

X = Fs,, (1)

where F € CV*V s the discrete Fourier transformation (DFT)
matrix (scaled by 1/N)
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Therefore, the time-frequency relationship of all BSs can be
written as

x= Iy @ F7)s 3)

For distributed radar cooperative sensing waveform design,
it is generally desired that the designed waveforms exhibit low
autocorrelation and cross-correlation sidelobes. According to
[8], the integrated sidelobe level (ISL) for distributed OFDM
radar can be defined by the following equation:

M N—-1
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where 7., (n) represents the n-th sample of the autocorrela-
tion of the m-th BS station and r.;,,,,(n) represents the n-th
sample of the time-domain cross-correlation function of the
m1-th BS and ms-th BS, which is defined as:

N
k:17\1[+1 (5)
Tmyms, (M) = Z xml(k)x:ng (k—n)

In practical applications, the WISL is typically expressed in
the following form:
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Eq.(6) can be concisely expressed in matrix form as:
| 2N )
&= on Y IXFCX|; +c (7
p=0

where ¢ represents a constant. X = [x1,Xa..., xp7] € CV*M;
C, £ ATA,, A, = Diag ([1,e777,.. e /«r(N=D]),
wp = 2mp/2N,p = 0,1,...,2N — 1, where A, means
the diagonal matrix of the frequency relationship between
subcarriers and I' means the matrix of the weighted coefficient.
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B. Problem Formulation

In the distributed OFDM radar cooperative sensing wave-
form design problem, we aim to design waveforms with
low autocorrelation and cross-correlation sidelobe levels while
satisfying the following constraints:

1) Energy constraint;

2) The time-frequency relationship of the OFDM waveform;

3) Limit the PAPR of the time domain waveform to improve
the efficiency of the transmitter.

Therefore, the distributed OFDM radar cooperative sensing
waveform design problem can be modeled as

min
X,S,x
s.t.

2N-—-1 I 2
> [XTe,X],
p=0

X = FHS x = vec (X) 9)
|Zn|> <nPm=1,2,...,M,n=1,...,N
xFE,,x=1,m=1,...,.M

where 7 is a parameter that controls the level of PAPR and P
is the average signal power. E,, € MN*MN g the selection
matrix, whose (¢,)-th element (i = 1+(m — 1) XN : mx N
is 1), and the other elements are 0.

Since the problem (9) involves a quartic objective function
with respect to X and quadratic equality constraints with
respect to x, it constitutes a non-convex problem. Therefore,
this paper designs a method based on ADMM to solve this
problem.
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III. PROPOSED METHOD FOR COLLABORATIVE SENSING Substituting (13) into (11), and taking the derivative of the
WAVEFORM DESIGN augmented Lagrangian function with respect to the variable

*

x* , we obtain:

Since the objective function in problem (9) is quartic with or Nt .
respect to X and is difficult to solve, the time-frequency e Z 2D, (S( )) X
relationship of OFDM waveforms X = FHS is utilized p=0

to replace one X with S. As a result,the problem (9) is + pu (xf (IM ®FH) s(k) +u(’“))
transformed into a quadratic optimization problem with respect "
to variables X and S respectively.
v pectively +p0 Y By (Tyy @ F7) s
oN—1 , m=l . Y i}
: H H k H H k
XHSHES Z HX C,F SH2 |:(S( )) ((IM®F ) EXx—-1+ (vfn)) )]
=0 " (14)
st. x=(Iy®@F")s, x=vec(X), Let the derivative be zero, and then we obtain
\xmn|2§pP, m=12 ... M,n=1,...,N, 2N -1
k HY (k
KBy Ty @FT)s=1, m=1,..., M. x = [Z 2D, (S( )) +p I+ py ZE (T @ FH) s#)
(10 p=0
To solve the proplem (10) ?v1th1n the ADMM framework, « (s(k)> (IM o F H)H E g
we treat the equality constraints as penalty terms, thereby
constructing the augmented Lagrangian function for the above { ( I FHY) k) _ (k))
problem as follows: ( M® ) S v
M
2N—1 ) +pv ZEm (IJ\I@FH) S(k) (1— (vr(r]f)) )}
L(x,s,u,v) Z HXH FHSH2 m=1 (15)
By projecting the result of eq. (15) onto the feasible set, x
+ 7 Ix— (Ipy @ Fr)s + u||§ is updated as follows
M Ww7n7L if |$ I2 > P
p?) H H 2 (k+1) — ‘1'mn| ’ 1 mn 7] 16
+? Z:lHX E, (In ®F )S_1+”m||2' Fmn {ifmm otherwise (16)
an 2) Update s:
By minimizing £(x, s, u,v) to update the variables, the (k+ Similarly, to update s, the first term in equation (11) is
1)-th iteration consists of the following update steps (12). transformed into:
X" C,FS|2 = vec (X#C,F8) vec (X" C,F!S)
(k+1) _ i (k) 1®) k)
X = argmin E(x,s ,u’ v ) " H HH
(@ [2<pP =s" (Iw ® X" C,F)
H H
S = argmin £ (x4, 5, u®) o) x (Iy @ XM C,FY) s
s |=1 =s" (I @ FCI XX C,F) s
u(k+1) = u(k) + X(k+1) — (I]W X FH) S(k""l) — SHDp (X) s

H (17)
5§+1) Ugf) + (X(k+1)> E,, (I]u ® FH) gk+D) _q where D, (X) = Iy ® FC;IXXHCPFH.
(12) Substituting (17) into (11), and taking the derivative of the

In the sequel, the solutions to problem (9) are presented. augmented Lagrangian function with respect to the variable
1) Update x: s*, we obtain:
To update x , we first transform the first term in equation 2N (1)
(1 G = > 2D, (x5
p=0
H
X C,FHS|2 = vec” (S"FC,X) vec (S"FC,X) +pu (L @ F)™ [y 0 F) s = (x40 4 u®)]
Iy ® STFC,)" (Iy @ STFC l
=*" (L ©S"FC,)” (L 2 S"FC, ) x o0 Y (T @ B B0
— x (Iy; ® CHFPSSYFC,) x ]
H H *
=x"D, (S)x 13 y [(X(k-i-l)) E, (Ly @ F1)s - (1 _ (Ug;-)) )]
where D, (S) = Iy ® CYFASSHFC,,. (18)
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Let the derivative be zero, we can obtain:

2N -1
Z 2D, (X(k+1)) + Du (IM ® FH)H (IM ® FH)

p=0
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m=1
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19)
Algorithm 1 summarizes the overall algorithm for solving
problem (9) based on the above analysis.

S =

Algorithm 1 ADMM-based Algorithm for solving (9)

Input: The number of BS M, the number of OFDM
subcarriers of each BS N, PAPR constraint 7, maximum
number of iterations K and sidelobe weighting value ;
Initialize variables x(?) g(0) 1(0) 4(0)
Set k=1
while
Update x(*) by solving (15).
Update s(*) by solving (19).
Update dual variables by
u® = k=1 f x® _ (IM ® FH) s(k)
o) =yl 4 ()((’“))HEm (IM ® FH) sk) —1
k=Fk+1.
end while until £ = K.
Output: optimal waveform x .

IV. SIMULATION RESULT

In this section, we will demonstrate the sidelobe perfor-
mance of the designed collaborative sensing waveform through
simulation experiments. The summary of the simulation pa-
rameters is given in Table 1.

TABLE I: Simulation Parameters

Symbol Parameter Value
M Number of distributed BSs 2
N Number of OFDM subcarriers of each BS 64
u® Dual variable initial value 0
v(0) Dual variable initial value 0
Pu Penalty factor 100
Po Penalty factor 10
n PAPR constraint 2
K Maximum number of iterations 100
v =1 Sidelobe weighting region 1 €[0,30]

Fig. 1 shows the convergence curves of the proposed
algorithm. Fig. 1 (left) illustrates the changes in the residual
norm and the residual threshold with the number of iterations.
From the left figure, it can be observed that the residual norm
becomes smaller than the residual threshold after fewer than

100 iterations, satisfying the stopping condition. Moreover,
Fig. 1 (right) demonstrates that the objective value in (10)
of the proposed algorithm increases monotonically with the
number of iterations and finally converges.
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Fig. 1: iteration curve.

Fig. 2 depicts the normalized correlation sidelobe level char-
acteristics of the initial phase random waveform, the algorithm
in reference [8] (denoted as constant modulus waveform), and
the proposed algorithm. From the simulation results, it can
be observed that both the algorithm in reference [8] and the
proposed algorithm achieve relatively lower relative sidelobe
levels within the region of interest. Moreover, the algorithm
proposed in this paper achieves lower relative sidelobe levels
compared to the algorithm in reference [8], which is attributed
to the additional degree of freedom introduced by the change
from the constant modulus condition in the time domain to a
PAPR constraint.

Fig.3 shows the characteristic of correlation sidelobe when
the weighting factor is v, = 1,1 € [0, 10] U [30, 50]. It can be
observed that both algorithms achieve lower level within the
sidelobe of the interested distance, and the proposed algorithm
in this paper achieves lower relative sidelobe level compared
to the method in [8].
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Fig. 2: Normalized correlation sidelobe level characteristic. (a)
r11; (b) 712
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levels under different sidelobe weighting factors. (a) r11; (b)
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Fig. 4: The characteristics of normalized relative sidelobe
levels under different PAPR. (a) r11; (b) 712

Fig.4 illustrates the characteristics of normalized sidelobe
levels under different PAPR values in the same weighting
region as Fig.2. The PAPR values are set to 2, 2.5, and 3,
respectively. From Fig.4, it can be observed that as the PAPR
increases, the normalized sidelobe level decreases. This is
because a larger feasible region allows for greater degrees of
freedom to be utilized.

V. CONCLUSION

This paper investigates the waveform design problem for
distributed OFDM base stations. Due to the optimization
problem being established with a quartic objective function
and quadratic equality constraints, it is difficult to obtain a
closed-form solution. Therefore, this paper develops a solution
based on the ADMM method. The efficiency of the proposed
method is verified through simulation experiments, and its
performance is compared with existing methods in terms of
WISL. The results demonstrate that the proposed method
achieves lower WISL compared to the constant modulus
waveform design method, thereby proving the effectiveness
of the proposed method.
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