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Abstract—In this paper, we propose frequency modulated
continuous wave (FMCW) design and receive processing tech-
niques for joint radar and communications. Our approach
simultaneously takes into account the correlation property of
waveform and interference mitigation for radar while enabling
information embedding (IE) for communications. Specifically, we
adopt an advanced IE strategy using hybrid modulations to
enhance communication rates. Meanwhile, we seek to minimize
the integrated sidelobe level of FMCW waveform to optimize
the correlation level and leverage waveform agility to mitigate
interference for radar. The design leads to a non-convex optimiza-
tion problem. To address it, we choose to directly manipulate the
polynomial coefficients in the phase elements of FMCW waveform
and reformulate it into a proper form. We then make use of the
majorization-minimization technique to find solutions through
iterations for solving the reformulated design. A closed-form
solution is obtained at each iteration. Our major contribution also
lies in proposing a demodulation method for communications.
Simulation results verify the effectiveness of the proposed FMCW
design and its superiority over existing work.

Index Terms—Frequency modulated continuous wave, infor-
mation embedding, integrated sidelobe level, interference mitiga-
tion, waveform design.

I. INTRODUCTION

The joint radar and communications (JRC) [1], which aims
to tackle the issues of radio-frequency spectrum congestion,
has attracted significant interest over the past decade. Driven
by continuous advancements in research, JRC has emerged as
a key technology for autonomous driving, enabling real-time
sensing and reliable vehicle-to-vehicle communication [2]–[4].
Moreover, JRC systems offer many benefits for autonomous
vehicles, including reduced hardware costs [2], enhanced
energy efficiency [3], improved interference management [4],
and so on. These features make JRC to become an essential
technology for the future of autonomous vehicles.

In the autonomous driving JRC system, one of the most pop-
ular waveforms is the frequency modulated continuous wave
(FMCW). The FMCW enables high resolution and strong
robustness from the perspective of radar. For communications
in JRC, a proper information embedding (IE) strategy to
improve the communication rate is also of importance. To this
end, different modulation methods have been experimented to
conduct IE for the JRC. For example, some studies employ
phase shift keying (PSK) [5], quadrature amplitude modu-
lation [6], or frequency shift keying (FSK) [7] to embed
communication information into each chirp signal of FMCW.
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Although these single-modulation based IE methods can be
easily implemented, they typically lead to low communication
rates and increased bandwidth requirements. These motivate
us to develop new IE strategies to improve the communication
rate of FMCW-driven JRC.

When it comes to the radar performance of the FMCW
based JRC, the correlation property of the FMCW waveform
is crucial for the receiver to estimate range and velocity
information of targets. There exist some studies that achieve
good correlation properties from the perspective of integrated
sidelobe level (ISL) minimization [8]–[10]. For example, the
algorithms such as ‘CAN’ [8], ‘MM-Corr’ [9], and ‘ISLNew’
[10] have been used to design waveforms with good ISL
performance. However, these works mainly focus on phase-
coded waveforms. Normally, they cannot be direct used for
FMCW. This inspires us to consider the ISL performance when
designing FMCW waveform.

Another important factor that affects the radar performance
of JRC is the mutual interference among FMCW radars,
especially the coherent interference [11]–[13]. It is generated
when the interference radar and victim radar have the same
chirp rate. It creates ghost targets during range-Doppler (RD)
estimation, which can cause false alarms. Some existing
studies have addressed this issue through transmit waveform
design, such as frequency hopping [14] and phase coding [15].
The main idea therein is to design the waveform agility, so
that the transmit waveform and the interference have different
signal forms. This ensures that the interference is dispersed to
different frequency units after mixing, thereby avoiding con-
fusion between the interference and the true targets. However,
these works consider either radar or communication function
only. This motivates us to design dual-function FMCW while
mitigating the coherent interference.

In this paper, we focus on the FMCW waveform design
for the autonomous driving JRC. Our goal is to reduce the
ISL of FMCW waveform for radar and meanwhile to conduct
IE for communications. Moreover, we also aim to mitigate
coherent interference among FMCW radars. To this end, we
exploit the diversities of phase, frequency, and chirp rate of the
FMCW waveform to fulfill the goal of reducing the ISL and
implementing the IE. We formulated the design as a nonconvex
optimization problem, which is solved through majorization-
minimization (MM) techniques. The interference is effectively
mitigated by exploiting the agility of the FMCW waveform. In
addition, we propose a method to demodulate communication
information embedded by hybrid modulations. Finally, we
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provide simulations to verify the effectiveness of our design.
Notations: We use ⊗, ⊙, | · |, ⌊·⌋, (·)T, (·)H, ∇, ∇2,

Re{·}, Im{·}, λmax{·} to denote the Kronecker product,
Hadamard product, modulus, floor function, transpose, Her-
mitian transpose, gradient, Hessian, real part, imaginary part,
and the largest eigenvalue of a matrix, respectively. Moreover,
operators V(·), D{·},FQ{·}, GQ{·}, and T {·} denote forming
a vandermonde matrix, forming a diagonal matrix whose main
diagonal entries are picked up from the input vector, applying
the (2Q − 1)-point fast Fourier transform (FFT), picking up
the first Q elements to form a new vector, and constructing
a Hermitian Toeplitz matrix whose first column coincides
with the input vector, repectively. In addition, ej(·) denote the
exponential functions that is applied to the argument element-
wisely, 1M stands for an M×1 vector with all elements equal
to 1, and IM is the M ×M identity matrix.

II. SIGNAL MODEL

Consider a JRC vehicle that simultaneously performs func-
tions of radar and communications. The JRC vehicle transmits
an FMCW waveform containing L chirp signals. We divide
each chirp signal evenly into D subchirp signals in the time
domain, and the period and bandwidth of each subchirp are
denoted as Tc and Bc, respectively. Thus, the baseband FMCW
signal can be expressed as

s(t) =

L−1∑
l=0

D−1∑
d=0

exp

{
j
(
ϕd,l + 2π

(
fd,l(t− (lD + d)Tc)

+
1

2
kd,l(t− (lD + d)Tc)

2
))}

rect
(

t−(lD+d)Tc

Tc

)
(1)

where ϕd,l, fd,l, and kd,l are the initial phase, initial frequency,
and the slope of the d-th subchirp within the l-th chirp signal,
respectively, and rect(·) is a window function which equals 1
only if the argument falls within [0, Tc) and otherwise is 0.

Based on the above model, we have in total M = LD
subchirps. With Ts being the sampling interval, after sam-
pling P points in a subchirp, the m-th subchirp signal
can be expressed as the discrete form given by xm ≜
[s(t)|t=Ts , s(t)|t=2Ts , ..., s(t)|t=PTs ]

T ∈ CP×1, whose p-th
element can be expressed as

xm(p) = ej(αm+βmp+γmp2) (2)

where αm ≜ ϕm, βm ≜ 2πfmTs, and γm ≜ πkmT 2
s are

the phase coefficients of the m-th subchirp signal, which are
related to ϕm, fm and km, respectively.

Let us define u ≜ [1, 2, ..., P ]
T ∈ NP×1

+ and U ≜
V(u)̃I ∈ NP×3

+ as the sampling vector and sampling ma-
trix, respectively. Moreover, we introduce the vector γm ≜
[αm, βm, γm]

T ∈ R3×1, which contains three phase coeffi-
cients of the m-th subchirp signal. After that, we can rewrite
xm as

xm = ej(Uγm) (3)

Stacking all the Q ≜ MP elements {xm(p)}M,P
m,p into a vector,

we can get

x = ej((IM⊗U)z) (4)

where the vector z ≜
[
γT
1 ,γ

T
2 , · · · ,γT

M

]T ∈ R3M×1 is
composed of phase coefficients of all chirp signals.

The vector x is expected to have good correlation property,
thereby enhancing the good extraction of targets. Toward this
end, the ISL that characterizes the accumulated sidelobes of
the waveform is typically used, which can be expressed as

ζ ≜
Q−1∑

q=−Q+1
q ̸=0

|r(q)|2 (5)

where r(q) ≜
∑Q−1

n=q+1 x(n)x
∗(n − q) = r∗(−q),∀q ∈

{0, . . . , Q− 1} denotes the auto-correlations of the waveform
vector x at all time lags.

III. THE FMCW WAVEFORM DESIGN WITH IE
To address the issue of low-speed transmission rate of

FMCW, we apply the hybrid modulations to implement IE.
Our idea here is to simultaneously apply the index modulation
(IM), PSK modulation, and FSK modulation to the subchirps
of FMCW. To be specific, we partially choose Dc (Dc ≤ D)
subchirps from the D subchirps within each chirp with IM to
transmit symbols. We then respectively adopt PSK and FSK
modulations to embed communication information into the
initial phases and the initial frequencies. The slopes are fixed
at k = Bc/Tc for the chosen Dc subchirp signals.

In order to establish a relationship between the transmitted
communication symbols and the phase coefficient vector z,
we first introduce an index vector, denoted by v ∈ R3M×1, to
record the indices of the subchirps chosen for IE. Note that
for the indices selected for IE, the corresponding elements of
the index vector v are set to 1, while the elements of the index
vector v for the unselected indices are set to 0. We then define
zc ∈ R3M×1 as the predetermined coefficient vector, which
contains the phase coefficients for IE at the positions indexed
by v while otherwise enable zero elements. Depending on
the mapping rule of user choice, the phase coefficients of the
subchirps selected for IE are mapped to the phase coefficient
vector z, which can be expressed as zc = z⊙v. Based on this,
we successfully establish the relationship between the com-
munication symbols and the phase coefficients of the transmit
signals. For example, when the n-th phase coefficient of the
m-th subchirp is chosen to carry communication information,
then the relationship z(3(m−1)+n) = zc(3(m−1)+n),∀m ∈
{1, . . . ,M}, n ∈ {1, 2, 3} holds.

Among all possible mapping rules for the IE studied here,
the maximal embeddable bits per chirp, denoted by Rmax, can
be given as follows

Rmax =

⌊
Dclog2(DN) + log2

D!

Dc!(D −Dc)!

⌋
(6)

where N denotes the number of all possible symbols associ-
ated with PSK modulation. The former summing component
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is determined by the PSK modulation and FSK modulation
involved in the IE, and the latter is additionally introduced by
the aforementioned IM. We omit the derivation of (6) due to
the space limitation.

Based on the IE strategy proposed above, we further con-
sider to reduce the ISL of FMCW. To this end, the FMCW
waveform design problem under both considerations on the IE
and ISL minimization can be formulated as follows

min
x,z

ζ (7a)

s.t. z⊙ v = zc (7b)

x = ej((IM⊗U)z) (7c)

where the ISL ζ in the objective function has been defined in
(5). Note that the constraint (7b) results from the previously
proposed IE strategy with zc predetermined by our symbol
mapping rule, and (7c) results from (4).

Before proceeding with (7), we need to derive the ISL ζ
into a proper form, so that the problem (7) can be tackled. To
this end, we transform the ISL ζ in (5) into frequency domain
which can be derived as the following form

ζ =
1

2Q

2Q∑
q=1

((
(ej((IM⊗U)z))Haqa

H
q e

j((IM⊗U)z)
)2

− 2Q
(
(ej((IM⊗U)z))Haqa

H
q e

j((IM⊗U)z)
)
+Q2

)
(8)

where aq ≜ [1, ejωq , . . . , ej(Q−1)ωq ]T with ωq = 2π
2Qq. The

last two sum terms of (8) are constant, which are immaterial
to optimization. After ignoring them, the problem (7) can be
rewritten as

min
z

1

2Q

2Q∑
q=1

(
(ej((IM⊗U)z))Haqa

H
q e

j((IM⊗U)z)
)2

(9a)

s.t. z⊙ v = zc (9b)

which is a nonconvex optimization problem with respect to z.
In order to solve (9), we make use of the majorization-

minimization technique. Before dealing with (9), we present
the following result (see Lemma 1 of [10]).

Lemma 1. If a real-valued function f(x) with a real
variable x is second-order differentiable, and there is a matrix
G satisfying the generalized inequality ∇2f(x) ⪯ G for all
x. For each point x0, the following convex quadratic function

g(x) = f (x0)+∇f (x0)
T
(x− x0)+

1

2
(x− x0)

T
G (x− x0)

(10)
majorizes f(x) at x0.

To find a proper majorization function for the objective of
(9) (denoted hereafter as f(z)) via Lemma 1, the first-order
gradient of f(z) (i.e., ∇f(z)) and the matrix G that satisfies
∇2f(z) ⪯ G have to be both available.

Introducing the matrix A ≜ [a1,a2, ...,a2Q]
H, after some

derivations, we obtain the first-order gradient of f(z), i.e.,

∇f(z) =
2

Q
Im

{(
(IM ⊗U)H(T {AH|Aej((IM⊗U)z)|2}

ej((IM⊗U)z))
)
⊙
(
(IM ⊗U)He−j((IM⊗U)z)

)}
. (11)

To simplify the expression, we introduce the vector z′ ≜
(IM ⊗U)z here. We can then obtain ∇2f(z) as follows

∇2f(z)=
2

Q

2Q∑
q=1

(
Im{(IM⊗U)H(ApA

H
p e

jz′
)⊙(IM⊗U)He−jz

′
}

× Im
{
(IM⊗U)H(ApA

H
p e

jz′
)⊙ ((IM⊗U)He−jz′

)
}T

+|AH
p e

jz′
|2Re

{
(IM⊗U)HD{ejz

′
}ApA

H
p D{e−jz

′
}(IM⊗U)

})
−Re

{
D
{
(IM⊗U)HT{AH|Aejz

′
|2}ejz

′
⊙(IM⊗U)He−jz

′
}}

. (12)

For the selection of G, the generalized inequality G ⪰
∇2f(z) holds if G is designed as G ≜ λIQ, where λ is a
constant that can take the largest eigenvalue of ∇2f(z). We
omit derivations to (11) and (12) due to the space limitation
and refer readers to [16].

Based on the expression (11) and (12), the majorization
function for the optimization problem (9) can be written as

g(z, z(k))=

(
2

Q
Im

{(
(IM⊗U)H(T {AH|Aej((IM⊗U)z(k))|2})

ej((IM⊗U)z(k))
)
⊙
(
(IM ⊗U)He−j((IM⊗U)z(k))

)}
− λz(k)

)T

z+
λ

2
zTz+ const (13)

where z(k) is obtained at the k-th iteration. Ignoring constant
terms in (13), we can rewrite the optimization problem (9) as

min
z

(
2

Q
Im

{(
(IM⊗U)H(T {AH|Aej((IM⊗U)z(k))|2})

ej((IM⊗U)z(k))
)
⊙
(
(IM ⊗U)He−j((IM⊗U)z(k))

)}
− λz(k)

)T

z+
λ

2
zTz (14a)

s.t. z⊙ v = zc (14b)

whose closed-form solution at the k-th iteration is

z = zc + (13M − v)⊙ b(k) (15)

with

b(k)≜z(k)−4

λ
Im

{(
(IM⊗U)

HGQ

{
F−1

Q

{
FQ

{
ej((IM⊗U)z(k))}}

⊙
∣∣∣FQ

{
ej((IM⊗U)z(k))}∣∣∣2})⊙((IM⊗U)

H
e−j((IM⊗U)z(k))

)}
.

IV. RECEIVE PROCESSING DESIGN

In this section, we first show the target RD estimation
method of radar receiver, and then propose an information
demodulation method for communication receiver.

For Radar Range-Doppler Estimation: Since multiple short
subchirps are used in this paper, the two-dimensional FFT
method of traditional FMCW radar cannot be used directly
for RD estimation. Therefore, we use the parameter matching
method to estimate the range and velocity of the target which
has been shown in [7].
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TABLE I: Performance comparisons of the tested algorithms versus numbers of available subchirps.
D = 8 D = 12 D = 16 D = 20 D = 24

Min.a Ave.b Iter.c Timed Min. Ave. Iter. Time Min. Ave. Iter. Time Min. Ave. Iter. Time Min. Ave. Iter. Time
PECS 42.05 42.93 19439 176.249 46.08 46.69 23387 205.773 48.28 48.89 34266 258.341 51.07 52.31 46813 298.740 52.94 54.14 82179 707.728

Proposed 37.94 38.50 836 0.658 40.98 41.45 1076 2.319 43.17 43.64 1188 3.867 45.02 45.43 1342 6.918 46.38 46.80 2527 17.230
aMin.: Minimum ISL value (in dB). bAve.: Average ISL value (in dB). cIter.: Average number of iteration numbers. dTime: Average time consumption (in seconds).

TABLE II: Performance comparison between two strategies.

Rmax=18 Rmax=42 Rmax=48 Rmax=78 Rmax=90
PSK+FSK 44.80 dB 51.23 dB 53.57 dB 59.13 dB 60.83 dB
Proposed 43.86 dB 46.95 dB 48.85 dB 57.16 dB 60.17 dB

For Communication Demodulation Design: To detect sub-
chirps that are used for IE and to demodulate the phase and
frequency information corresponding to PSK and FSK modu-
lations, we propose a joint demodulation (JD) method. Based
on the reference signal model sd(t; r) = ej2π(frt+

Bc
2Tc

t2), the
mixed signal can be obtained by multiplying the i-th receive
signal with the conjugation of the r-th reference signal. We
denote f com

s as the Nyquist sampling rate. After sampling the
mixed signal, the p-th sample can be expressed as

y(p)=hejϕiej2π(fi−fr)pT
com
s ejπ(ki−Bc

Tc
)(pT com

s )2+w(p) (16)

where 0 ≤ i ≤ LD − 1, 0 ≤ r ≤ D − 1, 0 ≤ p ≤ Ps, and
T com
s = 1/f com

s and Ps are the sampling interval and the total
number of samples of a subchirp, respectively. In addition, h is
the rayleigh fading coefficient, fr ∈ D indicates the frequency
information of the reference signal, D is the optional set of
FSK for IE, and w(p) is the additive white gaussian noise.

For the IE strategy we devised, when the i-th subchirp is
used for communications, its chirp rate is ki = Bc/Tc. Based
on this, we apply the maximum likelihood principle to jointly
detect the phase and frequency information corresponding to
PSK and FSK modulations, which can be expressed as

(f∗
i , ϕ

∗
i )=arg min

fr∈D,ϕr∈N

∣∣∣ 1
Ps

Ps−1∑
p=0

y(p)−hie
jϕr

∣∣∣2 (17)

where ϕr ∈ N indicates the phase information of the reference
signal, N is the optional set of PSK for IE, and f∗

i and ϕ∗
i

are the detected frequency and phase, respectively.
Since the receiver knows the number of subchirps used for

communication, i.e., Dc, we can take D subchirps as a group
to find the Dc subchirps with the lowest energy in each group,
and demodulate communication information.

V. SIMULATION RESULTS

We first compare the performances of our proposed algo-
rithm with those of the existing method ‘PECS’ in [17]. Then,
we evaluate the performances of our proposed IE strategy
associated with PSK, FSK and IM, and compare it to the
method in [7] that solely involves PSK and FSK modulations,
followed by some evaluations on interference mitigation and
communication performances. Throughout simulations, we set
the number of chirp signals as L = 4. For the PSK modulation
used in simulations, we always choose the quadrature phase

shift keying scheme for evaluations. Moreover, we choose the
absolute difference of the ISL values obtained at the current
and previous iterations normalized by the initial ones as the
stopping criterion, whose tolerance is set to be 10−7.

In the first example, we compare our proposed algorithm
with ‘PECS’, wherein the number of available subchirp signals
D ranges within [8, 24] with uniform intervals spacing 4. For
all tested algorithms, the number of chosen subchirps for IE
is set to be Dc = 1. The corresponding results are shown
in Table 1, which are obtained over 30 independent trials.
It can be seen from Table 1 that our proposed algorithm
outperforms ‘PECS’ for all tested cases. For example, in the
case of D = 16, the ISL optimized by the algorithm we
proposed is approximately 6 dB lower than that optimized
by the ‘PECS’ algorithm. In addition, our proposed algorithm
costs less time consumption and fewer iterations than those of
‘PECS’. This example verifies the superiority of our proposed
algorithm on optimization effect and convergence speed.

In the second example, we compare our proposed IE scheme
associated with PSK, FSK, and IM modulations to the method
in [7] with PSK and FSK modulations only. Different scenarios
versus varying Rmax chosen from the set {18, 42, 48, 78, 90}
are tested. Other parameters include D = 16 and N = 4. In
order to reach the above maximal embeddable bits per chirp,
our proposed IE strategy and the IE strategy in [7] require
selecting Dc subchirps for IE within each chirp, which can be
chosen from {2, 5, 6, 11, 14} and {3, 7, 8, 13, 15}, respectively
(see (6) and the explanations therein). The corresponding
results are shown in Table 2, which are obtained over 30
independent trials. It can be seen from Table 2 that the FMCW
associated with our proposed IE strategy shows lower ISL
values than that of the IE strategy in [7] when the same
Rmax is achieved, for all tests. For example, in the case of
Rmax = 48, according to the proposed IE strategy, we need to
select 6 subchirps within each chirp for IE and the remaining
10 subchirps for optimizing ISL, while the IE strategy in [7]
requires 8 subchirps for IE and the remaining 8 subchirps for
optimization. Therefore, based on our proposed IE strategy,
the ISL value is reduced around 5 dB lower than that of [7].

In the third example, we compare the radar detection
performance of our designed FMCW waveform with that
of conventional FMCW in the presence of the coherent
interference. Both the signal-to-noise ratio (SNR) and the
signal-to-interference ratio are set to 0 dB. The ranges and
radial velocities of the two true targets are {40m, 60m} and
{5m/s, 10m/s}, respectively. The conventional FMCW ap-
plies the 2D-FFT processing method [18], while the designed
FMCW applies the parameter matching processing method [7].

2240



(a) Range-velocity estimation of the
conventional FMCW.

(b) Range-velocity estimation of the
designed FMCW.

Fig. 1: Evaluations on radar performances.
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(a) The SER performance evaluations
of two demodulation methods.

-30 -28 -26 -24 -22 -20 -18

SNR(dB)

10
-5

10
0

S
E

R

D=4

D=8

D=16

D=32

(b) The SER performance evaluations
versus different SNR values.

Fig. 2: Evaluations on communication performances.

After receive processing, the range and velocity estimation
results of the targets can be obtained, as shown in Fig. 1.
It can be seen from Fig. 1(a) that the conventional FMCW
shows three peaks, one of which corresponds to a ghost target
caused by interference. Nevertheless, as shown in Fig. 1(b),
adopting the designed FMCW can purely detect the two true
targets. This improvement is attributed to the high agility of the
designed waveform parameters, which reduces the similarity
between the interference and the transmit waveform. As a
result, the interference signal is effectively prevented from
being misidentified as a ghost target during matched filtering.
However, this method may lead to an increased sidelobe level.

In the forth example, we compare the symbol error rate
(SER) performance of the proposed demodulation method with
that of the method in [7], and meanwhile, we evaluate the
SER performance versus SNR values. Here, we set Dc = 4
for the evaluations with 1000 Monte Carlo experiments. The
corresponding results are shown in the two subfigures of Fig.
2. It can be seen from Fig. 2(a) that the proposed JD method
can achieve a lower SER than that of the method in [7].
This is because the JD method can solve the problem of
error propagation existing in [7], and significantly improve the
accuracy of information demodulation. In addition, as shown
in Fig. 2(b), it can be seen that the SER values decrease when
the tested SNR values increase. Moreover, the case associated
with the smallest D shows the best overall SER performances.
This example verifies the effectiveness of our proposed IE
strategy and demodulation method from the perspective of
communications.

VI. CONCLUSION

We have proposed an efficient FMCW waveform design
with good correlation property for the JRC, for which an
associated IE strategy has also been proposed. Specifically,

we have adopted an advanced IE strategy using hybrid modu-
lations to enhance communication rates. Meanwhile, we have
minimized the ISL of the FMCW to improve the waveform
correlation for radar, and we have leveraged waveform agility
to mitigate interference. The design has been formulated as a
non-convex optimization problem, which has been solved by
majorization-minimization technique to find solutions through
iterations. In addition, we have proposed a method to demodu-
late information embedded by hybrid modulations. Simulation
results have verified the effectiveness of our proposed FMCW
design and its superiority over existing work.
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