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ABSTRACT

This paper investigates subspace-based target detection in
OFDM integrated sensing and communications (ISAC) sys-
tems, considering the impact of various constellations. To
meet diverse communication demands, different constellation
schemes with varying modulation orders (e.g., PSK, QAM)
can be employed, which in turn leads to variations in peak
sidelobe levels (PSLs) within the radar functionality. These
PSL fluctuations pose a significant challenge in the context of
multi-target detection, particularly in scenarios where strong
sidelobe masking effects manifest. To tackle this challenge,
we have devised a subspace-based approach for a step-by-step
target detection process, systematically eliminating interfer-
ence stemming from detected targets. Simulation results cor-
roborate the effectiveness of the proposed subspace method
in achieving consistently high target detection performance
under a wide range of constellation options in OFDM ISAC
systems.

Index Terms— Integrated sensing and communications,
OFDM waveforms, constellations, subspace detection.

1. INTRODUCTION

In recent years, the popularity of integrated sensing and com-
munications (ISAC) has surged due to the rapid expansion
of spectrally co-existent radars and communication systems
in 5G and advanced wireless networks [1–5]. Orthogonal
frequency-division multiplexing (OFDM) waveform, which
is an excellent candidate for ISAC transmission [6], has been
widely studied because of its wide application in communica-
tion systems and high performance in radar detection [7–9].
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Generally speaking, a key step in the communication-
functions realization of OFDM waveform is to employ dif-
ferent modulation formats (constellations) such as quadrature
amplitude modulation (QAM) or phase shift keying (PSK) to
modulate the data onto each subcarrier [10]. The choice of
constellations depends on the communication system require-
ments and signal-to-noise ratio (SNR) considerations. How-
ever, it is important to note that different constellations can
result in varying peak sidelobe levels (PSLs) when imple-
menting radar functions [11, 12]. These variations can bring
challenges for target detection, which is a fundamental func-
tion of the ISAC system. This is particularly true when there
are significant differences in the amplitude of multiple targets,
even when using windowing techniques. To the best of our
knowledge, how to achieve high and consistent target detec-
tion performance for different constellation options in OFDM
ISAC system has not been investigated.

In this study, we explore subspace-based target detec-
tion in OFDM ISAC systems while considering the impact
of different constellations. We begin by providing a detailed
overview of the OFDM ISAC system, which is capable of ful-
filling both radar and communication functions through the
use of various constellations. Subsequently, we introduce a
subspace-based detection method designed to mitigate side-
lobes from strong targets. Finally, we present a series of sim-
ulation results that showcase the effectiveness and robustness
of our proposed method, particularly in achieving high and
consistent target detection performance across various con-
stellation options.

2. SYSTEM DESCRIPTION

2.1. OFDM ISAC Signal Model

We consider a monostatic OFDM ISAC system equipped
with one transmitter and one radar receiver, and assume that
the radar receiver has perfect knowledge of the transmitted



data [9,13]. The complex baseband signal of an OFDM com-
munication frame with N subcarriers and M symbols can be
expressed as

s(t) =
1√
N

M−1∑
m=0

N−1∑
n=0

hn,mej2πn∆ftΠ

(
t−mTsym

Tsym

)
(1)

where Π(t) =

{
1, t ∈ [0, 1]
0, otherwise and hn,m represents the com-

plex communication data symbol corresponding to the n-th
subcarrier for the m-th symbol, which can belong to different
constellations (e.g., PSK, QAM). Besides, Tsym is the total
OFDM symbol duration, i.e., Tsym = Tcp + T where Tcp and
T denote the durations of the cyclic prefix (CP) and of the
OFDM symbol, respectively. The subcarrier spacing and the
total bandwidth are ∆f = 1/T and B = N∆f = N/T ,
respectively. Then the upconverted transmit signal over the
block of M symbols can be represented as ℜ

{
s(t)ej2πfct

}
,

where fc is the carrier frequency.
We assume that there are K ≥ 1 point-like targets with

round-trip delays τk, Doppler shifts νk and complex ampli-
tudes αk (k = 1, ...,K) in the surveillance area of the OFDM
ISAC system. Then the received continuous-time passband
backscattered signal can be expanded as

ℜ

{
K∑

k=1

αks(t− τk(t))e
j[2πfc(t−τk(t))]

}
(2)

where τk(t) = τk − νkt is the time-varying delay. Then we
can write the baseband signal by downconverting the pass-
band signal in (2) and making the narrowband approximation
s(t− τk(t)) ≈ s(t− τk) as

r(t) =

K∑
k=1

αks(t− τk)e
−j2πfcτkej2πfcνkt. (3)

Here, we assume that the Doppler-induced phase rota-
tion within an OFDM symbol duration is negligible, i,e,
fcνkTsym ≪ 1 so that we have fcνkt ≈ fcνkmTsym . Then
after removing the CP, sampling r(t) at t = mTsym + Tcp +
ℓT/N for ℓ = 0, . . . , N − 1,m = 0, . . . ,M − 1, and absorb-
ing the constant term e−j2πfcτk into the target amplitude αk,
we can obtain the discrete-time domain signal for the m-th
symbol as

rm[ℓ] =

K∑
k=1

αke
j2πfcmTsymνk

× 1√
N

N−1∑
n=0

hn,mej2πn
ℓ
N e−j2πn∆fτk .

(4)

Here, we denote by

b(τk) ≜
[
1, e−j2π∆fτk , . . . , e−j2π(N−1)∆fτk

]⊤
(5)

and

c(νk) ≜
[
1, e−j2πfcTsymνk , . . . , e−j2πfc(M−1)Tsymνk

]⊤
(6)

the frequency-domain and temporal steering vectors, respec-
tively. Accounting for the existence of noise, the fast-time
vector for the m-th OFDM symbol is obtained as

rm =

K∑
k=1

αk

(
hm ⊙ (b(τk)[c

∗(νk)]m)
)
+ zm ∈ CN×1 (7)

where zm ∈ CN×1 is the additive noise matrix with
vec (zm) ∼ CN

(
0, σ2I

)
and hm ≜ [h0,m, . . . , hN−1,m]⊤.

By aggregating (7) across M symbol intervals, the re-
ceived OFDM ISAC signal over a frame can be expressed as

R =

K∑
k=1

αk

(
H⊙ (b(τk)c

H(νk))
)
+ Z ∈ CN×M , (8)

where R,H,Z ∈ CN×M , R ≜ [r0, . . . , rM−1], H ≜
[h0, . . . ,hM−1], and Z ≜ [z0, . . . , zM−1].

2.2. Standard FFT-based CFAR Detector

Here we employ the standard FFT-based method in [14] to
process the matrix R in (8) to obtain range-Doppler data
planes. Then we apply the cell average constant false alarm
rate (CA-CFAR) detector in [15] to detect the targets. The
specific details of the standard FFT-based CFAR detector are
omitted here due to space limitations of this paper.

3. SUBSPACE DETECTION METHOD

In this section, we first reorganize the received signal in a vec-
tor form and then propose a subspace-based method to miti-
gate sidelobes from strong targets in OFDM ISAC systems
across various constellations.

3.1. The Reassembly of Received Signals

The received OFDM ISAC signal in (8) can be reassembled
as follows

y ≜

 r0
...

rM−1

 ∈ CNM×1

=


∑K

k=1 αkh0 ⊙ b (τk) [c
∗ (νk)]0 + z0

...∑K
k=1 αkhM−1 ⊙ b (τk) [c

∗ (νk)]M−1 + zM−1


=

K∑
k=1

αks(xk) + z

(9)



where z ≜ [z⊤0 , . . . , z
⊤
M−1]

⊤ ∈ CNM×1 is a complex
circularly-symmetric Gaussian vector with covariance Cz =
σ2I, xk = (τk, νk), for k = 1, ...,K, which belong to an
assumed inspected delay and Doppler shift points set G, and

s(xk) ≜

 h0 ⊙ b (τk) [c
∗ (νk)]0

...
hM−1 ⊙ b (τk) [c

∗ (νk)]M−1

 ∈ CNM×1.

(10)

3.2. A Subspace Method for Eliminating the Sidelobes of
Strong Targets

From (9), it is evident that y results from the superposi-
tion of noise and an unspecified quantity of subspace signals
originated from K targets. Leveraging the design method-
ologies of [16–18], we can extract one target from the re-
ceived signal at each detection iteration, consider it as an ad-
ditive subspace interference, and subsequently utilize an esti-
mated interference-plus-noise covariance matrix to remove it.
Therefore, we can write the following sequence of composite
binary hypothesis tests as

H(1)
1 : y = s(x(1))α(x(1)) + z

H(1)
0 : y = z,

(11)

if the iteration index q = 1 and

H(q)
1 : y = s(x(q))α(x(q)) + Ŝ(q−1)α̂(q−1) + z

H(q)
0 : y = Ŝ(q−1)α̂(q−1) + z,

(12)

for q ≥ 2, where x(q) and α(x(q)) are the position and ampli-
tude of the q-th target, Ŝ(q−1) = [s(x̂(1)), . . . , s(x̂(q−1))]⊤,
α̂(q−1) = [α̂(x̂(1)), . . . , α̂(x̂(q−1))]⊤, and x̂(1), ..., x̂(q−1)

are the estimated positions, the variables {α̂(x̂(i))}q−1
i=1 are

modeled to follow a Gaussian distribution with a specific vari-
ance σ2

α̂(x̂(i))
. In the following, the interference-plus-noise

covariance matrix under H(q)
0 ,∀q can be written as

C(q) =


Cz, if q = 1
q−1∑
i=1

s
(
x̂(i)

)
σ2
α̂(x̂(i))

sH
(
x̂(i)

)
+Cz, for q ≥ 2.

(13)
Then, the two negative log-likelihood functions are

− ln f
(q)
0

(
y
)
= ln

(
πNM detC(q)

)
+
∥∥∥(C(q)

)−1/2

y
∥∥∥2
(14)

and

− ln f
(q)
1

(
y;x(q), α(x(q))

)
= ln

(
πNM detC(q)

)
+
∥∥∥(C(q)

)−1/2(
y − s(x(q))α(x(q))

)∥∥∥2 (15)

under H(q)
0 and H(q)

1 ,∀q, respectively. Next, based on the
generalized information criterion (GIC) [19, 20], we can ob-
tain the decision rule and detailed expansions as

arg max
x(q)∈G

J(q)(x(q))
H(q)

1

≷
H(q)

0

γ, (16)

where

J(q)(x(q)) = ln
f
(q)
1

(
y;x(q), α(x(q))

)
f
(q)
0

(
y
)

=
∥∥∥T (q)(x(q))(C(q))−1/2y

∥∥∥2
=

∥∥∥(C(q))−1/2s(x(q))α̂(x(q))
∥∥∥2 , (17)

T (q)(x(q)) =(C(q))−1/2s(x(q))

{
sH(x(q))(C(q))−1s(x(q))

}−1

sH(x(q))(C(q))−1/2, (18)

α̂(x(q)) =
(
sH(x(q))(C(q))−1s(x(q))

)−1

sH(x(q))(C(q))−1y (19)

is the maximum likelihood (ML) estimate of α(x(q)), and the
detection threshold γ can be set to satisfy a given probability
of false alarm Pfa.

If a threshold crossing occurs, a target detection is de-
clared and the ML estimate of its position, say x̂(q), is re-
covered from the location of the maximum in (16). Simulta-
neously, the ML estimate of the corresponding gain vector is
determined as α̂(x̂(q)). The decision logic executes the test
in (16) for q = 1, 2, . . . until no additional target is found.
Finally, we replace the unknown variance σ2

α̂(x̂(i))
in (13) by

σ2
α̂(x̂(i))

=
∥∥α̂(x̂(i))

∥∥2.

4. PERFORMANCE ANALYSIS

In this simulation study, we consider an OFDM ISAC system
with fc = 28GHz, B = 61.44MHz, ∆f = 120kHz, N =
512, M = 1, T = 8.333µs, Tcp = 1.666µs, Tsym = 10µs,
and Pfa = 10−4. Two targets are placed at 30 m (Target 1)
and 90 m (Target 2) in front of the system. The considered
constellations include the BPSK, QPSK, 16QAM, 64QAM,
256QAM, and 1024QAM. We assume that Target 2 is the one
of interest, the system performance is assessed in terms of
its probability of detection (Pd), 100/Pfa Monte Carlo (MC)
trails are used to set the detection thresholds, and the SNR of
the k-th target is defined as SNRk = |αk|2/σ2. For compari-
son, we also include the performance obtained with the stan-
dard FFT-based CFAR detector and with the generalized like-
lihood ratio test with cleaned data (GLRT-CD) [17], which
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(b) Range slice data after power normalization of the second iteration of the
proposed method.

Fig. 1. The range slice of the proposed subspace method and
the standard FFT-based method for different constellations.

employs the proposed subspace method when the echoes pro-
duced by other targets are ideally removed, also called the
single-target benchmark.

We first assume the SNRs of Targets 1 and 2 are 40 and 10
dB, and Fig. 1 shows the range slice comparison of the pro-
posed subspace method and the standard FFT-based method
employing the considered different constellation options in a
single realization. It can be seen from Fig. 1(a) that the main
lobes of the weak target (Target 2) are not apparent for QAM
constellations due to the strong sidelobes of Target 1; obvi-
ously, it is not easy to detect Target 2 well by employing
CFAR detector on this range slice for each QAM constella-
tion. However, Fig. 1(b) shows that when employing the pro-
posed subspace method, the sidelobes of the detected Target 1
will be removed and the main lobes of Target 2 will be appar-
ent at the second iteration for all constellation options, thus
the improvement in its detection performance is expected.

Then, we select the BPSK and 1024QAM constellations
to investigate the Pd of Target 2 versus SNR2 when SNR1 =
30 dB and that versus SNR1 when SNR2 = −10 dB by
MC tests. It can be seen in the top and middle figures of
Fig. 2 that the standard FFT-based CFAR detector performs
more badly, especially when the gap between the strong and
weak targets becomes larger. However, the proposed sub-
space method always performs close to the GLRT-CD, show-
ing its effectiveness and robustness in weak target detection
under high sidelobes masking. Finally, the bottom figure of
Fig. 2 shows the Pd of Target 2 versus different constellations
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Fig. 2. Pd of Target 2 versus SNR2 when SNR1 = 30 dB
(top), versus SNR1 when SNR2 = −10 dB (middle), and
versus different constellations when SNR1 = 30 dB and
SNR2 = −15 dB (bottom).

when SNR1 = 30 dB and SNR2 = −15 dB, we can see the
proposed method achieves high and consistent target detec-
tion performance for different constellation options.

5. CONCLUSIONS

In this paper, we consider the subspace-based target detec-
tion in OFDM ISAC system under different constellations.
We provided a detailed OFDM ISAC system description and
derived a subspace-based procedure to gradually detect tar-
gets, upon eliminating the interference caused by the detected
targets. Simulation results verified the effectiveness and ro-
bustness of the proposed subspace method. Compared to the
standard FFT-based CFAR detector, the proposed method per-
forms close to the single-target benchmark and achieve high
and consistent target detection performance for different con-
stellation options. Next, we will explore the application of
the proposed subspace-based method in more intricate modu-
lation schemes of the MIMO-OFDM ISAC systems.
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