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Abstract: Integrated sensing and communication (ISAC) is one of the main usage scenarios for 6G wireless networks. To most efficiently uti-
lize the limited wireless resources, integrated super-resolution sensing and communication (ISSAC) has been recently proposed to signifi-
cantly improve sensing performance with super-resolution algorithms for ISAC systems, such as the Multiple Signal Classification (MUSIC) al-
gorithm. However, traditional super-resolution sensing algorithms suffer from prohibitive computational complexity of orthogonal-frequency
division multiplexing (OFDM) systems due to the large dimensions of the signals in the subcarrier and symbol domains. To address such is-
sues, we propose a novel two-stage approach to reduce the computational complexity for super-resolution range estimation significantly. The
key idea of the proposed scheme is to first uniformly decimate signals in the subcarrier domain so that the computational complexity is signifi-
cantly reduced without missing any target in the range domain. However, the decimation operation may result in range ambiguity due to
pseudo peaks, which is addressed by the second stage where the total collocated subcarrier data are used to verify the detected peaks. Com-
pared with traditional MUSIC algorithms, the proposed scheme reduces computational complexity by two orders of magnitude, while maintain-

ing the range resolution and unambiguity. Simulation results verify the effectiveness of the proposed scheme.
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1 Introduction
ntegrated sensing and communication (ISAC) has been
identified as one of the key usage scenarios of the 6G

M However, due to the limited

communication systems

available wireless resources, the resolution of the classi-
cal inverse discrete Fourier transform/discrete Fourier trans-
form (IDFT/DFT) based methods for sensing usually leads to
poor performance?. To address such issues, integrated super-
resolution sensing and communication (ISSAC) has been re-
cently proposed to maximize the utilization of wireless re-
sources and significantly enhance the sensing performance of
ISAC systems®!. Specifically, the ISSAC system exploits super-
resolution algorithms for radar signal processing to achieve
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super-resolution parameter estimation, such as the angle-of-
arrival (AoA), propagation delay, and the Doppler frequency
shift of the targets.

On the other hand, orthogonal frequency division multiplex-
ing (OFDM) is a dominate waveform in the 4G and 5G mobile
communication systems, and it is expected to continue to play
an important role in 6G. Consequently, besides dedicated
waveform designs®!, extensive works on ISAC are still based
on OFDM systems® *° 7 For OFDM waveforms, the delay
and Doppler estimation can be converted to spectral estima-
tion problems due to the sum-of-complex-exponential struc-
ture of its channel matrix”. Various methods are proposed for
OFDM-based sensing, such as the IDFT/DFT-based and
subspace-based methods. The IDFT/DFT-based methods such
as the periodogram algorithm® can be implemented easily but
their resolution is limited by the wireless resources available
for sensing, while the subspace-based methods, such as Mul-
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tiple Signal Classification (MUSIC)"® and Estimation of Signal
Parameters via Rotational Invariance Techniques (ESPRIT)",
can achieve super-resolution but suffer from high computa-
tional complexity. Furthermore, compared with multiple-input
multiple-output (MIMO) array signals for AoA estimation, the
dimensions of OFDM signals in the subcarrier and symbol do-
mains are extremely large. For example, when the number of
antennas in an array reaches 128 or 512, it is called a massive
array or an exiremely large-scale array (XL-Array), but it is
common for OFDM signals to have more than 512 subcarriers.
Therefore, parameter estimation for OFDM waveforms suffers
from prohibitive computational complexity if conventional
super-resolution methods are directly applied. Extensive ef-
forts have been devoted to reducing the complexity of such
methods, like the ROOT-MUSIC!'" 11]algorithm which re-
places the spectrum search in MUSIC with polynomial rooting,
or the Propagator Method (PM)">" ' that replaces the eigen-
value decomposition by constructing a propagator. However,
existing methods for complexity reduction are often tailored to
specific algorithms, and thus their application scenarios are
limited. Moreover, as these methods still struggle to address
the high data dimension problem of OFDM signals, their com-
plexity of delay and Doppler estimation remains high!"* ',
Thus, how to reduce the computational complexity for ISSAC
is still an important problem not fully solved yet.

To address the above issues, we propose a novel and univer-
sal complexity reduction method for ISSAC systems. The key
idea of the proposed method is to first reduce the data dimen-
sions of OFDM signals through uniform and sparse decimation
of the signals in the subcarrier domain, which significantly re-
duces the computational complexity without missing any sens-
ing target. However, the decimation operation involves sparse
signal resampling, which causes range ambiguity due to
pseudo peaks. Then, a second stage is conducted to remove
any ambiguity by checking all potential points individually us-
ing the total collocated subcarrier data. Due to the periodicity
of the outputs of both IDFT/DFT-based and subspace-based
methods'®, all the targets can be estimated using only a small
subset of subcarriers, although range ambiguity may occur.
Thus, we can first select a subset of the equidistance sparse
subcarriers to reduce the data dimension, and then validate
the estimated results using all the available subcarriers to re-
move any ambiguity. By utilizing the equidistance sparse data
with lower subcarrier domain dimension in the first stage, the
proposed method can achieve low-complexity range estimation
with resolution equivalent to utilizing all the available data.
Moreover, the proposed method is not only applicable to tradi-
tional super-resolution algorithms but also further reduces the
complexity of existing low-complexity algorithms, e. g., PM-
MUSIC and ROOT-MUSIC. Complexity analysis and simula-
tion analysis are performed to verify the effectiveness of the
proposed scheme. Numerical results demonstrate that the com-
plexity of the proposed scheme is two orders of magnitude

lower than the traditional MUSIC algorithm in minimal sens-
ing performance degradation.

2 System Model

As shown in Fig. 1, we consider a mono-static OFDM-based
ISSAC system, where a base station (BS) serves multiple com-
munication user equipment (UE), and simultaneously senses
multiple targets via the echoes of its transmitted signals. Note
that the radar cross sections (RCSs) of communication UE are
much smaller than those of the sensing targets, whose echoes
are relatively small and can be neglected. The BS is equipped
with M, transmit antennas and a single radar receiving an-
tenna. As we mainly focus on the range-Doppler sensing, ana-
log beamforming is considered for the BS.

The BS transmits OFDM signals with N subcarriers and M
OFDM symbols. The subcarrier spacing and the OFDM symbol
duration with the cyclic prefix (CP) are denoted by Af and T.
The OFDM symbol duration without CP is T = 1/Af, the dura-
tion of CP is T, =T - T, and the system bandwidth is B =

NAf. Therefore, the time-domain sequence of the m-th OFDM
symbol transmitted by the BS before beamforming is

%[ 4]

N-1

_ b Rl
TN A
where ¢ = 0,1,---,N = 1, and b,,, denotes the transmitted data
on the n-th subcarrier of the m-th OFDM symbol.

Assuming that there are K targets for sensing. The range
and the radial velocity of the k-th target are denoted by R, and

v,, where k£ = 1,2,-+-, K. Then, the delay and the Doppler fre-

; (1)

1
quency shift of the k-th target are 7, = 2R, /c = g and f,, =

2f v,/c, where ¢ denotes the signal propagation speed and f, is
the carrier frequency. To avoid inter-symbol interference (ISI),
the maximum delay of the targets is assumed to be smaller
than the CP duration. Moreover, the subcarrier spacing is as-
sumed to be at least one order of magnitude larger than the
largest Doppler frequency shift”. Note that mono-static ISAC
systems necessitate full-duplex operation of the transmitter

BS: base station

UE: user equipment

A Figure 1. An illustration of the mono-static integrated super-
resolution sensing and communication (ISSAC) system
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and the radar receiver, making them vulnerable to self-
interference (SI) due to imperfect isolation. Various methods
have been proposed to address this issue, such as a combina-
tion of analog and digital cancellers. After SI cancellation
and CP removal, the time-domain sequence of the m-th re-

ceived OFDM symbol is

K
volal= D v la - n ]+ 0, [q] =

k=1

S S b ) 2)

where y, = 70'11(01;)""}71;7 we C"™' represents the trans-

mit beamforming vector, a(ﬂk) e C"" and y, denotes the ar-
ray steering vector with angle of departure (AoD) 6, and the
complex reflection coefficient of the k-th target, and w, [ ¢]is
the corresponding additive white Gaussian noise (AWGN)
plus the residual SI.

Then, y, [ ¢] can be rearranged into a matrix ¥ € C**" via

DFT, and the (n,m )-th element of Y is

1 N-1 _Jj2mng

Y(n,m)=f2 No=

N Yml4 € -

q=0

K
“jpmndfe, jpmmT.f, | -
bn,rﬂ z 7k e e ke] e (2 nm
k=1 ’ (3)

where w ,, is the resulting noise.

Since the transmitted data b, , is known by the BS, it can be

n,m

removed via element-wise division. By doing so, the data ma-
trix ¥ (n,m) € C"*" for radar processing is

~ Y K . . . — I«
Y(n’m) - (bn,m) — E'Yk e—/Z‘rmquéZ‘rrmT“/’,A +w o € C’\ M
n.m k=1 ’
(4)
—! 511 m .
where w ,,, = [7 Therefore, the amplitude y,, the propaga-
h

tion delay 7,, and the Doppler f,, can be estimated with vari-
ous estimation algorithms by utilizing the data matrix Y.

Due to the large dimensions of the data matrix Y, the com-
putational complexity for parameter estimation is signifi-
cantly high, especially for super-resolution algorithms like
MUSIC. However, by exploiting the periodicity of the outputs
of both IDFT/DFT-based and subspace-based methods, all
the targets in the range domain can be estimated through
sparse data in lower dimensions, although ambiguity may oc-
cur. This motivates us to reduce the computational complex-
ity for parameter estimation by decimation, if the ambiguity
can be removed. In the following section, we uniformly deci-
mate the subcarrier domain data of the data matrix ¥ in Eq.
(4) to reduce data dimension, and then exploit the range peri-
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odogram of decimated sparse data to analyze the relationship
among the range resolution, the maximum unambiguous

range and the decimation interval.

3 Ambiguity and Resolution Analysis
Since signal processing methods for range and Doppler es-
timations are similar, in the following, we focus on range esti-
mation and assume all the targets are stationary, while the
proposed method and analysis results can be directly applied
to the Doppler counterparts. By uniformly decimating the
subcarrier domain data of the data matrix Y in Eq. (4) with a
step size of m, the decimated sparse data matrix can be ex-
pressed as
!

Yo(nm) =¥ (n"n.m) = i VeV @
& . (5

where n* =0,1,---,N* — 1, and N* = VT\;J denotes the num-

ber of subcarriers in the decimated sparse data.
Then, the IDFT is applied to each column of ¥**, and the
periodogram can be obtained by

2

lel 1 e o
F(T; 77) = M z 2 YSP(n“",m)e’Z“”""A/T

sp
m=0 N nt =0

(6)

The peaks of F(T; 17) correspond to the ranges of targets,
2R

where 7 = — denotes the observation delay, and R denotes
c

the observation range. When 7 = 1, the ranges of targets are
estimated with the total collected data, while for n > 1, they
are obtained with the decimated sparse data.

By ignoring the noise and substituting Eq. (5) into Eq. (6),
the periodogram of decimated sparse data for range sensing
can be obtained by

& v tnsse,sin (TNVAfAZ, )
F(A LS = i jr (N 1)nAfAr, bln("n' \
e /;%e N sin(wnAfAz,) | (7)

2A
where Az, = =% denotes the delay difference, A, = R -
c

R, e[ - dunmh,dmmh] denotes the range difference between

the observation range R and the target range R, and d =

unamb

c . .
—— denotes the maximum unambiguous range of OFDM radar

2Af

with the subcarrier spacing Af. It is observed from Eq. (7) that

the range sensing for arbitrary target k is critically dependent
sin (2wNASA, /c)

N* sin (2mmAfA, /c)

on the function Gn(Ak) = , which has

the following properties.
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. c
Main lobe: Let 2mNAfA/c =+ or A = iM, G,(A)=0.

Then the null-to-null width of the main lobe can be obtained as

c
BW = ——
NAf. (8)
Typically, the range resolution can be defined as a half of
the main lobe width. Therefore, the range resolution of deci-
mated sparse data is:

"~ 2NAf  2B. )

Grating lobe: When i > 1, grating lobes with the same am-

plitude and width as the main lobe exist, and the locations of

2mnAfA
the grating lobes can be obtained by letting Lf:
c

nmw,n ==+1,+2, -+ +7. Then the n-th grating lobe is located at:

nc

mar™

=+1,£2,-- 27
: (10)

The grating lobes reflect the periodicity of the periodogram,
which will cause range ambiguity. The maximum unambigu-
ous range achieved utilizing the decimated sparse data is the
woo-_C
unamb 277Af
For N = 128 and Af = 120 kHz, Figs. 2(a) and 2(b) illus-

trate the range periodograms for collocated subcarrier data

grating lobe interval d

and decimated sparse data. It is observed that the decimated
sparse data can achieve the same range resolution as the total
collocated subcarrier data, while the maximum unambiguous

-1000  -500 0 500 1000 1500

(a) N=128, n=1

range reduces inversely proportional to the decimation inter-
val 7. Similarly, when the decimated sparse data are applied
in super-resolution algorithms, the range ambiguity exists and
the range resolution remains. Moreover, the computational
complexity of super-resolution algorithms is significantly high,
especially for OFDM signals with high data dimensions.
Therefore, it is necessary to propose low-complexity schemes
utilizing lower-dimension decimated sparse data and periodic
extension, while maintaining high range resolution. In the fol-
lowing section, we propose a two-stage scheme, which com-
bines the advantages of collocated subcarrier data and deci-
mated sparse data, to achieve low-complexity and unambigu-
ous range sensing.

4 Range Sensing

4.1 Proposed Two-Stage Scheme

The two-stage scheme is shown in Fig. 3. In the first stage,
we uniformly and sparsely decimate the subcarrier domain
data from the matrix Y in Eq. (4) with decimation interval 7.

Thus, the range resolution and maximum unambiguous range

. res, s c 8]
of the decimated sparse data are A/ = 2B and 4 =

ﬁAf’ respectively. By utilizing the decimated sparse data, all
the possible ranges with ambiguity can be estimated. In the
second stage, the range resolution and maximum unambiguous

c
= ﬁ and dunamb =

—“_ and thus the range ambiguity can be removed by exploit-

2Af

ing the collocated subcarrier data to check each range estima-

range of the total collocated data are A’

0 . . ‘ . ,
ST ain lohe 1
Grating lob
~10 ]
=]
g =15 r 1
o

_20 L »
25t . ]
| i
=30 ¢ ‘ “‘ | u‘ ol ‘ ‘ il “ ]
-1500 -1000 =500 0 500 1000 1500
A
(b) N"=32, n=4

A Figure 2. Range periodograms of: (a) Collocated subcarrier data with the number of subcarriers N = 128 and (b) Decimated sparse data with deci-

mation interval n = 4
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Symbol

Stage 1:

decimated sparse data
Stage 2:

collocated subucarrier data

[
L]

\
L]

Subcarrier

A Figure 3. Illustration of the two-stage scheme

tion obtained in the first stage individually. Therefore, the two-
stage scheme can achieve range resolution equivalent to utiliz-
ing the total collocated data in Eq. (4) without range ambigu-
ity, while the computational complexity is much lower.

4.2 Proposed Two-Stage Algorithm

In this subsection, a novel two-stage algorithm based on
MUSIC is proposed. To eliminate high correlation between
echo signals of the targets, modified spatial smoothing prepro-
cessing (MSSP)""' is performed in the subcarrier domain of the
data matrix Y. Specifically, the smoothing window size is N, =
pN, p = 0.5, and the number of submatrices is N, =N -
N, + 1. Thus, the data matrix Y e C" MM after MSSP can
be obtained by:

Yy 7 Y] (11)

Then, the signal and noise subspaces can be obtained via
eigenvalue decomposition (EVD) of the covariance matrix of
the data matrix Y, which is expressed as:

1

R. = YY" =EAE"+EAE"

Y NsubM s ( 12)

where A, denotes the diagonal matrix composed of the largest
K eigenvalues, and E_ and E, denote the signal subspace and
noise subspace. Thus, the MUSIC spectrum for range estima-
tion can be expressed as:

1

Py (R)=——m—
ose (R) a"E,E!a,, (13)

. T
—j2m/ —j2m(N, = DA
[l,e e L, 2N, )fr] .

2R
where a, = = — denotes the
c
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steering vector in delay dimension, R denotes the observation
range, and ¢ denotes the wave propagation speed. The peaks
of the MUSIC spectrum correspond to the ranges of the tar-
gets. The proposed two-stage algorithm works as follows. In
the first stage, the possible ranges of the targets are obtained
by first utilizing the MUSIC algorithm on the decimated matrix

Y* and then periodically extending the peaks with interval
dr

unamb*®

In the second stage, the MUSIC spectrum of collocated
subcarrier data matrix Y is exploited to remove the range am-
biguity, where the spectral values remain large at the true
peaks and sharply decrease at the pseudo peaks. The detailed
steps of the proposed algorithm are shown in Algorithm 1.

Algorithm 1. MUSIC based low-complexity two-stage algorithm

Inputs: total collocated subcarrier data matrix ¥;
the decimation interval 7).
Oulputs: estimated range r.
/[Stage 1. Sparse estimation

1.Y? = Y~(1:T):N,:);

2.N=pN?P NI =N"—=N"+1;

3. Obtain sparse data matrix after MSSP Ys‘);
1 A i

4‘ ‘ = YSPYSP ;

ONIEM
5. RYM = E:pAEPEpr n E;pA:pE:pu;
. findpeaks 1
6.1, =

sp ﬁ’
(0.4 ] " EXEY a?

7.K = length(fl),P = {{r’:m]’
unamb

8.7 =ones(1,P) ® r, + d¥

unamb

(0:P — 1) ® ones(1,K);
/I Stage 2. Ambiguity removal

9.N,=pN,N, =N-N, +1;

10. Obtain sparse data matrix after MSSP Y;
_ 1 v H

11.R, = N YY",

sub
12.R; = EAE"+EAE"
1
13. Pyysicl 71 ) = ———
MUSI(,( 1 ) afEnEf{a,
14. Obtain the verified spectral peaks r;
15. return r.

The two stages of Algorithm 1 can be explained as follows.
In the first stage, all possible ranges of targets are found via
the MUSIC spectrum of the decimated sparse data and peri-
odic extension. Specifically, in Step 1, the decimated sparse
data matrix Y™ is obtained by uniformly decimating the total
collocated OFDM data matrix ¥ with a step size of 7. Then,
MSSP is performed on Y** in Steps 2 - 3, and MUSIC is per-
formed in the maximum unambiguous range of decimated
oo ¢
wanb = D0 Af
r, in Steps 4 — 6. Subsequently, as shown in Steps 7 - 8, all

sparse data to obtain the coarse range estimation
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possible ranges of targets 7, are obtained by periodic extension

of spectral peaks r, searched by MUSIC, where d,, denotes the

max

sp
unamb

maximum detection range of OFDM radar, P = {d""“‘l de-
notes the number of extended periods, and @ denotes the Kro-
necker product. In the second stage, all possible ranges of tar-
gets are verified by the MUSIC spectrum of the collocated sub-
carrier data individually to remove the range ambiguity. As is
shown in Steps 9 - 10, MSSP is performed on Y. Then, calcula-
tion and eigenvalue decomposition of the connivance matrix are
performed in Steps 11 - 12. Finally, all possible ranges in
7, are verified by the MUSIC spectrum of the collocated subcar-
rier data point-by-point, where the spectral values at the true
peaks are large, as is shown in Steps 13 - 14.

The range estimation result of the proposed scheme and tra-
ditional MUSIC is shown in Fig. 4. As shown by the black
solid line, spectrum search is performed in the maximum un-
ambiguous range for decimated sparse data in the first stage.
Then, all possible ranges of targets are obtained by periodic
extension, as shown by the red dashed line. Finally, in the sec-
ond stage, the MUSIC pseudospectrum of the total collocated
subcarrier data is used to check each possible range to remove
any ambiguity, as shown by the blue solid line. The lower data
dimension of decimated sparse data, smaller range for spec-
trum search, and limited points to be checked by the total col-
located subcarrier data make the complexity of the proposed
two-stage scheme much lower than that of the traditional
MUSIC. In the following part, numerical results are provided
to compare the complexity of the proposed scheme and the tra-

ditional MUSIC.

4.3 Computational Complexity Analysis
For the MUSIC algorithm, the computational complexity for

Proposed scheme based on MUSIC

B

Range/m
MUSIC: Multiple Signal Classification

A Figure 4. Range estimation result of the proposed scheme and tradi-
tional MUSIC

calculating the covariance matrix is O(MNz), and the com-
plexity of eigenvalue decomposition and spectrum search is
(9(]\73) and (9((2N(N -K)+ N)r), respectively. Thus, the
complexity of traditional MUSIC after spatial smoothing is
O(N MN; + N; + (ZNL(NL - K) + NL)r), where r denotes

the number of points calculated in the peak search. Assuming

sub

the proposed scheme is applied to MUSIC, the complexity of

the two stages of the proposed scheme is O(NS” MN;*? +

sub

N2+ (2N (N = K) + N?)r') and - O(N, MNG + N +

sub
(2N,(N, - K) + N, )KP).
Assume the number of total collocated subcarriers is N =

1024, the number of OFDM symbols is M = 112, the maxi-
= 300 m, the step
size for spectrum search is 0.01 m, and the number of targets

mum detection range of OFDM radar is d
is K = 3. Then a comparison of the complexity of traditional
MUSIC, PM-MUSIC and the proposed scheme with different
decimation intervals n is provided in Table 1. It is observed
that the PM-MUSIC algorithm can only slightly reduce the
computational complexity of the MUSIC algorithm. The pro-
posed scheme, however, can not only significantly reduce the
complexity of MUSIC, but also further reduce the complexity
of PM-MUSIC.

5 Simulation Results

In this section, the performance of the two-stage algorithms
is verified. The relevant parameter settings are as follows. The
subcarrier spacing is Af = 120 kHz, the total number of sub-
carriers is N = 1024, and thus the total bandwidth is B =
122.88 MHz. Moreover, the number of OFDM symbols is M =
112, the maximum detection range of OFDM radar is d,, =
300 m, and the number of targets is K = 3.

As is shown in Fig. 5(a), a comparison of MUSIC, PM-
MUSIC, and the proposed scheme in terms of root mean
square error (RMSE) of the range estimations is provided. It
is observed that the RMSEs of the proposed scheme are at
the centimeter level, that is, the proposed algorithms can
achieve comparable range estimation accuracy with tradi-
tional MUSIC and PM-MUSIC. In Fig. 5(b), the RMSEs of Al-
gorithm 1 with different decimation intervals 1 are provided.

It is observed that at low SNR levels, the estimation accuracy

VTable 1. Computational complexity analysis

Complexity of Different Decimation Intervals

Algorithms

n=38 n=16 n=32
MUSIC 1.59¢10
Proposed+MUSIC 3.80e8 2.73e8 2.65¢8
PM-MUSIC 1.57¢10
Proposed+PM-MUSIC 2.46e8 1.40e8 1.32¢8

MUSIC: Multiple Signal Classification ~ PM: Propagator Method
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0.12F J
£
= 0.10 1
=
= U

16 18 20
SNR/dB
(a)
0.20 T T T T T T T T
o n=8
0.18 +—n=16[|
—8—7=32

0.16 1
E el
=
0 1
=
=1

16 18 20

SNR/dB
(b)

RMSE: root mean square error MUSIC: Multiple Signal Classification

PM: Propagator Method

A Figure 5. (a) RMSE of MUSIC, PM-MUSIC, and the proposed
scheme for range estimation; (b) RMSE of the proposed scheme with
different decimation intervals for range estimation

of the proposed scheme slightly decreases as the decimation

interval increases.

6 Conclusions

In this paper, we reduce the computational complexity of
range estimation by uniformly decimating in the subcarrier do-
main, and derive the mathematical relationship between range
resolution, maximum unambiguous range and the decimation
interval. Then, a two-stage scheme is proposed to achieve low-
complexity high-resolution range estimation while maintaining
the unambiguous range, which first exploits the low-dimension
data matrix to reduce computational complexity, and then re-
moves the range ambiguity utilizing total collocated subcarrier
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data. Finally, we compare the complexity and performance of
the proposed scheme with traditional MUSIC and PM-MUSIC,
and the results show that the proposed two-stage scheme can
significantly reduce the complexity of range estimation with
minimal performance degradation. Besides, the proposed
scheme can be easily adapted to super-resolution algorithms
for Doppler and AoA estimation.
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