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Abstract. The sixth-generation mobile communication system is
expected to provide sensing services, and thus the integrated sensing
and communication waveform has emerged as a hot research topic. In
typical sensing systems, such as radar, sensing resolution is often con-
strained by available wireless resources. Achieving super-resolution sens-
ing within the resource constraint poses a significant challenge. To this
end, this work proposed a calibration algorithm for orthogonal frequency
division multiplexing waveforms to conduct barycenter calibration (BC)
of the multiple signal classification (MUSIC) spectrum that performs
two-dimensional sensing. Simulation results demonstrated that the BC
algorithm could significantly reduce sensing errors. Even at the edge of
the MUSIC spectrum, it still exhibits robust performance. In addition,
to comprehensively evaluate the performance gains, we introduce the
capacity-to-error ratio and provide simulation results and discussions.

Keywords: Integrated sensing and communication - Barycenter
calibration (BC) - Multiple signal classification + Orthogonal frequency
division multiplexing

1 Introduction

The evolution of the sixth generation mobile communication system, known as
6G, envisions a network that integrates mobile communication and sensing func-
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tionalities. Sensing, in the broadest sense, encompasses the ability to perceive
all aspects related to business, networking, users, terminals, and environmental
object properties. A narrow definition of sensing stands for target localization,
imaging, detection, identification, and tracking capabilities. High-precision sens-
ing is a fundamental technology that serves futuristic applications. For example,
use cases such as vehicle navigation, industrial infrastructure, emergency respon-
ders, and smart home, impose critical demands on range and velocity estimation.
Orthogonal frequency division multiplexing (OFDM) can effectively miti-
gate multipath effects and frequency-selective fading. However, designing inte-
grated sensing and communication (ISAC) waveforms based on OFDM spectra
for range and velocity estimation is challenging. Numerous research efforts have
been devoted to developing waveforms for ISAC to address this challenge.
Sturm. C et al. in [1] first proposed the two-dimensional discrete Fourier
transformation (2D-DFT) algorithm for jointly estimating range and velocity. A
widely adopted method for improving resolution is to increase bandwidth. How-
ever, inherent bandwidth limitations impose constraints on resolution, which in
turn adversely affect the accuracy of estimation performance. In response to
this limitation, several pioneering research efforts have recently been undertaken
to enhance sensing resolution. For example, R. Zhang et al. proposed a novel
tensor-based approach in [2] to address channel estimation and target sensing
problems with a unified framework in which parameters were estimated by the
tensor-based algorithm uniformly. An OFDM signal represented in the frequency
domain can be interpreted as a two-dimensional (2D) virtual array in a single
snapshot, where the rows correspond to subcarriers and the columns represent
symbols. Hence, in [3], a joint range-velocity estimator was implemented by
the 2D multiple signal classification (MUSIC) algorithm for OFDM-based radar
systems. Other algorithms, like Capon [4] and ESPRIT [5], can be employed
to achieve high accuracy estimation with the improved resolution. OFDM can
jointly estimate range and velocity since subcarriers and symbols in OFDM are
associated with the target’s range and Doppler, respectively. Compared to con-
ventional smoothing, smoothing window optimization [6] could greatly enhance
estimation accuracy while reducing computational cost. Due to bandwidth and
power restrictions, spectrum calibration algorithms may be adopted to improve
the accuracy of estimations. A two-stage search method was designed to refine
the estimation process of the DFT spectrum peak. The process begins with a
coarse search, followed by a more precise examination around the peak [7]. How-
ever, the resolution is limited to the spacing of the second stage. In [8], two
samples on the DFT spectrum were utilized to finely estimate the peak based
on a linear combination of unknown parameters, while [9] used three samples
based on nonlinear relations. [10-12] used three samples to find the peak value.
Although the above mentioned calibration algorithms are designed for frequency,
amplitude, and phase estimation, they can also be adopted for spectrum peak
search of MUSIC. The barycenter calibration (BC) algorithm can flexibly adjust
the number of samples to estimate the peak value. In [13], the barycenter cali-
bration algorithm was first suggested for OTF'S delay-Doppler spectrum estima-
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tion. Windowed high-order OTFS delay-Doppler spectrum can also be assisted
by BC [14]. BC was proved to be effective for direction-of-arrival estimation with
Capon/MUSIC algorithms in [15]. As far as we are aware, the BC algorithm has
not been utilized in the context of OFDM. Furthermore, current BC solutions
do not deal with the case where the peak value falls near the edge.

This work addresses the constraints on sensing resolution imposed by avail-
able wireless resources and demonstrates that the proposed BC-MUSIC OFDM
scheme can significantly reduce range and velocity estimation errors, achieving
super-resolution sensing. Particularly, this work first investigates how to calibrate
the spectral barycenter near the observation edge, and we name this algorithm
barycenter calibration with edge spectra (BCE). Owing to the algorithm’s min-
imal complexity, it is expected to support real-time requirements in 6G ISAC
services.

This paper is structured as follows: Sect. 2 introduces the system model for an
OFDM-ISAC transceiver. The principle underlying the simultaneous estimation
of range and velocity, along with an explanation of the BCE algorithm, is covered
in Sect. 3. Section 4 focuses on analyzing the performance of the CRLB. In Sect. 5,
we present the outcomes of the simulations, discussing their implications. Finally,
Sect. 6 wraps up the discussion with concluding remarks.

2 System Model

Figure 1 depicts a configuration where the transmitter and receiver are jointly
allocated for communication and sensing purposes. After the ISAC signal is
transmitted, communication users receive it through downlink communication
channels, and communication users transmit data to the communication receiver
through uplink channels. The ISAC signal transmitted will bounce off multiple
targets, with the echo signal subsequently returning to the sensing receiver. The
symbol IC represents the total count of targets. For every target, the distance
to the receiver is denoted as dj, while the relative velocity concerning the kth
target is represented by vy.

2.1 Integrated Transmitter

The diagram depicting the structure of the OFDM-ISAC transceiver can be
found in the transmitter section of Fig. 1. Within the transmitter, a bit sequence
of length (logys M x MN) is produced by the information source, represented
as O1x|[(log, M)xMN], O(1) € {0,1},i = 1,2,--- (logg M) x MN. The term
MN indicates the total number of symbols within an OFDM frame. Follow-
ing this, the bits contained in o are mapped to M-ary quadrature ampli-
tude modulation (QAM) symbols through the use of a modulation alpha-
bet B = {By,B2,--- ,Bar}, which results in the formation of the modulated
symbol vector aj,(an). After modulation, we can achieve a symbol train,
A T T

denoted as a £ [af,---,al,--- a}]ixaun) , in which al is defined as
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A . . . .
al’ £ [am1,  y@mm,* ,amn]. Next, the symbol train is fed into a serial-

to-parallel converter (S/P), yielding a symbol matrix, which can be written into

aj ai1 © Q1n ai,N
L T _
A= a,, - Gm,1 Qm,n Qm,N (1)
T . .
an, apn,1 AN AM,N | prx N

Subsequently, the transformation of the symbol matrix from the frequency
domain to the time domain occurs via the inverse fast Fourier transform (IFFT),
represented by X = F~'A, where Xj;xn refers to the transmitted symbol
matrix in the time domain.

Next, the X is fed into a parallel-to-serial converter (P/S), reshaped into a
symbol vector x £ [x7, .- ,xL ... ,X}Q]lx(MN), where x! denotes the symbol
vector transmitted on the mth subcarrier. Afterwards, to avoid inter-symbol
interference, the cyclic prefix is added to the symbol vector, described as X £
xF ... xL ... ,iﬂ]lx[(M_m)N], where p is the cyclic prefix length. Each digital
symbol in the symbol vector should be transformed into an analog signal by
digital-to-analog (D/A) for subsequent RF modulation, namely multiplying a
rectangular window. The analog signal is Z(t) = X[i] * rect(%), where (i =
1,..., (M + u)N) is the index of the element of X, Tp = 1/(M Af) equals to the
time interval of sampling; Af is the subcarrier spacing. Also, the duration of a
complete OFDM symbol is Ty = T + T, where T' = 1/Af is the duration of
an OFDM symbol; T, is the duration of the cyclic prefix. Then, the signal is

modulated to RF signal 2(t) with carrier frequency f..

2.2 Channel

The channel impulse response is formulated as

K

h(t,7) = Z pro(T — Tk)ejzmj"t, (2)
k=1

where C represents the number of the multipath channels; p; denotes the com-
plex channel gain associated with the kth path; §(-) denotes the Dirac function.
The delay 7 and Doppler shift v; of the kth path are respectively given by

2d 2v
Tk = ku l/k:fc ka (3)
C C

where dj and v represent the relative distance and relative velocity of the kth
path, respectively. The duration of the cyclic prefix Tc, > 7, k=1,...,K.
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Fig. 1. System model of the downlink OFDM-ISAC system. The ISAC signal is gen-
erated by the base station (BS). Then, it is captured by the communication users
and reflected off K sensed targets. Besides, the BS is equipped with a communication
receiver and a sensing receiver, which respectively decode the communication data from
users and receive echo signals from targets.

2.3 Receiver

At the receiver module, we can observe from Fig. 1 the received signal, which may
either be the user’s communication signal or the echo reflected from a target, is
handled concurrently by both the sensing and communication modules. The I
point targets possess respectively the distance dj and the relative velocity vy,
for k =1,---,K. The velocity of the kth target satisfies 2v;, < ¢, and c is the
speed of light.

The received signal should first be down-converted to a baseband signal,
given by

r(t) = e=92m/et / h(t,T)z(t — 7)dr. (4)

Then, sampling the received signal r(¢) and removing the CP, we can achieve

A . .
the sequence, r £ [r{,---,rr ... %], n = 1,2,--- N, in which rl can be
expressed as
N
r, = [7",u+1,m s Tmetpn, 7TM+M7TL]’ (5)

where m (m = 1,--- , M) denotes the sample index; p is the length of CP; r; ; is
the [(j —1)(M + p) +]th sample of r(t), given by r; j = r((j —1)Ts +i/(MAf)).

Communication Receiver. As shown in Fig. 1, the received data vector is
transformed into a matrix by S/P, as described R £ [r1,- -+ , Ty, - ,Tas]. After
that, the symbol matrix R in the time domain is converted into Q in the fre-
quency domain using the Fast Fourier Transform (FFT), represented by the
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equation Q = FR, where Q is defined as Q = [q1, -+ , Qm, -+ ,qa)- By P/S, the
matrix Q is reshaped into a vector q = [qf,--- ,qL, -+, q};]. Equalizer follows
up to remove the gains yielded by the channel, ' = H™'q, where H™! denotes
the inverse matrix of the channel matrix. Next, decision is conducted to obtain
q = f(q'), where function f denotes the decision device rule. Finally, the recov-

ered symbol vector q; (arn) is demapped into a bit sequence 01 x[(1og, M)x MN]»
6(i) € {0,1},i=1,2,--- , (logy M) X MN.

Sensing Receiver. As the echo signal is transmitted and received in co-
allocation, the transmit matrix A is known to the sensing receiver [6]. As shown
in Fig. 1, the received echo matrix is

Q4p,1 0 Q4pn 0 Qi4u,N
Q= |dmtp1 Am+p,n dm+p,N | = X +N= H(d,v)®© A+ N, (6)

q]VI+;L,1 et qM+p,7n et qM+p,,N MxN

where the element is derived by

K
—j2rmAf2ie i2mnTs fe2vp S
Am+p,n = Amn E pre”’ 1= el ¢ FNmn = Tmn T Nmon, (7)
k=1

where m(m = 1,2,--- M) and n(n = 1,2,---,N) are the indices of sub-
carriers and symbol block, respectively. Also, d and v are defined as d £
[dy, ydp, -+ ,di), v = [v1,-++ Uk, ,vx], where di and vy, denote the range
and velocity of the kth target, respectively. The noise N is a M x N matrix; “®”
denotes the Hadamard product. Let ¥ = [p1,--- , px, -+ , pxc]T, and the channel
matrix can be decomposed as

K

H(d,v) = Z el2mnTs

k=1

Fe2vy

preP3TmAITE — U(d)diag(Y)B(v)T. (8)

The matrices of the phase shift due to the delay and Doppler are respectively

defined as
{U(d) 2 [u(dr),--- ,u(dy),- - ,u(de)],
B(V) £ [b(v1)7 U 7b(vk)ﬂ T ,b(’l);g)],

where u(dy) = [L,u(dy), - ,u™M=2(dp)]T, and u(dy) = e~ 727275 b(yy,) =
[1,b(vr), -, BN (vg)]T, and b(vg) = eI2mfeETs.

It is necessary to eliminate the influence of the transmit matrix A from Q
using element-wise division. The resulting covariance matrix of this division is
regarded as the matrix yielded in the 2D-MUSIC algorithm to perform the two-
dimensional spectrum, as discussed in detail in Sect. 3.1. The range and velocity

9)
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estimates achieved by 2D-MUSIC can be further refined through the barycenter
calibration algorithm, which will be discussed in detail in Sect. 3.2. The outcomes
of this process are discrete indices that will subsequently be converted into range
and velocity.

3 Joint Range and Velocity Estimation

To begin this section, we will outline the procedure for generating the 2D-MUSIC
spectrum. Subsequently, we introduce the BCE algorithm, which involves a
detailed explanation of the processing method for points located near the spec-
trum edge or elsewhere.

3.1 MUSIC Spectrum

Range and velocity are jointly estimated through the 2D-MUSIC algorithm. The
matrix O is derived by element-wise division of the transmit matrix from the
received matrix:

(O)(mm) = (Q)(m,n)/(A)(m,n) = (H)(m,n) + (N)(m,n)a (10)

where (N)(mm) £ (N)(mn)/(A)(m,n) denotes the noise matrix. The steering
vector is derived by c(d,v) = b(v) ® u(d) € CVM*1 where “®” denotes the
Kronecker product. Reshape the matrix O into

K

Y (nnyx1 = vee(Onrxn) = 3 pre(d, vk) + vee(Narxn), (11)
k=1

where vec(+) refers to column vectorization. Typically, the MUSIC algorithm is
used for direction-of-angle estimation. Thus, the matrix Y can be equivalent to
an array matrix with the number of antennas to be N, = NM and the number
of snapshots to be Ngn,p = 1. Covariance matrix Oxx of reshaped matrix Y can

be decomposed into
1

Oy = ——YY? = EAET, (12)
Nsnap

where A = diag(A1, Ae, -+, AN, ) represents the diagonal matrix of eigenvalues
for Oxx; Aj and S; are eigenvalue and corresponding eigenvector of Oxx, respec-
tively for j =1,2,--- , N, and E = [S1,S2, -+, Sy, ]. Calculate eigenvalues of
Oxx and sort them in the order of A\; > Ag--+ > A > A1 > -+ > Ang,
where the first £ maximum eigenvalues refer to signal eigenvalues, and the last
Ny, — K minimum eigenvalues refer to noise eigenvalues. Mathematically, we can
express them as

{ E. =[S1,8,,--+,Sx], (13)

E, = [Sic+1.Skct2, -+, Sn, ).
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Based on operations and the decomposition above, the spectrum of MUSIC

is calculated by
- 1
Pm i d, v é = . 14
usie(d,v) ¢ (d,v)E,EF ¢(d,v) 1)

Then the sampled MUSIC spectrum, Pusic(nd, 7y ), can be obtained by

- cng Ny
Pmusic s Thy £ Pmusic OAFT Corm ... | 1
(na, ) <2A Fdn’ 2 chsvh> (15)

where ng(nqg = d;, - ,dp) and n,(n, = v;,--- ,vp) are the indices of range and
velocity dimension on the sampled MUSIC spectrum, respectively; dp — v; and
vp, — v; are the number of samples Vg on MUSIC spectrum f’music(d, v) along the
range and velocity dimension, respectively. The observed peak of the sampled
MUSIC spectrum corresponds to the integer index of range and velocity:

[dﬂ7 0] £ arg max Prusic (Nd, M) - (16)

Nd,My

3.2 Barycenter Calibration Algorithm

Due to the picket fence effect, the observed range and velocity, denoted as d and
v, respectively, are identified as the nearest integer indices to the actual peak.
The BC algorithm is employed to estimate an fraction index closer to the actual
peak within an area around the observed peak d, v, whose dimension is Ny X N,,.
Here, N; and N, represent the count of observation points along the range and
velocity axes, respectively. It is important to mention that, in this study, the
observation area is considered square (Ng = N, ), and Ny and N, are both even
numbers unless otherwise specified.

The observation area should be as symmetrical around the actual peak as
possible. Next, we will explain how to select observation points. In the range
dimension, two approximate points Prousic(d—1,0) and Pysic(d+1, 0) are chosen
on each side of d. If Pmusm(d — 1, ) is greater than Pmusw(cz + 1,0), the actual
peak falls between d— 1 and d and then the range observation points are in
order of d d— 1, d+ 1, d— d Ng/2; if Pmusw(d 1,) is smaller than

musw(d + 1,9), the actual peak falls between d + 1 and d and then the range
observation points are in order of d7 d+ 1, d— 1, d+ 2,0, d+ Ng/2. Observation
points are selected in the velocity dimension similarly.

To simplify mathematical expression, function ¢4(i) and ¢, (j) are defined

s [13]
(1)1 — M}

9 2 ) for Pmusic (dD - 1; 'f}) 2 Pmusic(dc + ]-» '[})v

pali) = i 1 (17)
(_ ) [Z — 7} for PmusiC(dD - 1) f)) < PmUSiC(dD—’_ 1’10))’

2
9 ’
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)it =7 . )
( ) [jz - ]7 for Pmusic(da v — ]-) 2 Pmusu:(d 0] + 1)7
U o - o o
9 = ) for Pmusic(da U — ]-) < Pmusw(d 0 + 1)7
(18)
where i(i =1,--- ,Ny) and j(j =1,---, N,) are the indices of observation area

along range and velocity axes, rebpectively The observation area is expressed by
a matrix G[i, j] = Pusic(d+ ¢4 (i), 0+ ¢y (j)). We can calculate the range index
after calibration as

. d+ Gli,j
o Z S A+ puli) Gl )
S S Gli )
And the velocity index after calibration is computed as
X 5+ oy G i
WD YC) SR >>] i) o0

S S Gliyg

H@

Algorithm 1. Barycenter Calibration with Edge

Input: 2D-MUSIC spectrum Pruysic(n4, v ), size of the observation zone Ng X Ny,
number of the sensed targets K;
Output: Estimated range {’, and velocity &’.
1: Find the K peaks of the 2D-MUSIC spectrum Prusic(nd, 1)
2: forol <k<Kdo
3: [d, 0] < arg max Pmusic(nd, no)

ng,Nv
Determine function ©d(i) according to 17 and function ¢, (j) according to 18.
1f()<d+g0d()<dh and 0 < 0+ ¢y(i) < v, then
Gli, ] — Puusic(d + @a(i), 0 + pu(4))

d+ @a(i) — di +mod(d + (i), dn)

4

5

6:

7 else
8.

9 0+ @y (2) «— vy + mod(0 + ¢, (), vn)
0

10:

end 1f
11: P Z Z (d+¢d( NGli,g)
Z Z Glij)
Nv S ton (1)) Glig
19: e Z Z (N+<P (4))Gl[i,5]
E 4 35 Gligl
13:  return [, k:’
14: end for

For the 2D-MUSIC spectrum, as shown in Fig. 2(a), lower and upper edge of
ranges are placed along the range axis on each side of the scope, and lower and
upper edge of velocity are placed along the velocity axis on each side of the scope.
The range index varies in {d;,d; +1,d;+2, -+ ,dp} and the velocity index varies
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(a) Ilustration of 2D-MUSIC spectrum and edge area, where four points fall into
different areas.

. N, . N,
d1*dz<7d,vrﬁ Uh7v1<71v‘:6 :
T 2 N,=6
d, (21 “/0 d, v ¥ Uy, j U,
Lower edge Upper edge Lower edge Upper edge  Lower edge Upper edge Lower edge Upper edge
of range ofrange  of velocity of velocity  of range ofrange  of velocity of velocity
(b) MUSIC spectrum for Point 1. (c) MUSIC spectrum for Point 2.
&y —di < % .
d, d, dn v

Lower edge Upper edge Lower edge Upper edge Lower edge Upper edge Lower edge Upper edge
of range of range of velocity ~ of velocity ofrange  of range of velocity  of velocity

(d) MUSIC spectrum for Point 3. (e) MUSIC spectrum for Point 4.

Fig. 2. Illustration of edge areas. Four different spectrum cases for points falling into
different edge areas. The size of observation area is set as Ng X N, = 6 X 6. dy, and oy
are the integer closest indices to the kth actual peak value, for k = 1,2,3,4. dp,, vy are
the highest indices along the range and velocity dimensions, respectively. d;, v; are the
lowest indices along the range and velocity dimensions, respectively. d;, — d; equals the
number of samples Ns.

in {v, v + 1,0 + 2, ,vp}. Define range or velocity falls near the edge when
d+pa(i) < dy or d+pa(i) > dy or 5+p,(§) < v or 5+, (i) > vp,. As depicted in
Fig.2(a), edge area is enclosed by four white dashed rectangles. When range or
velocity falls near the edge, typical barycenter calibration algorithm can not take
effect. Performance near edge area degrades back to integer closest estimation.
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To deal with such situation, this work proposed an algorithm to enhance the
estimation accuracy of points falling near edges. In (7), phase shift due to delay
and Doppler are expressed respectively as —2mmAf == 2d and 27nT, 2”, which
both vary in [0, 27]. Due to periodicity of phase shlft when range or velocity
falls near the edge, the observation points required falhng outside of the edge can
be replaced by points of the opposite side, as the red spectra depicted in Fig. 2.
The substitution is achieved by d; + mod(d + ¢4(4),dn — d;) and v; + mod(v +
wu(j),vn — vp), where “mod” denotes modulo operator. The whole process of
BCE algorithm in pseudocode is demonstrated in Alg. 1.

In Fig.2(a), four points represent four different cases and points fall into
different edge areas. Assume that dok and ¥y represent the range and velocity
indices of kth point, respectively, for k = {1, 2, 3,4}. Figure 2(b) illustrates Point
1, which is not only near either edge of range but also either edge of velocity,
on condition that d; — d; < ¥4 and &, — v; < &e. Figure 2(c) illustrates Point

2
2, which is only near either edge of velocity, on condltlon that dy — d; > %,

dp, — d°2 > %, and U9 — vy < % Figure 2(d) illustrates Point 3, which is near

N,
2

neither edge of range or velocity if d03 —dy > 52, dy, — d3 d, U3 — v >

and vy, — 03 > N Figure 2(e) illustrates Pomt 4, which is near either edge of
N > N,
- "9

ranges if dy, — d4 < Na gy —w >

4 Performance Analysis

In this section, we derive the Cramér-Rao Lower Bounds (CRLB) for estimating
range and velocity to assess the target sensing capabilities of the BCE algorithm.
Additionally, the capacity-to-error ratio (CER) is employed to analyze the ISAC
performance of the BCE algorithm.

4.1 Cramér-Rao Lower Bound

We define the target parameter set as @ = [d, v], whered = [dy,--- ,d, -, dx],
v =[v1, Uk, ,0k], with di and v, denote the range and velocity of the
target k, respectively. According to (6), the received samples can be expressed
as

dmm £ dm+pn = -f?m,n + Nom,ns (21)
where ¢m+pun, Em,n and n,, , represent the elements from matrices Q, X and N,
respectively. The received sample gy,1,,» can be modeled as a random variable

that adheres to a Gaussian distribution, with its mean at 2, , and a variance
of ¢2. The joint likelihood function is given by

N M

P@|0)= ][ [] mae ™ 22

n=1m=1
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The Fisher information matrix I(8)€ R2**2K is then computed using the

expression [I(0)],,, = _E[%]

o2 — 06, 00, (23)
(&m0 (0)) (@7,,,(0))
s ) =1 .
+ 801:) 89(1 ) p’q 727 72’C7

where we let 6, = d, for p=1,...,K and 0, = vp_x) for p =K +1,...,2K.
We proceed to derive the partial derivatives of &, , with respect to dj and v
in Eqns. (24) and (25), respectively.

8($ﬁm,n(0)) R (-]47T(m o 1) Af) e—j47‘r(’m—1)Afdiej47'r(n—1)kaTs7

c

ody,
(24)
O(Zm,n(0 . s —Jj - ey -3
9(dm.n(6)) = Gpnpr | jAm(n —1)=2 ) e774m(m DASE gitm(n=1) T (25)
(%k A

The CRLB with respect to each estimator is represented by the respective
diagonal element in the inverse Fisher information matrix, expressed as

OB = [T(O)]es k=1, 2K (26)

4.2 Capacity-to-Error Ratio

In [16], the authors proposed a metric to evaluate the efficiency of an ISAC
system, which maintains a equilibrium between capacity and the accuracy of
sensing. This metric is determined by the capacity and ergodic Cramér-Rao
bound. Inspired by [16], we employ the capacity-to-error ratio (CER) in this
work as the performance metric, defined as

C

FR= ———+
CER Kk + MSE’

(27)
where C represents the Shannon capacity, while « is a constant assumed to be
0.1 in this paper, restricting the peak value of CER. Additionally, MSE rep-
resents the MSE of the estimation for either range or velocity. CER quantifies
the capacity obtainable for each unit of sensing error, providing a comprehen-
sive measure of communication and sensing performance for an ISAC system. In
particular, decreased MSE contributes to an increase in CER.

5 Simulation Results and Discussions

The simulation focuses on a scenario involving a single target, although it should
be noted that the proposed algorithm is applicable to multi-target scenarios as
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well. The carrier frequency is 27.5 GHz, with a subcarrier spacing of 300 kHz.
The symbol length is T' = 3.3 ps, while the cyclic prefix is To, = T/4 = 0.8 ps.
As a result, the overall duration of a complete OFDM symbol is Ts = 4.2 ps.
Quadrature amplitude modulation (QAM) was employed.

Velocity MSE

L|--e-CRLB s
BCE-MUSIC, Ny=100 LN
——MUSIC, N,=100
—A—BCE-MUSIC, Ny=200 AN
—<—MUSIC, N,=200 A

0 5 10 15 20 25
SNR (dB)

Fig. 3. MSE of estimated velocity values under different SNRs. The number of subcar-
riers is assumed to be M = 8. The number of OFDM symbols is assumed to be N = 8.
The velocity of one target varies in [—100,100] m/s. The observation zone measures
6 X 6, represented as Ng X N, = 6 X 6. Ng denotes the number of samples.

In Fig.3, we studied how the SNR affected the MSE of estimated velocity
values. The CRLB of OFDM-ISAC signal was given as the lower bound. Single
target with mobility was uniformly distributed. It is observed that the MSEs
of the MUSIC algorithm initially decrease and then reach a plateau due to the
fixed number of samples in MUSIC spectra. Increasing the number of samples
can help reduce the spacing of the MUSIC spectrum and improve the estimation
accuracy at the expense of additional computational complexity. BCE-MUSIC
with Ng=100 can achieve approximately 10 dB gain at SNR = 20 dB. It is
worth noting that although our proposed method utilizes only a few samples of
the MUSIC spectra, the MSE of BCE-MUSIC is close to that of CRLB derived
from the entire received OFDM samples.

The relationship between CER and SNR with different M was discussed
in Fig.4. Similarly, CRLB indicated the theoretically lower bound. The range
parameter is fixed to be dg = 484 m. As illustrated in Fig. 4, CER grows with the
increasing SNR. In addition, increasing the number of subcarriers has exhibited
significant improvements of CER due to the bandwidth and the improved ranging
resolution. Moreover, it was noted that increasing the number of sampling points
in the MUSIC spectrum leads to a reduction in the MSE of the BCE-MUSIC
algorithm. Hence, CER could be improved.
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Fig. 4. CER versus SNR. The subcarrier space is Af = 300 kHz and the size of two
dimensional observation zone is Ng X N, = 4 x 4. M denotes the number of subcarriers.
Ns denotes the number of samples.
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Fig. 5. MSE of range/velocity values versus the number of samples Ns. f. = 27.5 GHz,
N =4, M = 8, Af = 300 kHz. The number of samples in range/velocity dimen-
sions varies from 60 to 900. The total count of Monte Carlo simulations is 200. The
corresponding range varies in [0,62.5] m and the velocity varies in [—81.8,81.8] m/s.

As shown in Fig.5, MSE decreased as the number of sampling points Ny
increased. Note that the MSE was not normalized because the width of one index
decreased when Ny increased. If normalized by one index, MSE does not decrease
as Ny increases. More sampling points set within a fixed phase shift scope could
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Fig. 6. MSE/relative error versus range and velocity of one index near the edge. SNR is
24 dB and the number of samples is Ny = 100. Phase shift varies in [0, 27] and the cor-
responding range varies in [2.4983, 7.4948] m. Velocity varies in [—6.5409, 6.5409] m/s,
and both of them fall near the edge. The observation zone measures 6 x 6, represented
as Ng x N, =6 x 6.
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Fig. 7. Relative errors of range/velocity values versus SNR. Relative error refers to
the difference between the estimated peak and the actual peak values, which varies
in 0 ~ 0.5. The number of samples Ns = 50 and the number of Monte Carlo simu-
lations is 10000. The corresponding range varies in [0,490] m and velocity varies in
[—100, 100] m/s. The observation zone measures 6 x 6, represented as Ng X N, = 6 X 6.

lead to the increasing complexity of the MUSIC algorithm. MSE reduction of
both the MUSIC and BC-MUSIC algorithms becomes less evident as the number
of sampling points grows. BC-MUSIC achieves a plateau with fewer sampling
points compared to MUSIC. Consequently, the number of samples can be set
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to maintain the trade-off between complexity and MSE. Additionally, as shown
in Fig.5, to reach the same range or velocity estimation accuracy, BC-MUSIC
requires less sampling points Ny compared to the MUSIC algorithm. More sam-
pling points lead to larger matrix operations that consume heavy computation
resources, so BC-MUSIC possesses low complexity advantage compared with
MUSIC algorithm.

The MUSIC, BC-MUSIC and BCE-MUSIC algorithms were evaluated. The
range and velocity parameters were set based on one index on the spectrum
near the edge. One index refers to the length between two sampling points of
the spectrum. The Y-axis values of Fig. 6(a) and Fig.6(b) are the MSE and the
relative error, respectively. Relative error refers to the index difference between
the estimating peak and the actual peak, which theoretically varies in [0, 0, 5].
Typical BC-MUSIC possesses the same performance with MUSIC due to the lack
of careful coping with MUSIC spectrum edge. Owing to the fence effect, they
could both achieve the lowest error at Index 0, where the actual peak falls exactly
on a MUSIC sampling point. When the index moves near -0.5 or 0.5, larger error
could be obtained as the actual peak moves away from a MUSIC sampling point.
Nevertheless, the proposed BCE-MUSIC solved this problem and significantly
reduced MSE/relative error. It is worth noting that BCE-MUSIC fails to reduce
MSE when estimates are near a sampling point.

In Fig.7, the relative errors of MUSIC algorithm are less than 0.5 when
SNR is larger than 15 dB. Single target with range was uniformly distributed
over [0,490] m, and velocity was uniformly distributed over [—-100, 100] m/s.
The number of Monte Carlo simulations is 10000, which guarantees that suffi-
cient targets fall near the edge. Relative errors are significantly reduced by using
BC. However, BCE could further reduce the relative errors. Estimation accu-
racy could be further improved if the BCE algorithm is applied to the MUSIC
spectrum.

6 Conclusion

This paper presents the BC-MUSIC algorithm, which is aimed at calibrating the
MUSIC spectrum from the perspective of the super-resolution ISAC waveform.
Under the constraints of available wireless resources, this algorithm improved
the precision of range and velocity estimation at low complexity by calculating
the barycenter of the spectrum. Furthermore, we considered how to accurately
determine the barycenter on the asymmetric MUSIC spectrum when it is near
the spectrum edge. Simulation results demonstrated that the presented algo-
rithm achieves performance nearer to the Cramér-Rao Lower Bound (CRLB)
and improves the capacity-to-error ratio (CER).
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