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Abstract

Joint communication and sensing (JCS) has become a promising technology for mobile networks
because of its higher spectrum and energy efficiency. Up to now, the prevalent fast Fourier transform
(FFT)-based sensing method for mobile JCS networks is on-grid based, and the grid interval determines
the resolution. Because the mobile network usually has limited consecutive OFDM symbols in a
downlink (DL) time slot, the sensing accuracy is restricted by the limited resolution, especially for
velocity estimation. In this paper, we propose a multiple signal classification (MUSIC)-based JCS system
that can achieve higher sensing accuracy for the angle of arrival, range, and velocity estimation, compared
with the traditional FFT-based JCS method. We further propose a JCS channel state information (CSI)
enhancement method by leveraging the JCS sensing results. Finally, we derive a theoretical lower bound

for sensing mean square error (MSE) by using perturbation analysis. Simulation results show that in
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terms of the sensing MSE performance, the proposed MUSIC-based JCS outperforms the FFT-based
one by more than 20 dB. Moreover, the bit error rate (BER) of communication demodulation using the
proposed JCS CSI enhancement method is significantly reduced compared with communication using

the originally estimated CSI.

Index Terms

Joint communication and sensing, MUSIC-based range and velocity estimation, perturbation anal-

ysis.

I. INTRODUCTION
A. Background and Motivations

Wireless communication and sensing are both indispensable for critical machine-type ap-
plications, e.g., the 5th generation (5G) and the future 6th generation (6G) networks [1]l-
[3l. Nevertheless, the proliferation of wireless sensing and communication infrastructures and
devices will result in severe spectrum congestion problems [4]]. Joint communication and sensing
(JCS) has emerged as one of the most promising 6G key techniques due to its potential in
improving spectrum and energy efficiency. It aims to achieve wireless sensing and communication

simultaneously using unified spectrum and transceivers, sharing the same transmitted signals [5]].

B. Related Works

Since orthogonal frequency-division multiplexing (OFDM) is the most popular physical-layer
signal solution for broadband wireless networks, the JCS techniques based on OFDM signals
have been widely researched. Sturm er al. [[6] proposed a fast Fourier transform (FFT)-based
frequency-domain OFDM JCAS signal processing method, realizing both active range estima-
tion and communication. By utilizing the FFT-based JCS signal processing method, Zhang et
al. [5]] proposed a practical OFDM JCS system based on the time-division-duplex (TDD) mobile
network, which is suitable for downlink (DL) echo sensing. In [7], the authors proposed an
IEEE 802.11ad-based OFDM JCS vehicle-to-vehicle (V2V) system exploiting the preamble of a
single-carrier physical layer frame to achieve V2V communication and full-duplex radar in the
60 GHz band. In [8], the authors proposed a code-division OFDM JCS system by introducing
code-division multiplex into FFT-based OFDM JCS processing to improve the JCS sensing

performance. As pointed out in [9], the full-duplex (FD) is the critical enabler for implementing



DL JCS, which can simultaneously transmit JCAS signals and receive reflections. Seyed Ali et
al. realized an FD JCS platform that detects targets while communicating with another node
by canceling the self-leakage interference with analog and digital self-leakage canceler.
Despite the above studies, there is a huge obstacle to utilizing the FFT-based OFDM JCS
method in real applications. This method has to use consecutive OFDM subcarriers and symbols
to estimate the range and velocity on the fixed grid, while the grid interval determines the
resolution. Therefore, the range and velocity resolutions are determined by the number of used
subcarriers and OFDM symbols, respectively. Thus, for mobile networks that typically have
limited subcarriers and OFDM symbols, e.g., 14 OFDM symbols in each DL time slot, the
sensing accuracy, especially the velocity accuracy, is largely restricted. Besides, in [11]], the
author showed that overlapped interference deteriorates sensing performance in a networking
situation. Therefore, it is also important for a sensing method that can still work effectively

under a low signal to interference plus noise ratio (SINR).

C. Our Contributions

To resolve the aforementioned problems, we propose a multiple signal classification (MUSIC)-
based sensing scheme for OFDM JCS systems that can achieve accurate estimation of the angle
of arrival (AoA), range, and velocity, adapting to various OFDM communication signals with
limited OFDM subcarriers and symbols. We also propose a JCS channel state information (CSI)
enhancement method that exploits the JCS sensing results for refining CSI estimation with a
Kalman filter. Furthermore, we provide some theoretical lower bound of mean square error
(MSE) for the proposed MUSIC-based JCS sensing algorithms.

The main contributions of this paper are summarized as follows.

1. We propose a novel MUSIC-based JCS range and velocity estimation scheme, which consists
of expanded two-dimensional (2D) MUSIC algorithms and two-step descent searching
algorithms. The proposed scheme can use communication signals to achieve accurate range
and velocity estimation.

2. We propose a JCS CSI enhancement method based on the Kalman filter, which exploits the
JCS sensing parameters to construct the state transfer model and refines the CSI estimation
using the JCS sensing results. This method can improve the bit error rate (BER) in the case

of imperfect CSI.



3. We derive the theoretical MSEs for the proposed MUSIC-based JCS range and velocity
estimation scheme using perturbation analysis. The theoretical MSEs of range and velocity
estimation match the simulation MSEs well in the high SINR regime.

4. Extensive simulations are conducted to validate the proposed JCS sensing and CSI enhance-
ment schemes and the theoretical MSEs. The results show that the proposed sensing scheme
outperforms the conventional 2D-FFT method in terms of range and Doppler estimation
MSESs by more than 20 dB, and the JCS CSI enhancement method can significantly improve

communication performance.

D. Organization and Notations

The remaining parts of this paper are organized as follows. In Section we describe the
DL JCS model and transmitting signal model, and propose the JCS channel model. Section
] proposes the MUSIC-based JCS AoA, range and velocity estimation method. Section [[V]
provides a theoretical analysis of the proposed estimation method. In Section [V| the simulation
results are presented. Section [VI| concludes this paper.

Notations: Bold uppercase letters denote matrices (e.g., M); bold lowercase letters denote
column vectors (e.g., v); scalars are denoted by normal font (e.g., v); the entries of vectors
or matrices are referred to with brackets, for instance, the gth entry of vector v is [v],, and
the entry of the matrix M at the mth row and gth column is [M],,.; ()7, (-)* and (-)" denote
Hermitian transpose, complex conjugate and transpose, respectively; || vy, represents the /-norm
of vi; E (-) represents the expectation of random variables; M; € CM*¥ and M, € RM*¥V
represent that M; and M, are M x N complex-value and real-value matrices, respectively, and
v ~ CN(m,c?) means v follows a complex Gaussian distribution with mean m and variance

o2,

II. SYSTEM MODEL
A. DL JCS Model

As shown in Fig. [Ij we consider the DL JCS process between the BS and the machine-
type user equipment (MUE), such as a road-side infrastructure and a vehicle. Millimeter-wave
(mmWave) signal is considered for DL JCS. It is particularly suitable for JCS given its potential
high resolution. The BS and MUEs are equipped with uniform plane arrays (UPAs). The BS

is equipped with two spatially well-separated UPAs and a self-leakage canceler to realize the
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Fig. 1: DL JCS Scenario. Fig. 2: UPA model.

FD capability, as detailed in [10]. Therefore, the self-leakage between arrays is ignored and not
considered in the signal model in this paper. One BS array is used for transmitting the DL JCS
signal, and the other is used for consistently receiving echoes of the JCS signal. MUE receives
the JCS signal to demodulate the communication data, while BS receives the echoes to estimate
the AoAs, ranges, and velocities. Moreover, we consider that both BS and MUE receive the
superimposed co-channel interference from multiple reflected interference sources (ISs). The
MUE is equipped with one UPA for receiving the communication signal. The array sizes of the

BS and MUEs are P, x ); and P, x @, respectively.

B. UPA Model

Fig. 2] demonstrates the model of UPAs. The uniform interval between the neighboring antenna
elements is denoted by d,. The size of the UPA is denoted by P x (). The two-dimensional
(2D) AoA for receiving or the AoD for transmitting the kth far-field signal is py = (¢, Hk)T,
where ¢y, is the azimuth angle, and 0, is the elevation angle. We use A, , to denote the (p,q)th
antenna element, and A, to represent the reference antenna element. Then, the phase difference
between A, , and Ay is expressed as

2
apq(P)=exp —j;da(p cos @ sin @+¢sin psin 0))| | (1)

where \ = ¢/ f, is the wavelength of the carrier, ¢ is the speed of light in vacuum, and f, is the

carrier frequency.



The steering vector for the array is

a(pk) = [ap,q (pk)] |p=0,1 ..... P—1;g=0,1,...,Q—1 5 )

where a (px) is a PQ x 1 vector, and [v,,4]], denotes the vector stacked by v, , satisfying

p,q)ES1XS2
p € S1 and g € S2.

The steering matrix for K far-field signals is then represented as

A= [a(pl)aa(p2)>'“aa(pK)]> (3)

which is a matrix of dimension PQ x K.

C. DL JCS Signal and Channel Model

In this paper, we consider the JCS system using OFDM-based signals. The transmitting signal

is
Me—1N1

. t—mT
5 ()= 3V P 2D Rect(—— ), 4)

m=0 n=0

where P, is the DL transmit power, d,, ,,, is the mth baseband OFDM symbol of the nth subcarrier,
Af is the subcarrier interval, " = Ts + 71}, Ts = Aif is the duration of OFDM symbol, T is the
guard interval, M, and N, are the number of OFDM symbols and subcarriers, respectively, and
Rect (t/T) is the rectangular window function of duration 7. When the DL preamble signal for
beam alignment and CSI estimation is transmitted, d,, ,,, is replaced by the preamble symbols,
denoted by Jmm, which is known and deterministic to both BS and MUE. When the DL data
signal is transmitted, d,,,, € ©gan is a random symbol, where ©¢ 4, is the constellation of
quadrature amplitude modulation (QAM). Note that d,, ,,, is known to BS but unknown to MUE.
Next, we present the JCS channel model. As illustrated in Fig. the DL JCS channel
comprises a communication channel and an echo sensing channel.
o The JCS communication channel consists of a line-of-sight (LoS) path and several non-
line-of-sight (NLoS) scattering paths.
o The JCS echo sensing channel consists of the echo path from MUE as a scatterer, and the
echo paths from other scatterers which may or may not contribute to the communication
channel. Since the signals after multiple reflections are much smaller than those with only

one reflection, we only consider echoes directly reflected from scatterers.



Then, the JCS sensing echo and communication channels at the nth subcarrier of the mth

OFDM symbol are defined as [3],
L1

Hi,n,m: Z [ai,n,m,la(pz%x,l)a(pTX,l)} y (5)

1=0

where prx; is the AoD of BS’s JCS transceivers, a(prx,;) € ChQ:x1 s the corresponding
transmit steering vectors as given in (]ZI) L is the number of scatterers, [ = 0 is for the direct
path between BS and MUE, [ = 1,--- , L —1 is for the reflected paths involved the [th scatterer.
Moreover, ¢ = S and ¢ = C represent the echo sensing and communication channels, respectively;
pzs%x,z and ngJ are the AoAs of BS’s echo receiver and the MUE’s communication receiver,
respectively; and o, m,; and ac, m,, are the channel fading for the /th sensing echo path and
communication path, respectively.

1) JCS Echo Sensing Channel: When i = S, a(pfy,) € C"9*! is the receive steering
vector for the /th echo sensing path, as given in (2). Since the mmWave array is typically small,
psz’l = prx,. Moreover, &g, is the fading factor for the /th echo (when [ = 0, MUE acts

as a scatterer), which is given by

i2rmT —72mnAfT,
ASmml = bS,lGJ fsp=3 f st (6)

2'UT,O,I
A

2do,1
c

where fs01 = and 7,9 = are the echo Doppler frequency shifts and time delay

between BS and MUE, with v,o; and dy; being the corresponding radial relative velocity and

2d; 1

21)7,’[}1
A

the distance, respectively; fs;1 = and 75; = are the echo Doppler frequency shifts

and time delay between BS and the [th scatterer, with v,;; and d;; being the corresponding

radial relative velocity and distance, respectively. Moreover, bg; = MW{},% Bs,, and Bg; is the
1

random reflection fading factor of the /th scatterer, following the complex Gaussian distribution
with zero mean and variance agm.

2) JCS Communication Channel: When i = C, a(p%y,) € C7@ ! is the receive steering
vector for the /th communication path, as given in (2). Moreover, «c ., is the fading factor

for the [th path, and is expressed as

bC’,Oej2Trmch’d’0 67j27mAch70’ l =0

Acnm,l = . . s (7)
bc’lejzw(fd,l,l+fd,l,2)mTe_]ZWnAf(Tc,l,1+Tc,l,2) JA>0

and 7.9 = do—c’l are the Doppler frequency shift and time delay of the LoS

Vr,0,1

where fea0 = =%

: , d d .
path; foi1 = 58, fae = 52, T = = and 7.5 = <2 are the Doppler frequency shifts
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Fig. 3: DL JCS signal processing diagram.

and time delay between BS and scatterer, and between the scatterer and MUE of the [th NLoS
path, respectively, with v,; 2 and d; » being the radial relative velocity and distance between the
[th scatterer and MUE, respectively; bco = 4/ @ ’\d 2 is the propagation loss of the LoS path,

and b = s8¢, is the path fading factor of the /th NLoS path with 3¢ being the

W
scattering factor of the [th scatterer. Here, ¢ is the random reflecting factor of the scatterer in
the [th path, which is assumed to follow the complex Gaussian distribution with zero mean and
variance aéw. Due to the existence of bc,, the LoS path is much stronger than the NLoS path
for mmWave.

Note that H¢ , ,,, is unknown and needs to be estimated by utilizing the DL preambles, dn,m.
The parameters of Hg,, ,,, are unknown, and BS has to estimate the AoA, range and Doppler in
Hg,, . Since BS acts as both the sensing transmitter and receiver, both d,, ,, and Jnﬁm can be
used for DL sensing. Moreover, | = 0 represents a special path, for which the echo time delay

and Doppler are twice of those in the communication channel, which is the theoretical basis for

the JCS CSI enhancement method to be introduced in Section [I[-Bl

D. JCS Received Signal Model

In this subsection, we present the expressions for DL JCS received signals.
1) DL Communication Received Signal: The frequency-domain DL communication signal

received by MUE at the mth OFDM symbol of the nth subcarrier is expressed as

Ycnm = V Ptdn,m(WRX)HHC,n,mWTX + n)C(7n,m7 (8)

where wpy € CP@x1 and wpy € CH@ 1 are the JCS transmit and communication receive
beamforming (BF) vectors, respectively; |[wrx||3 = [[Wrx||3 = 1. In this paper, the low-

complexity least-square (LS) method is used to generate wpx and wgrx for BE. BS utilizes



the known DL preambles, i.e., d,,, = d, ., to conduct beam alignment with MUE. When
beam alignment is completed, wrx = c;[a’(Prxo)]’ and wrx = cola(Prxo)]’, where ¢
and c, are both arbitrary complex values with modulus 1, []T is the pseudo-inverse opera-
tion, Prx,o ~ Prx,o, and Prxo ~ pngo. Simultaneously, the unknown communication CSI,
(W RX)H Hc,,»Wrx, can be estimated by processing the received preambles.

Moreover, n)c(nm = Nepm+Ecnm 1s the sum of noise and interference, nc ., m = (Wg X)an,n,m
and {opm = (WRX)HxQnm are transformed noise and interference, the dimensions of nc¢,, ,,
and X¢,, ,, are both P.Q), X 1, nc,,., is Gaussian noise vectors with each element following
CN (0,012\,), and x¢, ., 18 the reflected interference signals from other network devices. We
assume there are NV,. ISs, and the reflected fading for each IS follows a Gaussian distribution.
Since the superimposed one of multiple random OFDM signals is noise-like, the pth element of

Nio—1
XCn,m Can be given as [X07n7m]p = > 4 /Piycﬁi[’ ,» Where P is the power of incident signal
i=0
Nio—1
from the 7th IS, and 62-{ », ~CN(0,1). Let Pjo= ) P;.. The interference to noise power ratio
i=0
(INR) is v/ = Zi¢. Further, we define the communication SINR (C-SINR) as
N

2
Yomm = —P;Efi”:%v”% ©)
where hc o m = (WRx)HHC,mmWTX is the gain of DL communication signal at each antenna
element.

2) DL Echo Sensing Received Signal: The echo signal that BS receives for the mth OFDM

symbol at the nth subcarrier is given by

L—-1

YSnm = V Ptdn,mHS,n,mwTX'f—ng{:n,m =V -Ptdn,m Z |:(Oés7n7m7l)XTX’la(p%X7l) +n§n,m7 (10)
=0

where x7rx; = aT(pT x1)Wrx represents the gain of the DL JCS transmit BF, né{n,m = Ngym+
Xs.nm 18 the sum of noise and interference, ng,, ,, is the Gaussian noise vector with each element
following CA (0, 0%), Xsnm is the superimposed interference vector for N, reflected ISs, and
the dimensions of ng,, ,, and Xg, ,, are P,Q); x 1. Similar to X¢ , ,,, the pth element of xg,,

Nig—1
can be given as [Xs,mm]p = > /Pis i{p, where P, ; is the incident power of the ith IS, and
i=0

Nje—1
i{p ~ CN(0,1). The aggregate power of each element of XSn,m 18 Prg= Z P; . The sensing

i=0
INR is defined as v4Y = Pjg/0%. Further, the sensing SINR (S-SINR) is defined as

Pt HhS,n,m,l ;

nm— T 5 11
Tsm, P]S+0']2V (1)




where hg .y mi = gnmiXTx, 1 the gain of DL echo sensing signal at each antenna element.

By deﬁning Snym,l = V Ptdn,mas,n,m,lXTX,l and Snom = [Sn,m,l”l:O,l,...,L—l, @ can be ex-

pressed in the matrix form as

X
Ysnm = AS,RXSn,m + nS,n,m? (12)

where Agpx = [a(szX,z)”ho,l,..., r—1 is the steering matrix stacked by steering vectors of L
echoes, Aggx € CM@>L and s, ,, € CI*1. By stacking all the M, OFDM symbols with N,
subcarriers, we have

Ys = AspxS + N7, (13)

where 8 = [sy ]| (nmyefo. N[0, .2z € CHNMe, and Yg € CRQNAL,

III. DL JCS SIGNAL PROCESSING

In this section, we demonstrate the signal processing for DL JCS sensing and communication,
which is shown in Fig. 3] We first present the sensing signal processing scheme, and then

elaborate on the JCAS CSI enhancement method.

A. JCS Sensing Signal Processing

In this subsection, we first present the conventional MUSIC method for estimating the 2D
Ao0As, and then introduce the novel MUSIC-based range and Doppler estimation method.

1) JCS MUSIC 2D Angle Detection: First, the correlation matrix of Y is obtained as
1
~ M,N,

By applying eigenvalue decomposition to Rx, we have

Rx Ys[Ys]". (14)

where X, is the real-value eigenvalue diagonal matrix in descending order, and U, is the
orthogonal eigen matrix. Calculate the average of eigenvalues and denote it as m,. Let oy
be a preset threshold, which is determined as elaborated in Appendix [A] Then, the number of
echo paths is determined as the number of eigenvalues no smaller than o;m,, denoted by N,.
Construct Uy = U, (:;, N, + 1 : PtQt)ﬂ as the noise subspace basis. We then use it to obtain

the spatial angular spectrum function as [12]]
fa(P;Uy) =a" (p) Un(Ux)"a(p), (16)

'"U, (:, N; + 1 : P,Q;) means the slice matrix of (N, -+ 1)th to the P;Q;th columns of the matrix.



where p = (¢, 0) is the 2D angle, and a (p) is given in (2). The spatial spectrum is represented
as [12]
Sa (p1Uy) = [@" (p) Un(Un)"a (p)] " (17)

The maximum points of S, (p; Uy), i.e., the minimum points of f, (p; Uy) are the estimated
AoAs [13]]. We first find N, local maximum points of S, (p; Uy) using a grid searching method
with relatively large granularity, then we use the Newton descent method to identify the accurate
minimum point of f, (p; Uy) by inputting the above local maximum points as initial points for
iteration.

2) JCS Range and Doppler Detection: After the AoAs are obtained, through BF at the AoA
of interest, the filtered received signal at the nth subcarrier of the mth OFDM symbol can be

expressed as
L—-1

YSnmk = (WRX,Sk Ysnm =V Ptdnm E Oés,n,m,lXTX,leX,l,k] + Wi nm ks (18)
1=0

where wy o x=(Wrx 1) né{n’m is the transformed noise and interference with zero mean and
variance oy ?, Wrxk = (Wrx,sk)7a(phy,) is the receive BF gain, and wrx s is the receive
BF vector for the kth AoA, k € [0,1,..., N, — 1]. Note that wgx 4 is typically larger than

wrx,k (I # k) due to the narrow beam feature of mmWave.

By substituting (6)) into (I8), we obtain (19).

~ , » [
Usmmk = V Pidymbs x@rx gk xXTx £ smamT e j2mnAf (! >+

= 27 fo. 1 1mT —jQWnAf(Q) (19)
Yo | VPdymbs wrx XX €7 50 e </ |+ Wi pm k-
1=0,1%k

In (T9), there are independent complex exponential functions for range and Doppler, i.e., ¢~ 2mAf ()

and e/2™/s11mT | regpectively. Here, we define the range and Doppler steering vectors as
a, (r) = [ o, Ne1s (20)
as (f) = [ ]|mzor, i1, e2y)

respectively. The range and Doppler steering matrices are defined as
A; = [a, (1)]|i=01,...0-1, (22)
Ar = [af (fso)lli=o01,..0-1, (23)

where A, € CVexL and Ay € CMs*L,



Stack ¥g,m x INto a matrix Y5 where [YS} = Ysnmks then erase the communication

n,m

symbol matrix D, where [D,] = d, . From Yg, we obtain

Hs = 24
S DS ; ( )
where the division is element-wise, and Hg € CNe*Ms
According to (T9), Hg can be expressed by A, as
ﬁS = ArS'r,s + th (25)
where Sr,s = [Sr,mHm:O,l,...,Ms—l € CLXMS’ Srm = [\/Ptbs,lwTX,l,k;XTX,lejmeTfs’l’l]|l:0,1,...,L—1a
and [WtT]n,m = Wtn,m,k-
On the other hand, the transpose of Hyg, i.e., (I:IS)T, can be presented by As as
(Hs)" = AsSy, + Wiy, (26)

_j ]
where S¢ s = [Sfnllnzo1,. N1 € CF*Nel st =[V/Pibs wrx ixrxe 2™ <) 1Z01,...1-1, and
Wtf - [WW]T.

. ) ) — — T .
The range and Doppler can be estimated via the autocorrelation of Hg and (HS) , which are

given by
1

M,

Rx, = —Hg(Hs)" Rx; = —(Hs)" (Hs)", (27)

respectively. Denote the noise subspaces of Rx, and Ry s as U, ,n and U, ¢y, respectively.

Theorem 1. The minimum of |U,,.x"a, (r)||3, denoted by 7y, is linked to the range via

s, = 2d;1. The minimum of |U, ;ya; (f)||3 corresponds to the Doppler value, f; 1.

Proof. The proof is presented in Appendix [C| O
By applying eigenvalue decomposition to Ry, and Rx ¢, we have

[Uz,w Ez,r] = elg (RX,T) ) [Ux,f7 Ex,f] - elg (RX,f) ) (28)

where X, . and X, ; are the real-value diagonal matrices of eigenvalues in the descending order,
and U, , and U, ; are the corresponding eigenvector matrices.

We use m,, to denote the mean value of X, ,, and then set the threshold oy, using the
method in Appendix @ by replacing 3, with 3, .. The number of targets in the AoA of
interest, N, ,, is then determined as the number of eigenvalues no smaller than oy ,m, . Then,

the noise subspace basis for range estimation is derived as U, .,y = U, ,.(:, N, + 1 : N.). Since



the number of targets is the same for both Doppler and range estimation, the noise subspace
basis for the Doppler estimation can be derived as U, ;y = U, ;(:, Ny, + 1 1 Mj).

We use U, ,n and U, ¢ to derive the range and Doppler spectrum functions as

fr (7”, Ux,rN) = ay (T)HUx,rN<U:E,TN)HaT<T)7 ff(f7 U:L",fN) = af(f)HU:c,fN(Ux,fN>Haf(f)7
(29)
respectively. The range and Doppler spectra can be given by

Sr(r;Ugpn) = [ar(T)HUJ:,TN(Ux,TN)HaT(T)]_17

St(fUspn) = [ar(f) Uy (Uayw) Tar (£)) 7

(30)

respectively.

The maximum points of S, (r; U, ,n) and S¢(f; U, ¢n), i.e., the minimum points of f,.(r; U, ,n)
and f(f; U, sn), are the range and Doppler estimation values, denoted by 7; and fs,l, respec-
tively. The distance, d;;, and radial velocity, v,; , between BS and the target are given by

5 7 . M.
diy =55 and b0, = 5.

The minimum of f,(r) and f;(f) can be identified using a two-step Newton descent method.
We first find the local maximum points of S,.(r) and S(f) with large-granularity grid searching.
Then, we use the Newton descent method to find the accurate minimum points of f,.(r) and
fr(f) using the above local maximum points as the initial points. The iterative expression for
the Newton descent method is derived as follows.

By applying the Taylor series decomposition to f,(r) and f¢(f), and taking their first order

derivative over r and f, respectively, we obtain

0, (1) . 04:(r0) | Pl

or or d*r (r=ro). ©1)
and )
Ofs(f) . 0fs(fo) _ Lfs(fo)l .
o~ of + 02 f (f = fo)- (32)

By setting the above first-order derivative to be 0, the iterative descent expression for range and

Doppler estimation can be given by

r) = =D _ {62fr<r<k—1>>} ~of(r*Y)

0%r ar (33)

B ey {52ff(f(k1))] S of ) )

*f of



respectively. From (29), the first-order and second-order derivatives of f;(f) and f, (r) are

expressed as

8"?5,?’“) =2Re{a" (r) " Uy, (Us,on) 2, ()}, (35)
a];f—j(ff):me{ay) (/) U pn (Us pn) " ()} (36)
325;7?“) —2Re{a® (U, v (Upon)?a, (r) + 2 (U, (Upn)Pal (n)} - 3D)
02£+]£f) = QRe{aS"Q) ()T U pn (U gn)Pap(f) +al ()T U, (U pi) el (f)} NGT))

where a'" (r), a?)( £), a?(r), and agf)( f) are the first-order and second-order derivatives of

a,(r) and ay(f), respectively. From (20) and (21)), these expressions are presented as

al(r) = [(—j2mnAL)e 288 | o v, @l () = [(G27emT) e TS| Zo1 g1,

. 2 . r . .
a (r) = [(—j2rn L) e 2 o o alP (f) = [(G2remT) 2 ™ o are.
(39)

B. JCS Communication Signal Processing

By substituting (@) into (8)), and taking into consideration that wrx and wgry in (8) generate
beams pointed at the AoD and AoA of the LoS communication path, respectively, we obtain the

communication received signal as

Yonm = V Ptdn,thm,m + ”é{mm, (40)

where hcpm = boo@rxoXTx, 06" ed0e=i2m A0 g the real communication channel re-

H .
sponse, and wrxo = (Wgx) a(p%yo) and xrxo = a’ (prxo)wrx are the BF transmitting
and receiving gains. In the CSI estimation, d,, ,,, = d,,,,, and we denote Yc ,,.,m = Yo.nm as the

received signal. The CSI estimated with the LS method is expressed as

; Yo,
hC’,n,m = =0 = hC,n,m + We n,m, (41)
V Ptdn,m
X
where we ., = % is the transformed noise plus interference and follows CAN (O,UZ),

o2 =

2 = (Pic + 0%)/P.. The estimated communication response matrix at M, OFDM symbols

is denoted by ﬂc, where [I:IC]nm = ﬁqn,m. The method for estimating 02 based on fIC 18
presented in Appendix
The conventional communication uses fIC to demodulate the communication data. On the

other hand, f.40 and 7.o can be estimated by JCS as fc,d,o = fs,o/2 and 7.0 = 7s0/(2¢),



Algorithm 1: JCS CSI Enhancement method
Input: The observation variance 02 ; The variance of initial estimation p,, o; The initial

observation ilC’,O,m; The transfer factor A = e 7272f7c0. The observation sequence
P

Output: Filtered sequence [Ac p.m]|n=0.. N, 1-

Step 1: hciom = heom.

Step 2: for n = 1 to N. — 1 do

ﬁ;,m = Ahcn—1.m;

Pwn = APwn-1A";

Ky = (Do) P +03) 75

hemm = i+ (heimm — Iy ) K

Puwn = (1= Kp)py

end

return (¢ m)ln=0. N.—1-

respectively. Based on the prior information obtained by JCS sensing, we propose a Kalman
filter-based JCS CSI enhancement method to improve CSI by leveraging the sensing estimation
results of JCS.

For the mth OFDM symbol, fzc,n,m can be regarded as the observation of hc,, ,, as given
in @I). Since bc,o is unchanged for the same OFDM symbol. The state transfer of A, is
given by

hemprm = € I8 e pg (42)

The Kalman filter algorithm that utilizes b = [ﬁc7n7m]]n:07...,Nc_1 to recursively derive the
estimation of ® = [h¢nm|n=0, n.—1 1S presented in Algorithm |1, with the details of the
Kalman Filter algorithm referenced to [15]. Note that we obtain hc ., = e I2mmAf "0he o.m

from (@2)), based on which we can further estimate the initial observation variance as

N.—1

Puo=y_ |2 e b m|3/(Ne — 1), 43)

n=1
After Vlan,m] ln=0,.. N.—1 for m =0, ..., My — 1 are all derived via Algorithm (1} we can form
the enhanced CSI matrix H, where [ﬁc]n,m = ]_lc,n,m, to demodulate the data symbols. First,

Yonm given in @) is equalized as 7cpnm = Yonm/(VPihonm), then we use the maximum



likelihood (ML) method to estimate d,, ,, as ciﬂm = argmin ||Fc,,.m — d||3, where ©gayy is the

deEO@gam
constellation.

IV. PERFORMANCE ANALYSIS OF THE JCS PROCESSING

In this section, the analytical MSE results of AoAs, range, Doppler, and location estimation

of the proposed MUSIC-based JCS processing are derived using the perturbation method.

A. Analysis of 2D Angle Detection MSE

From (13)), the noise term N, can be treated as the perturbation to the useful signal, which is
expressed as

Ys=Ysr+ N, (44)

where Ygr = AgrxS is the useful signal. The singular value decomposition of Yg r can be

expressed as
3, 0||VEH

Ysz=UXV"=[U, U
0|Vl

=U, 2, VH (45)

where Uj is the noise subspace basis, and U, Y s r = 0. Further, we have U, Asrx =0.

With noise as perturbation, Yg can be expressed as

¥, 0 vi
d

- - : (40)
0 % || VX

Y — [fjs,fj

where 2~]0 = AY,, f]s = Y.+ AXY,, and fJo = Uy + AU,. Here, fJg and fJS are both
orthogonal unitary matrices, and fJé{ YS:AEO\?(? . In the high SINR regime, solving the per-
turbation problem is equivalent to seeking the optimal AU, to minimize |UJ Y], subject to

the constraint UY U, = I [13]. By substituting (@) into | U Ys]|2, we have
IO Ysllo=I(Uo + AUp)" (Y, + Ni)|2- 47

The second-order perturbation (AUO)H N, and U? Y 5 =0 can be discarded. By using the LS
method [13]], AU, can be presented as

AU, = -U, X 'VHN,U,. (48)

The MUSIC 2D angle estimation result is distorted by the noise perturbation, which is expressed

as Pr = Pr + Apyg, where py, is the actual value of AoA. Apply Taylor series decomposition to



fo(Dk; fjg) in (16)), and take the first three terms. Applying first-order derivative to the truncated

Taylor series, we have

O fa(Pr; Ug) B 0 f.(px; Up) n 82 f.(pi; Up)

Apg. 49
By setting (49) to be 0, we can obtain
Api = —Hy ™ (P Uo)Gyp(pi; Uo), (50)
where H,(py; Ug) = %ﬁjﬁ@ € C>? is the Hessian matrix of f,, and G,(py; Uy) =
%ﬁfﬁo) € C**! is the gradient vector of f,.

With the perturbation expression, we can obtain

Gy (Pi; Uo) = Gyp(pi; Up) + AG,, (51)
H, (px; Uo) = Hy(pk; Uo) + AH,,. (52)

From (16]), we have
Gy (pr; U):%I:U) = 2Re{ag)(p)HUUHa(p)}, (53)

vec[Hp(p; U)] = QRe{ VeC[ag)(p)HUUHag)(P)] 4 ag) (p)UU a(p) } ) (54)

where vec(-) is to vectorize a matrix, ag)(p) and ag) (p) are the first-order and second-order

derivatives of a(p) over p, respectively, which can be derived from (2).

Since UOHA&RX = (, we can obtain
Gp(px; Ug) = 0, (55)
H, (pi; Up) =2Re{al (pr) " Uy Uy "al) (pr)}. (56)

We use Hp,o to represent Hy (py; Uyp). By substituting (55) and (56)) into and (52), (50) can
be rewritten as
I-H, 'AH,+

Apir = —(Hpo + AH,) HAG,) = —
T ’ (Hpo 'AH,)? + ..

Hyo 'AG,.  (57)

Discarding the perturbation terms that are higher than second-order in (57), we can rewrite (57))

as

Apyp = —Hyo 'AG,, (53)



where the perturbation expression of AG,, is derived in Appendix [D| as
AGp=2Re{-al (p;)"U U [NV, = 'U, " a(p)}, (59)
By substituting (59) and (56) into (58)), we can obtain Apy as shown in ([60).
Apy = [Re{ag)(pk)HUOUOHaS)(pk)}]_lRe{ag)(pk)HUOUOH[Nt]VszsflUsHa(pk)}. (60)
The MSE of angle estimation can be expressed as

MSE(px) = E{diag(Apg[Api]™)}. (61)

B. Analysis of Range and Doppler Detection MSE

1) Analysis of Range Detection MSE: The noisy signal for the range estimation, as shown in
(23), is rewritten as

I:IS = I:IS,p + th (62)

where Hg,, = A.S,, is the useful signal. The singular value decomposition of Hg, is

_ S, 0\ | v B
Hs :[Ur LR U, O] =0V ) (63)
P s ) ) ) T,
0o o) |vH

where U, and U, are orthogonal unitary matrices, and U, " Hg, = 0. We further obtain
UnOHAr - 0

By treating W, as a perturbation term, Hg can be decomposed as

_ - S, 0 VH
s = [0, 0, | | (64)
0 AET,O V7I::IO

where flw =AY, o, and Ijno = U, + AU, . Because fjm and fJno are orthogonal unitary
matrices, we have ﬁﬁoﬁg:AEw\?fo. In the high SINR regime, solving the perturbation
problem is equivalent to seeking the optimal AU, to minimize HﬁfOI:I s|l2 with the constraint
fjfofjr,o = 1. By substituting and fjr?o = U, + AU, into the problem, then discarding

the term UTVOH P_Is,p = 0 and the second-order perturbation AUT,OHWtT, we can obtain
[T Hs» = AU, 0" Hg,p, + U, 0" W, (65)
Using the LS method and substituting (63) into (65), we can obtain AU, as

AUT,O - _Ur,szr,s_lvfs(Wtr)HU'r,O- (66)



Next, we derive the expression for the perturbation of range estimation, i.e., Ar = r — ry,
where 7 is the actual value of range, and r is the estimation value.
Apply Taylor series decomposition to (29)) at ry, and keep the first three terms. Applying the

first-order derivative to the truncated series with respect to r, we obtain the range perturbation

as
0fr(r:Uro) _ 0fr(r1:Uro) | 0*fr(r1: Uro)
- = : —Ar. 67
or or + 0*r " ©7)
Because the Newton descent method identifies the optimal point with %P“O):O, the range
perturbation can be expressed as
Ar = —[H,(r; Uy0)] Gy (11 Un), (68)
where
of.(r; U
G.(r;U) = % — 2Re[aV (1) TUUa,(r)], (69)
and
Pf.(r;U
H,(r;0) = 240 8(27" ) 3Re [ a1 UUa, () + a0 () U (1) |- o

Using the perturbation form to express G, (r; fJ,,,O) and H,(ry; fJno), we have
Gr(ri; Upg) = Gr(ri; Ung) + AG,, (71)

and

Hr(rk; UT‘,O) = Hr(rk; Ur,()) + AH’/’ (72)

Because UT’OH A, =0, we have

Gr(rk; Ur,O) = 07 (73)

and

H, (ri; Upo)=2Re[a’) (1) " Uy0 (Uy0) " alt) (ri)J=Hyo, (74)
By substituting and into and (72), respectively, (68) becomes
Ary, = —{H,o[1 + (Hyo) 'AH, ]} PAG, = —(H,o) 'AG,, (75)

where the last equation is obtained by discarding the second-order perturbation terms.

The perturbation expression of AG, is derived in Appendix [D] given by

AG, = 2Re[a (1) (U, ,AU,")a,(r)], (76)



By substituting (74), (76), and (66) into (75]), we obtain
Re [a(rl)(Tk)HUT,OUT,OHWtrVT,szr,s_ 1UT,sHaT (Tk)]

Arg= , a7
Re[al" (1) U,.0(U, 0)"al (1))
where a,(ry) is given in (20)), and afful)(rk) is given in (39).
The MSE of the MUSIC-based JCS range estimation can be expressed as
MSE(r) = E[Ar}]. (78)

2) Analysis of Doppler Detection MSE: Similar to the range estimation, the perturbation of
Doppler estimation can be derived as
Rel[all( fi) U 10U 10" Wiy V1 310U Hag(fi)
Refa’ (/)" Uso(Uyn) "y (/1))

where f; is the real Doppler value, as(f)) is given in (2I), and agcl)( fx) is given in (39).

Afe=

; (79)

Furthermore, the perturbation of the radial velocity estimation is

Av = AAf,. (80)

C. Analysis of Location MSE
The location of the target can be obtained after the AoA, pr = (¢x,0k), and the range, 7,
are detected. The expression for the actual location is given by
Piod Tk, Pks Ok) = (g, Yk, 21) = (7% SIN Ok, cOS @, Ty, sin O, sin @y, 1 cos O, ). (81)
With the AoA and range estimation perturbation, Apy = (Agy, Abg) and Ary, the location of

the target is

(rr + Arg) sin(6y, + Aby,) cos(pr + Apy),
Ploc(Tk + Arg, 0r + Apr, O + A0) = | (ry, + Arg) sin(0y + Aby) sin(gr + Apy), |, (82)
(rr + Arg) cos(0 + Aby)

Comparing (81I) with (82) and discarding the second-order perturbation, we can represent the

perturbation of x, y, and 2z axes coordinates as
Ax = Arysin 0 cos ¢, + 1 < Aby, cos O, cos i, — Ay, sin 0, sin oy, ) ) (83)

Ay = Arysin 0y, sin o, + 7 ( Ay, sin 0y, cos py, + Aby, cos ), sin @, ) : (84)



and

Az = Ary cos 0, — rp A0, sin 0. (85)
Finally, the location error can be expressed as

E{||Apucl3} = E{(A2)” + (Ay)” + (A2)°}. (86)

D. Cramer—Rao bound of JCS Sensing

We further derive the Cramer—Rao bound (CRB) to characterize the minimum lower bound
for sensing. Based on the signal model presented in Section the echo signal of the /th
target received by the (p, ¢)th antenna element at the nth subcarrier of the mth OFDM symbol
is

Yo i =V Pl im0 i XTx 10 (P1) + 058 4+ 2% (87)

2vsyl//\e—j27rnAf2rs7l/c

where g m; = bg e’ is given as (@), vs; = v,;1 and 5, = dj; are the

radial relative velocity and distance between BS and the [th target, respectively; a, , (p;) is given

in (1), p; = prx. = (1, 0;) is the 2D AoA of the [th target; y7x, is the transmitting BF gain;

. . A
ngs, ,, and 2§l - are the noise and interference at the (p,¢)th antenna element. Let ng pa L

q

"G, o, + 155, then ngfm is independent and identically distributed, following CN (0, UW),

where 03, = Prg + 0%.
Let ¢ = (75, Vs, @1, 0;) be the set of estimation parameters. Then, the distribution of ySn ml

is
(y: 1/’)__7;2 9=V Pit s mam e x a0 O3/ 8)
W

Because there are N.M,P;(); independent symbols used for estimation, the joint distribution of

these symbols is
NeMsPrQy

- X lvmh—snmasamiapaPll3/of

p(y;v) = pe (e , (89)

where p = (=5 )VMP9 and s, = /Pidpmxrx.. Note that d,,, is independent and

Tw
identically distributed with E(||d,,[|3) = 1. According to [[16], [17], the CRB of vy, ¢; €
(Ts,ly Vs,1, L1, 91)’ is giVCIl by

%1 ) !
- feleagy
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Fig. 4: Detection spectra of schemes 1, 2 and 3.

With (89) and (90)), the sensing CRBs are derived as

_ c? _ A2
OTS«Z - Ne— 27 C(Us,l - Ms—1 2’
212y M PQr Y. n2(Af) 32m2yg N PQr >, m2(T)
n=0 m=0
2 2
C‘Pl: 22 % i i i 2’0912 242 8 i 2
8m2d2vsNeMs > (g cos ¢y sin 6, —psin ) sin 0;) 8m2d2ysNeMs > (pcos g cos 0;+qsin ¢; cos 0;)

p,q p,q

oD
where 7 is the S-SINR as given in (TI).

E. Complexity Analysis and Comparison

In this section, we analyze and compare the complexity of the proposed MUSIC-based JCS
method with the conventional FFT-based methods. We consider three schemes: Scheme 1 is the
proposed MUSIC-based method; Scheme 2 is the original FFT-based method in [6]]; and Scheme
3 is the Code-division OFDM (CD-OFDM) FFT-based method in [8].

Scheme 1: The main complexity is associated with the eigenvalue decomposition of Rx , and
Rx s and the derivation of detection spectra. Therefore, for range and Doppler estimation, the
computation complexities are O[(N,)"] and O[(M,)"], respectively. Because the MUSIC-based
JCS method can work in parallel, the total complexity is O (max {MSB, NCS}).

Scheme 2: The complexity is mainly from two serial FFT operations for the N, x M echo

sensing channel matrix. Therefore, the complexity of Scheme 2 is O (M N, log (M;N,)).



Scheme 3: The complexity is mainly from code-division multiplex demodulation and two
serial FFT operations for the N, x M, echo sensing channel matrix. Therefore, the complexity
of Scheme 3 is O[(N,)*M, + M,N,log(M,N,)).

It can be seen that Scheme 2 has the lowest complexity. The complexity of Scheme 3 in-
creases due to the additional code-division multiplex processing. The complexity of our proposed

MUSIC-based JCS method has the highest complexity to achieve super-resolution detection.

V. NUMERICAL AND SIMULATION RESULTS

In this section, we present extensive simulation results for the proposed MUSIC-based JCS
processing method, with comparison to the Schemes 2 and 3 as described in Section [V-E] and
verify them against the analytical performance bounds derived in Section We also compare
the BER results of communication demodulation for the proposed JCS CSI enhancement method

with those in conventional communication systems.

A. System Setup

The system setup largely follows the specification in the 3GPP Vehicles-to-Everything (V2X)
applications [[18]]. The carrier frequency is 63 GHz, the antenna interval, d,, is half of the
wavelength, the sizes of antenna arrays of BS and MUE are P, x )y = 8x8 and P, x @), = 1x 1,
respectively. The subcarrier interval is A f = 480 kHz, the subcarrier number is set to N, = 256,
and the number of consecutive OFDM symbols is M = 64. Therefore, the bandwidth for JCAS
is B=N.Af = 122.88 MHz. The range and radial velocity resolutions are Ar = ;% = 1.22
m and Av = %

0% = kFTB = 49177 x 10712 W, where k = 1.38 x 10723 J/K is the Boltzmann constant, F' =

= 17.8571 m/s, respectively [6]. The variance of the Gaussian noise is

10 is the noise factor, and 7" = 290 K is the standard temperature. The INRs for communication
and sensing signals are 7" = vV = 3 dB.

Moreover, the location of the BS transmitting array is pjoc. = (50,4.75,7) m. MUE moves on
the z-axis and its antenna’s location is pioc, = (2,0, 2) m, where x follows uniform distribution
from 50 m to 155 m. The scatterer is generated uniformly in a sphere centered at BS with a radius
of 100 m. BS is static, while the velocity of MUE is (—11.11,0,0) m/s. The reflection factors
of the targets are 0.3, = 05, = 1. The BS array spins 45 degrees along the z-axis and has a
downtilt angle of 20 degrees. For each test, the AoAs, ranges, and radial velocities between BS

and MUE are then generated from the above parameters, and the JCS communication and echo
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and CRBs of azimuth and elevation angles obtained in simulation, and the dashed curves are for
the numerical ones via the theoretical perturbation results; in Figs. [5(b)l 5(c)| and [5(d)] the solid

curves are for the MSEs and CRBs computed via simulation results, and the dashed curves are

for theoretical perturbation results.

sensing channel are further generated following the expressions in Section The transmit
power of BS for each test, P, is determined using (TT)) for the given values of S-SINR and INR.

The MSEs of AoA, range, velocity, and location estimation are defined as the mean values

of the squared errors of all the estimates.
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5(a), the solid curves are for the MSEs




B. Sensing Performance

We first demonstrate the sensing spectra of schemes 1, 2, and 3. The normalized range spectrum
and radial velocity spectrum are shown in Figs. d(a)] and A(b)| respectively. The S-SINR is
Ys.n,m = —20 dB. For range estimation as shown in Fig. the peak to sidelobe ratio (PSLR)
of scheme 1 is about 26 dB. By contrast, the PSLRs of schemes 2 and 3 are both around 10 dB.
For radial velocity estimation as shown in Fig. the PSLR of scheme 1 is about 33 dB, while
the PSLRs of schemes 2 and 3 are around 10 dB. The improvement of PSLR of the proposed
MUSIC-based JCAS method is credited to the eigenvalue (or singular value) decomposition
process, which separates the interference-plus-noise (IN) and signal subspace and reduces the
influence of the noise on signal detection.

Fig. [5(a) presents the AoA estimation MSE of various S-SINRs. With the increase of S-SINR,
the AoA estimation MSE decreases as the receiving signal power increases. As the S-SINR is
larger than —27 dB, the AoA estimation MSE is less than 0.5 square degrees. Since the range
of azimuth angle, ¢y, is larger than the elevation angle, #;, the MSE of ¢, is larger than 6, at
first. With S-SINR becoming large enough, the MSE of ;, approaches that of 0.

Fig.[5(b) and Fig. demonstrate the range and radial velocity estimation MSEs for schemes
1, 2, and 3 under various S-SINRs, respectively. The range and velocity estimation MSEs of
scheme 3 outperform scheme 2 because the code-division multiplex processing in scheme 3 can
suppress the interference to a certain extent. scheme 1 achieves much lower MSEs than both
schemes 2 and 3, closer to the CRBs in the high SINR regime. This is because the resolutions

2 and

of schemes 2 and 3 are constrained by their FFT-based sensing, with (Ar)> = 1.5 m
(Av)® = 318 (m/s)” in this simulation setting. In contrast, our proposed MUSIC-based method
can sample the consecutive range and velocity spectra and achieves range and velocity MSEs
lower than 1073 m? and 1072 (m/s)?, respectively. The MSEs for scheme 1 is about 25 dB
lower than those for scheme 3, closer to the range and velocity CRBs. These results demonstrate
that the proposed MUSIC-based JCS method achieves super-resolution sensing. Moreover, the
theoretical MSEs are shown to be close to the simulation MSEs in the high SINR regime. The
higher QAM order results in larger MSEs for scheme 1, because the increase of QAM order
results in larger transformed noise as can be seen from (19) and (24).

Fig. [5(d)] shows the location MSE versus S-SINR. With the estimated AoA and range, the
location can be determined by (8T). Given the sensing SINR, the MUSIC-based JCS method



achieves better location MSE than scheme 3. The gaps between scheme 1 and scheme 3 are
not so large in the high SINR regime. This is because the AoA estimation error dominates the
location MSE. More specifically, E{(7; — r5;)"} is smaller than 10~" m?, while the error of
location as shown in (83), (84), and (83) can be much larger than E{ (7, — ,;)°}, because they

are related to ry.

C. Communication Performance

We first present the BERs of demodulating communication signals using the CSI obtained
by the JCS CSI enhancement method, compared with using the original CSI. For the simplicity
of description, we predefine 4 cases for comparison: Cases A and B are for demodulating
communication signals using the perfect CSI and original estimated CSI, respectively. Cases C
and D are for demodulating communication signals with the CSI enhanced by the MUSIC-based
JCS sensing results and the CSI processed with FFT-based JCS sensing results, respectively.

Fig. [6] shows the BER results when 64-QAM is used for communication. Note that when

the detected target is the communication user, the relation between C-SINR and S-SINR is

:Yg::: = ’ll:sn":ll:é, according to (9) and (TI) under the assumption v¥ = i = 3 dB. Due to
the CSI estimation error caused by noise and interference, the BER for case B is significantly
larger than that for case A. As C-SINR increases, the BER for case C decreases rapidly and
becomes lower than that for case B after C-SINR is larger than 20 dB. This is because the
JCS CSI enhancement method exploits the accurate sensing results and improves the estimated
CSI. By comparing case D with cases B and C, we can see that the BER for case D is much
larger, which indicates that the FFT-based JCS sensing results are not helpful for improving
the CSI and for communication. Referring to the sensing MSEs of the MUSIC-based and the
FFT-based JCS in Fig. [5(b)] we can see that the more accurate the sensing results are, the better
CSI enhancement performance is, as the accuracy of range estimation directly determines the

accuracy of A in Algorithm [I] This is also the reason that the BER for case C decreases rapidly

when the sensing MSE becomes sufficiently low.

VI. CONCLUSION

In this paper, we proposed a novel JCS system that can achieve accurate AoA, range, and
velocity estimation based on improved MUSIC algorithms, together with improved communi-

cation performance. Compared with the conventional FFT-based sensing method, our proposed
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Fig. 6: BERs of DL JCS communication

MUSIC-based sensing method can achieve much higher accuracy in range and radial velocity
estimation. The proposed JCS CSI enhancement method exploits the JCS sensing results in the
design of a Kalman filter for refining the CSI estimate. It is shown to significantly improve
the communication performance at high SNRs, approaching the performance with perfect CSI.
Moreover, we derived the theoretical lower bound MSEs for the proposed range and velocity
estimators using perturbation analysis. Simulation results demonstrate that the theoretical results

match the simulation results well, particularly at higher SNRs.

APPENDIX A

DERIVATION OF oy

First, we denote the eigenvalue vector as v, = diag(X,), where diag(X) denotes a vector
taking the diagonal values of X. The mean value of v, is denoted by m,, and v,, € RV*1 We
assume there are L incident signals. According to the property of the MUSIC algorithm, the ith

entry of v, can be expressed as [19]

Pi+o%, i<L
[Vali = o : (92)
o3, 1> L
where P, is the power of the ith incident signal, 0% is the noise power. We define the differential
vector of v, as va, where [Va]i=[V.]i— [Va]is1, and va € RY=D>! Obviously, [va]; = 0 when

i > L, while [va]; > 0 when ¢ < L. Since mmWave suffers from large propagation loss, L is

typically much smaller than N. Then, we represent the mean value of the latter half of va as



N-1

U= > val,/(N — [(N —1)/2]), and v is close to 0. Therefore, the number of detected
k=(N=1)/2]

targets is determined as

L = argmax[va]; > (1+¢€)0, (93)

(2

where ¢ is a parameter used to avoid false detection caused by a small error. In the simulation,
we set € = 1.

Therefore, o is set as a; = [v,];/m,. It is a key parameter and has an important impact
on sensing accuracy. When «; is too large, the selected noise subspace will include part of the
signal subspace, and thus the target may be missed; when o4 is too small, the noise subspace is

not selected completely, and thus large noise may be taken into the signal space.

APPENDIX B

DERIVATION OF ag

We first derive the eigenvalue matrix of I:IC(I:IC)H as ), and obtain the eigenvalue vector as
v, = diag(3,). When the LoS signal dominates the communication channel, i.e., L = 1, from

[©2), we can estimate o as

50 = Z [ve],/(N. — 1). (94)

1=2
APPENDIX C

PROOF OF THEOREM [T]

U, can be divided as U, =[S, ,, U, ,.n|. Because U, . is an orthogonal matrix, [S, ] U, ,y=0
and [U, ,n]"U, ,.ny=I hold.

On one hand, since U, ,y is the noise subspace of Rx ,, we have
2
RX,ar,rN =0ow Uz,rNa (95)

where o2 is the Gaussian noise variance.

On the other hand, we have
Ry, = E(Hg[Hg]") = ALE{S,,[S,.) VAT + op 2T (96)

Therefore,

RX,ar,rN - ArE{Sr,s[Sr,s]H}[Ar]HUx,rN + UW2Ux,rN' (97)



By comparing (93) with (97)), we obtain
A B{S, [, AU, ,n = 0. (98)
Thus,
[U;L’,’/‘N]HAI‘E{ST,S[ST,S]H}[AI‘]HU:U,TN =0. (99)

Since E{S,[S,|""} is full-rank, [U, .x]" A, = 0. Therefore, the multiplication between [U, . y]"
and each column of A, is 0, i.e., (U,,y)"a,(r;) = 0 holds. Thus, the minimum points of
|U.,n"a,(r)||3 are the ranges.

Similarly, by comparing the two expressions of Rx U, sy, we obtain
(Us ] A E{S 1[S1,) " AL U,y = 0. (100)

Because E{S;,[S;.]"} is full-rank, [U, ;x]” A¢ = 0 holds. Hence, the multiplication be-
tween [U, ;n]" and each column of Ay is 0, ie., (U, ;n)"as(fs11) = 0 holds. Thus, the
minimum points of ||[(U, ;v)¥a;(f)||3 are the Doppler results.

The proof of Theorem [I] is completed.

APPENDIX D

1) The derivatives for AGp: The expanded expression for G,(px; Ug) can be given by
G, (Px; fJo) =2Re {ag)(pk)H(Uo + AUg) x (Ug + AUO)Ha(pk)} ) (101)
Then, according to (51)), AGy can be expressed as
AGy = 2Re {al (p1)" ( UpAUS” + AUUST + AUAUY )alpr) ). (102)
By discarding the second-order perturbation AU AU,? and Uy,”a(p;) = 0, and substituting
(8) into (102), we obtain
AGp:2Re{—a§) (o) TUGUH NV, 2,710 a(p, )}
2) The derivatives for AG,.: The expanded expression for AG, can be given by
AG, = G, (1;U,g) — Gr(r; Upp) = 2Re[a (1) (U,,0+ AU, 0 Uy + AU, o) a (1] (103)

By discarding the second-order perturbation term, U, o’ A, = 0, and substituting (66)) into (T03),
we obtain

AGTZ2R6 [3-1(} )(Tk )HUT,OUT,OHWtr Vr,s 27’,; ! U'r,sHar(Tk )} .
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