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Abstract—In this paper we investigate the uplink collaborative
sensing in the mmWave MIMO integrated sensing and commu-
nication system. Since the vehicles periodically transmit pilot
sequences to the road side unit (RSU) and the pilot sequences
are a priori knowledge of the RSU, the RSU can perform collabo-
rative sensing and parameter estimation for the vehicles. A two-
dimensional fast Fourier transform (FFT) and estimating-signal-
parameter-via-rotational-invariance-techniques (ESPRIT)-based
scheme is proposed for parameter estimation in the RSU, where
the FFT is used to estimate the distance and relative radial
velocity, and the ESPRIT is used to estimate the angle-of-arrival
and angle-of-departure of the channel line-of-sight path. Then
these estimated parameters are exploited by an extended Kalman
filtering model to achieve the efficient beam tracking. Simulation
results verify the effectiveness of the proposed scheme and show
that it can save the estimation resources while ensuring the
estimation accuracy.

Index Terms—Beam tracking, collaborative sensing, inte-
grated sensing and communication (ISAC), parameter estima-
tion.

I. INTRODUCTION

Wireless communication and radar sensing have been
evolved independently in different frequency spectrums and
systems all the time. But recently, the spectrum scarcity
and the environmental complexity have raised the rethink of
efficient utilization of the spectral and hardware resources,
and have promoted extensive research on integrated sensing
and communication (ISAC) [1].

In the ISAC system, wireless communication and radar
sensing can share the same signal processing modules and
frequency spectrum, and therefore greatly improve the spec-
trum and hardware utilization. In [2], radar-communication
coexistence is achieved through orthogonal frequency division
multiplexing (OFDM), where the radar signal is modulated on
idle OFDM subcarriers. Aiming at approaching the desired
radar beam pattern, MIMO beamforming is designed for
a base station with dual functions of radar sensing and
communication, subject to the power constraints and signal-
to-interference-plus-noise ratio for communication users [3].
Different from the ISAC system supported by a single beam,
a multibeam design scheme using analog antenna arrays
to simultaneously generate a communication subbeam and
a sensing subbeam is proposed, where the communication
subbeam is fixed to achieve stable wireless communications
and the sensing subbeam is time-varying to scan the environ-
ment [4].

Since the ISAC system can benefit from the collabora-
tion between radar sensing and wireless communications, it
provides a promising platform for the vehicle to everything
(V2X) network [5]. In the V2X network, low-latency wireless
communications and high-resolution sensing are required to
ensure the quality of service for the vehicles with high
mobility. To satisfy the above requirement, a radar-assisted
predictive beamforming scheme is proposed, where the road
side unit (RSU) first sends ISAC signal to vehicles for si-
multaneously communication and sensing, and then estimates
the wireless channels based on ISAC echoes and designs the
beamforming based on predicted angles [6]. Nonetheless, the
existing works mainly focus on the sensing and estimation
using ISAC echoes, which cannot efficiently highlight the
targets from the environment or distinguish different targets.

In this paper, we investigate the uplink collaborative sens-
ing in the mmWave MIMO ISAC system. Since the vehicles
periodically transmit pilot sequences to the RSU and the
pilot sequences are a priori knowledge of the RSU, the
RSU can perform collaborative sensing and parameter esti-
mation for the vehicles. A two-dimensional fast Fourier trans-
form (FFT) and estimating-signal-parameter-via-rotational-
invariance-techniques (ESPRIT)-based scheme is proposed
for parameter estimation in the RSU, where the FFT is
used to estimate the distance and relative radial velocity, and
the ESPRIT is used to estimate the angle-of-arrival (AoA)
and angle-of-departure (AoD) of the channel line-of-sight
(LoS) path. Then these estimated parameters are exploited
by an extended Kalman filtering (EKF) model to achieve the
efficient beam tracking.

The rest of the paper is arranged as follows. Section II
introduces the system model for uplink collaborative sensing.
Section III proposes a two-dimensional FFT and ESPRIT-
based parameter estimation scheme, and then applies it to
EKF beam tracking. The simulation results are provided in
Section IV. Finally, Section V concludes the paper.

Notations: For a vector a, (a)m and diag{a} denote the
mth entry of a and a diagonal matrix with the entries of a
on the main diagonal, respectively. For a matrix A, (A)m,n,
‖A‖F , AT and AH denote the entry on the mth row and
nth column, Frobenius norm, transpose and Hermitian of A,
respectively. The symbols IL, RM×N and CM×N denote an
L×L identity matrix, the set of M ×N real-valued matrices
and the set of M ×N complex-valued matrices, respectively.
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Fig. 1. Block diagram of an mmWave MIMO ISAC system.

The function E{·} denotes the expectation.

II. SYSTEM MODEL

As shown in Fig. 1, we consider an mmWave MIMO ISAC
system, including a RSU and U vehicles. OFDM modulation
is employed to deal with the frequency-selective fading. Let
Nr, Nt, Mr and Mt denote the numbers of antennas at the
RSU and at each vehicle and the numbers of radio frequency
(RF) chains at the RSU and at each vehicle, respectively. The
antennas at both sides are placed in uniform linear arrays with
half wavelength intervals. The hybrid precoding and hybrid
combining are employed in the system [7], where the number
of RF chains is much smaller than that of antennas, i.e.,
Mr � Nr, Mt � Nt. During the uplink transmission from
vehicles to the RSU, the received signal at the kth subcarrier
of the bth block can be represented as

yk,b = WB,kWR

U∑
u=1

Hu
k,bF

u
RF

u
B,ks

u
k,b +WB,kWRn, (1)

where F uB,k ∈ CMt×Mt , F uR ∈ CNt×Mt , WB,k ∈ CMr×Mr

and WR ∈ CMr×Nr denote the digital precoding matrix,
analog precoding matrix, digital combining matrix and analog
combining matrix for the uth vehicle, respectively. We set
||WB,kWR||2F = 1 and ||F uRF uB,k||2F = 1 to make sure that
the powers of hybrid precoder and combiner are normalized.
Let Hu

k,b ∈ CNr×Nt , suk,b ∈ CMt×Ns and n ∈ CNr×Ns

denote the uplink sensing channel matrix at the kth subcarrier
of the bth block between the RSU and the uth vehicle,
the signal matrix and the additive white Gaussian noise
(AWGN) matrix with each column satisfying independent
complex Gaussian distribution with zero mean and variance
σ2, respectively, where Ns denotes the number of OFDM
symbols in a block.

According to [1], the frequency domain time-varying up-

link sensing channel matrix in (1) can be expressed as

Hu
k,b =

√
NtNr/L

L∑
l=1

ble
−j2πk∆fτu

l ej2πf
u
D,lbTb ·

α (Nr, θ
r,u
l )αH

(
Nt, θ

t,u
l

)
,

(2)

where L, ∆f and Tb denote the number of the resolvable
paths, the subcarrier interval and the time duration of a block,
respectively. Let bl, τul and fuD,l denote the complex gain,
propagation delay and Doppler frequency offset of the lth
path, respectively. For the uplink sensing, τul = dul /c and
fuD,l = vul fc/c, where dul , vul , fc and c denote the propogation
distance, the relative radial velocity of the uth vehicle, the
central subcarrier frequency of OFDM and the speed of light,
respectively. The steering vector is denoted as

α(N, θ) = 1/
√
N [1, ejπθ, ejπd2θ, · · · , ejπd(N−1)θ]T . (3)

The angle-of-arrival (AoA) and angle-of-departure (AoD) of
the lth path are denoted as ϑu,rl and ϑu,tl , respectively, and
then in (2), θr,ul , sin(ϑr,ul ) and θt,ul , sin(ϑt,ul ). Thus we
can rewrite (2) in a more compact form as

Hu
k,b = γAu

R∆u
k,b(A

u
T )H , (4)

where γ ∈ R1×1,Au
R ∈ CNr×L, Au

T ∈ CNt×L and ∆u
k,b ∈

CL×L are denoted as

γ ,
√
NtNr/L,

Au
R , [α(Nr, θ

r,u
1 ),α(Nr, θ

r,u
2 ), · · · ,α(Nr, θ

r,u
L )],

Au
T , [α(Nt, θ

t,u
1 ),α(Nt, θ

t,u
2 ), · · · ,α(Nt, θ

t,u
L )],

∆u
k,b , diag{[b1e−j2πk∆fτu

1 ej2πf
u
D,1bTb , · · · ,

bLe
−j2πk∆fτu

Lej2πf
u
D,LbTb ]}. (5)

III. PARAMETER ESTIMATION AND BEAM TRACKING

In this section, we propose a two-dimensional FFT and
ESPRIT-based scheme for collaborative sensing and param-
eter estimation, where the distance and radial velocity are
estimated using FFT, and then AoA and AoD of the LoS
path are estimated using ESPRIT. The estimated parameters
are exploited by EKF to achieve the efficient beam tracking.

A. Parameter Estimation

At the tth epoch of the beam tracking for the uth vehicle,
the vehicle and the RSU should choose suitable codewords
to transmit and receive signals such that the beamforming
gain is maximized. We predefine the codebooks at the ve-
hicles and the RSU as Fc , {fc(1),fc(2), . . . ,fc (Nt)}
and Wc , {wc(1),wc(2), . . . ,wc (Nr)}, respectively,
where fc(n) , α (Nt,−1 + (2n− 1)/Nt) , and wc(n) ,
α (Nr,−1 + (2n− 1)/Nr)

H denote the nth precoding code-
word with beam coverage of [−1+2(n−1)/Nt,−1+2n/Nt]
and the nth combining codeword with beam coverage of
[−1 + 2(n− 1)/Nr,−1 + 2n/Nr], respectively.

We denote the chosen precoding codeword and the combin-
ing codeword as fc(ñ) and wc(ñ), respectively, which cover
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the predicted AoA and AoD obtained at the (t− 1)th epoch.
The prediction model will be given in Section III.B.

We define the observation vector for the uth vehicle in the
RSU at the tth epoch as

Z[t] = [d̂ulos, θ̂
r,u
los , v̂

u
los]

T , (6)

where d̂ulos, θ̂
r,u
los and v̂ulos denote the estimated distance, AoA

and relative radial velocity of the LoS path, respectively.
To get Z[t] in the RSU, vehicles transmit B OFDM blocks

periodically to the RSU. Specifically, in each block, each
vehicle uses K subcarriers to transmit the pilot sequence
through an RF chain for three times. The pilot sequence of the
uth vehicle is denoted as puk ∈ CU and satisfies (puk)Hpuk = 1
and (puk)Hpik = 0, ∀u, i ∈ {1, 2, · · · , U}, u 6= i. Then the
time duration of a block can be computed as Tb = 3UTo,
where To denotes the time duration of one OFDM symbol.

We divide a block into three stages, each of which contains
a pilot sequence. The received pilot sequences at the kth
subcarrier of the bth block can be denoted as

y
(i)
k,b = wc(ñ)

U∑
u=1

Hu
k,bfc(ñ)(puk)H +wc(ñ)n

(i)
k,b, (7)

where i ∈ {1, 2, 3} denotes the index of stage. Let Hu
k,b ∈

CNr×Nt and n(i)
k,b ∈ CNr×U denote the channel matrix and

the AWGN matrix at the ith stage of the bth block between
the RSU and the uth vehicle, respectively. By multiplying
y

(i)
k,b with puk , we have

r
u,(i)
k,b = y

(i)
k,bp

u
k = wc(ñ)Hu

k,bfc(ñ) + ñ
(i)
k,b, (8)

where ñ
(i)
k,b , wc(ñ)n

(i)
k,bp

u
k . Inspired by [8], to make use

of the rotation invariance property of the steering matrix to
perform the parameter estimation, we arrange the antenna
arrays in different ways at different stages of each block.

At the first stage, the RSU powers off the Nrth antenna
and each vehicle powers off the Ntth antenna. Then wc(ñ)
and fc(ñ) at the first stage can be expressed as

w̃(1) = [w̃c, 0] , f̃ (1) = [(f̃c)
T , 0]T , (9)

where w̃c ∈ C1×(Nr−1) and f̃c ∈ C(Nt−1)×1 denote wc(ñ)
and fc(ñ) with Nr − 1 and Nt − 1 antennas powered on,
respectively. Substituting (4) and (9) into (8), we have

r
u,(1)
k,b = γw̃cA

u,(1)
R ∆u

k,b(A
u,(1)
T )H f̃c + ñ

(1)
k,b, (10)

where Au,(1)
T ∈ C(Nt−1)×L and Au,(1)

R ∈ C(Nr−1)×L consist
of the first Nt− 1 rows and the first Nr − 1 rows of Au

T and
Au
R, respectively.
At the second stage, the RSU powers off the first antenna

and each vehicle powers off the Ntth antenna. Then wc(ñ)
and fc(ñ) at the second stage can be expressed as

w̃(2) = [0, w̃c] , f̃ (2) = [(f̃c)
T , 0]T , (11)

where w̃c and f̃c are the same with that of the first stage.
Substituting (4) and (11) into (8), we have

r
u,(2)
k,b =γw̃cA

u,(2)
R ∆u

k,b(A
u,(2)
T )H f̃c + ñ

(2)
k,b, (12)

Algorithm 1 Two-Dimensional FFT and ESPRIT-based algo-
rithm for Collaborative Sensing and Parameter Estimation

1: Input: ru,(1)
k,b , ru,(2)

k,b , ru,(3)
k,b ,

k ∈ {1, 2, · · · ,K}, b ∈ {1, 2, · · · , B}.
2: Compute P u,(1) via (17).
3: Obtain Ωd and Ωv via the search of P u,(1).
4: Compute d̂ulos and v̂ulos via (18).
5: Compute P u,(2) and P u,(3) via two-dimensional FFT.
6: Obtain P u via (20).
7: Compute Bu via (22).
8: Compute U via (23).
9: Obtain Us,1 and Us,2 via (24).

10: Compute θ̂r,ulos via (25).
11: Repeat step 6-10 by replacing (27) with (28).
12: Output: d̂ulos, v̂ulos, θ̂

r,u
los , θ̂t,ulos.

where A
u,(2)
T is the same with A

u,(1)
T , and A

u,(2)
R ∈

C(Nr−1)×L consists of the last Nr − 1 rows of Au
R.

At the third stage, the RSU powers off the Nrth antenna
and each vehicle powers off the first antenna. Then wc(ñ)
and fc(ñ) at the third stage can be expressed as

w̃(3) = [w̃c, 0] , f̃ (3) = [0, (f̃c)
T ]T , (13)

where w̃c and f̃c are the same with that of the first stage. We
substitute (4) and (13) into (8) and have

r
u,(3)
k,b =γw̃cA

u,(3)
R ∆u

k,b(A
u,(3)
T )H f̃c + ñ

(3)
k,b, (14)

where Au,(3)
T ∈ C(Nt−1)×L consisits of the last Nt − 1 rows

of Au
T , and Au,(3)

R is the same with Au,(1)
R .

To estimate distance, relative radial velocity, AoA and AoD
of the LoS path using r

u,(i)
k,b , we propose a two-dimensional

FFT and ESPRIT-based algorithm for collaborative sensing
and parameter estimation in the RSU as shown in Algorithm
1. We stack all ru,(1)

k,b together and have

ru,(1) =


r
u,(1)
1,1 r

u,(1)
1,2 · · · r

u,(1)
1,B

r
u,(1)
2,1 r

u,(1)
2,2 · · · r

u,(1)
2,B

...
...

. . .
...

r
u,(1)
K,1 r

u,(1)
K,2 · · · r

u,(1)
K,B

 . (15)

Similarly, we can get ru,(2) and ru,(3) by stacking all ru,(2)
k,b

and ru,(3)
k,b together, respectively.

To analyze the property of ru,(1), we rewrite ru,(1) as

(ru,(1))k,b =κ
L∑
l=1

ble
−j2πk∆fτu

l ej2πf
u
D,lbTb + ñ

(1)
k,b, (16)

where κ , γw̃cA
u,(1)
R (A

u,(1)
T )H f̃c. According to (16), the

estimation of distance and relative radial velocity can be
transformed into a spectral estimation problem [4]. We apply
two-dimensional FFT to ru,(1) at step 2 by

(P u,(1))n,m =

∣∣∣∣∣
K∑
k=1

B∑
b=1

(ru,(1))k,be
j2π nk

K e−j2π
mb
B

∣∣∣∣∣
2

. (17)
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We search for the maximum of P u,(1) at step 3 and denote
its index of row and column as Ωd and Ωv , respectively. Then
the distance and relative radial velocity of the uth vehicle can
be estimated at step 4 as

d̂ulos =
Ωd
K∆f

c, v̂ulos =
Ωv

BTbfc
c. (18)

Similarly, we can get P u,(2) and P u,(3) by applying two-
dimensional FFT to ru,(2) and ru,(3) , respectively at step 5.
Next, we will estimate AoA and AoD of the LoS path using
(P u,(1))Ωd,Ωv , (P u,(2))Ωd,Ωv and (P u,(3))Ωd,Ωv , which will
be denoted as p1, p2 and p3, respectively for simplicity of
notation.

The relationship of Au,(1)
R and Au,(2)

R can be expressed as

A
u,(2)
R = A

u,(1)
R Θ, (19)

where Θ , diag{[ejπθ
r,u
1 , ejπθ

r,u
2 , · · · , ejπθ

r,u
L ]} ∈ CL×L.

It is shown in (19) that the rotation invariance property of
the steering matrix, which is the basis of ESPRIT, so we can
use p1 and p2 to estimate AoA of the LoS path. At step 6,
by stacking p1 and p2 we get

P u ,

[
p1

p2

]
= RT + Ñ , (20)

where

R ,

[
γw̃cA

u,(1)
R

γw̃cA
u,(1)
R Θ

]
∈ C2×L,T , ∆̃(A

u,(1)
T )H f̃c ∈ CL×1,

(21)
and Ñ ∈ C2×1 is a noise vector by stacking the noise terms
in p1 and p2. Let ∆̃ ∈ CL×L denotes a diagonal matrix with
the two-dimensional FFT gain on the main diagnoal.

Since RT is uncorrelated with Ñ , we can obtain the
autocorrelation of P u at step 7 as

Bu = P u (P u)
H ≈ R

(
TTH

)
RH + ÑÑH . (22)

The singular value decomposition of Bu at step 8 can be
represented as

Bu = UΣUH , (23)

where U ∈ C2×2 denotes the unitary matrix and Σ ∈ C2×2

denotes the real diagonal matrix with diagonal entries sorted
in descending order. The first column of U corresponds to
the largest diagonal entry of Σ and thus forms the LoS signal
beamspace Us. Since R and Us share the same basis, there
exists a complex number TR satisfyingUs = RTR. We divide
Us into Us,1 and Us,2 at step 9 and have

Us =

[
Us,1
Us,2

]
= RTR =

[
γw̃cA

u,(1)
R

γw̃cA
u,(1)
R (Θ)1,1

]
TR. (24)

According to (24), we can get Us,2 = Us,1(Θ)1,1. Then
AoA of the LoS path can be estimated at step 10 as

θ̂r,ulos = arg(Us,2/Us,1)/π. (25)

As for the estimation of AoD of the LoS path, the rela-
tionship between Au,(1)

T and Au,(3)
T can be expressed as

A
u,(3)
T = A

u,(1)
T Ξ, (26)

where Ξ , diag{[ejπθ
t,u
1 , ejπθ

t,u
2 , · · · , ejπθ

t,u
L ]} ∈ CL×L.

Since (26) and (19) have the same structure, AoD can be
estimated in the same way as that of AoA by replacing

[p1, p2, w̃c,A
u,(1)
R ,Θ, ∆̃,

(
A
u,(1)
T

)H
, f̃c, θ̂

r,u
los ] (27)

with

[(p1)H , (p3)H , (f̃c)
H ,A

u,(1)
T , (28)

Ξ, (∆̃)H ,(A
u,(1)
R )H , (w̃c)

H , θ̂t,ulos].

Then these estimated parameters, including d̂ulos, v̂
u
los and

θ̂r,ulos can be exploited to get Z[t] in the RSU.

B. Beam Tracking

For the simplicity of analysis, we describe the EKF beam
tracking model in Cartesian coordinate system. We define the
state vector for the uth vehicle at the tth epoch in the RSU
as

x[t] , [x, y, vx, vy], (29)

where x, y, vx and vy are denoted as the x-axis coordinate
value, y-axis coordinate value, the velocity component in the
x-axis direction and in the y-axis direction of the uth vehicle,
respectively. Based on the geometric model shown in Fig. 1,
the observation model can be derived as

Z[t] =


√
x2 + y2

sin(arctan(y/x) + π/2)

[y, x] · ([vy, vx])
T
/
√
x2 + y2

+ zt, (30)

where zt is denoted as the observation noise satisfying
Gaussian distribution with zero mean and variance matrix Q.
We denote the predicted state vector obtained at the (t−1)th
epoch as x[t]. Then x[t] and Z[t] are exploited by the EKF
to obtain the filted state vector x̂[t] at the tth epoch.

To adapt to the channel with high mobility and track the
uth vehicel efficiently, at the (t+1)th epoch, the RSU should
design the beamforming based on the predicted AoA. Based
on the vehicle’s kinematic equation, we can express the state
revolution model as

x[t+ 1] =


1 0 dt 0
0 1 0 dt
0 0 1 0
0 0 0 1

 x̂[t], (31)

where dt is the time interval of tracking and x[t + 1] is the
predeicted state vector at the (t+1)th epoch. Then according
to Fig. 1, the predicted AoA can be computed as

θ
r,u

los = arctan((x[t+ 1])2/(x[t+ 1])1). (32)

The obtained θ
r,u

los can be exploited by the RSU to choose
the beamforming codeword at the (t + 1)th epoch. Similar
procedure can be adopted by the vehicles to track the RSU
by replacing AoA with AoD.
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Fig. 2. Comparisons of MAE of AoA tracking for different schemes.

IV. SIMULATION RESULTS

Now we evaluate the performance of the proposed collabo-
rative sensing and parameter estimation scheme in EKF beam
tracking. Let us consider an mmWave MIMO ISAC system
including a RSU and U = 3 vehicles where we set Nr = 64,
Mr = 4, Nt = 16, Mt = 2 and L = 3. The mean power
ratio between LoS path and non-LoS path is 10dB. We set
K = 316, ∆f = 240kHz, To = 5.2us and fc = 30GHz
in OFDM. During one epoch of tracking, each vehicle sends
B = 128 OFDM blocks to the RSU and the time interval of
tracking is set as dt = 0.1s.

We assume that one of the vehicles moves on the road at
the instant velocity of [20, 0]Tm/s and its initial coordinate
is set as [−88,−100]Tm. The coordinate of the RSU is set
as [0, 0]Tm. All results are averaged from 2000 Mento Carlo
simulations unless otherwise specified.

In Fig. 2, we compare the mean absolute error (MAE)
of AoA tracking for the proposed scheme (PS), the two-
dimensional ESPRIT (TDE) scheme in [8] and the auxiliary
beam pair-based (ABP) beam tracking scheme in [9] at a
signal-to-noise ratio (SNR) of -10dB. It is observed that the
PS outperforms the existing schemes. Compared with the
TDE scheme, On one hand, the PS takes advantage of the
a priori information obtained from the last epoch of tracking
and thus saves more estimation resourses. On the other hand,
the power gain of the directional beams in the PS is higher
than that of the omnidirectional beams in [8], leading to
higher SNR gain and less estimation error. Furthermore, the
performance of ABP scheme relies heavily on the beamwidth
and when the angle varies rapidly, the SNR gain decreases,
leading to worse tracking performance. The PS-based EKF
tracking considers the distance and radial velocity and is less
insensitive to the angle variation than the ABP scheme.

In Fig. 3, we compare the MAE of the PS for SNRs of
-10, -5, 0, 5, 10, 15 and 20dB in terms of the epoch index.
Obviously, higher SNR results in better tracking performance.
Moreover, the PS-based EKF beam tracking can converge
after about five epoches at high SNRs.

V. CONCLUSION

In this paper, we have proposed a collaborative sensing and
parameter estimation scheme based on two-dimensional FFT
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Fig. 3. Comparisons of MAE of AoA tracking for different SNR values.

and ESPRIT. Additionally, we have applied the PS in EKF
to achieve beam tracking. Compared with [6], the PS-based
tracking can distinguish different targets easily through pilot
sequences. Compared with [8], the PS-based tracking can
save much estimation resources at the guarantee of estimation
accuracy. Compared with [9], the PS-based tracking can
exploit the distance and radial velocity and become insensitive
to the angle varition. Simulation results have verified the
effectiveness of our scheme. Future work will focus on devel-
oping sensing algorithms that are computationally efficient.
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