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Abstract: A cooperative passive sensing framework for millimeter wave (mmWave) communication systems is proposed and demonstrated in a 
scenario with one mobile signal blocker. Specifically, in the uplink communication with at least two transmitters, a cooperative detection method 
is proposed for the receiver to track the blocker’s trajectory, localize the transmitters and detect the potential link blockage jointly. To facilitate 
detection, the receiver collects the signal of each transmitter along a line-of-sight (LoS) path and a non-line-of-sight (NLoS) path separately via 
two narrow-beam phased arrays. The NLoS path involves scattering at the mobile blocker, allowing its identification through the Doppler fre⁃
quency. By comparing the received signals of both paths, the Doppler frequency and angle-of-arrival (AoA) of the NLoS path can be estimated. 
To resolve the blocker’s trajectory and the transmitters’ locations, the receiver should continuously track the mobile blocker to accumulate suffi⁃
cient numbers of the Doppler frequency and AoA versus time observations. Finally, a gradient-descent-based algorithm is proposed for joint de⁃
tection. With the reconstructed trajectory, the potential link blockage can be predicted. It is demonstrated that the system can achieve decimeter-
level localization and trajectory estimation, and predict the blockage time with an error of less than 0.1 s.
Keywords: mmWave communications; integrated sensing and communication; trajectory tracking; passive sensing

Citation (Format 1): YU C, LYU B J, QIU H Y, et al. Trajectory tracking for mmWave communication systems via cooperative passive sensing 
[J]. ZTE Communications, 2024, 22(3): 29–36. DOI: 10.12142/ZTECOM.202403005
Citation (Format 2): C. Yu, B. J. Lyu, H. Y. Qiu, et al., “Trajectory tracking for mmWave communication systems via cooperative passive sens⁃
ing,” ZTE Communications, vol. 22, no. 3, pp. 29–36, Sept. 2024. doi: 10.12142/ZTECOM.202403005.

1 Introduction

Due to the short wavelength, millimeter-wave (mmWave) 
wireless communication is fragile to link blockage[1–3]. 
Fortunately, with the development of wireless sensing 
techniques, it is feasible to design a robust mmWave 

communication system that can predict the link blockage, de⁃
tect backup signal propagation paths, and mitigate the impact 
of signal-to-noise ratio (SNR) loss via predictive scheduling.

There have been a number of research efforts on blockage 
prediction via out-of-band sensors[4–6] or in-band channel infor⁃
mation[7–11]. For example, a camera was proposed to sense the 
communication environment and predict the mmWave link 
blockage via deep learning algorithms in Refs. [4–5]. A light 
detection and ranging (LiDAR) assisted proactive blockage pre⁃
diction scheme was proposed in Ref. [6]. The use of out-of-band 
sensors not only increases the cost of communication systems, 
but also raises privacy issues, especially in indoor communica⁃
tion scenarios. With the in-band channel information, the varia⁃
tion of received signal strength (RSS) was proposed to predict 

blockage in Refs. [7, 11], where deep learning algorithms were 
developed to track the RSS variation patterns right before block⁃
age. It was found in Ref. [8] that the diffraction effects of 
mmWave signals could be exploited in blockage prediction. 
Moreover, a protective beam was proposed in Ref. [9] to monitor 
the Doppler effect in the communication environment, so that 
potential link blockage can be forecasted. However, none of the 
above in-band sensing methods can track the trajectory of mo⁃
bile blockers. Without the trajectory, these methods may not 
provide sufficient warning time before blockage, or they may 
lead to a large false alarm probability. In our preliminary 
study[12], an mmWave blockage prediction method via passive 
sensing architecture was proposed, which could predict 90% of 
the line-of-sight (LoS) blockage with a sensing time of 1.4 s. It 
assumed location knowledge of the transmitter and receiver, as 
well as the constant velocity of the mobile blocker.

In fact, passive sensing is a promising approach to facilitat⁃
ing simultaneous sensing and data communication with half-
duplexing transceivers[13]. By comparing the received signals of 
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reference and surveillance channels, multi-antenna passive 
sensing techniques can detect the direction, distance and the 
raised Doppler frequency of a mobile target. It has been used 
for localization or trajectory tracking via WiFi signals[14] or long-
term evolution (LTE) downlink signals[15]. To further improve 
the tracking accuracy, multiple signal transmitters or sensing re⁃
ceivers can be adopted to detect the Doppler frequency in dif⁃
ferent dimensions. For example, a handwriting tracking method 
via cooperative passive sensing of two receivers was proposed 
in Ref. [16], where the accuracy of handwriting reconstruction 
was at the millimeter level. However, all these works assumed 
knowledge of the locations of signal transmitters and sensing re⁃
ceivers, which might not be easily obtained in mobile communi⁃
cation systems, especially in indoor scenarios.

In this paper, we would like to address the above issue by 
proposing a cooperative passive sensing method for joint trajec⁃
tory tracking and device localization. Specifically, at least two 
uplink transmitters simultaneously transmit uplink signals to 
one receiver in different frequency bands, and there is one mo⁃
bile blocker in the communication environment. The receiver 
adopts two narrow beams to receive the uplink signal of each 
transmitter. One beam is aligned with the transmitter directly, 
and the other is aimed at the mobile blocker. Thus, the signal of 
LoS path is received by the former beam, and the scattered sig⁃
nal from the mobile blocker, which is with non-zero Doppler fre⁃
quencies, is received by the latter one. By comparing the sig⁃
nals of the above two beams, the Doppler frequencies and 
angles-of-arrival (AoA) of the mobile blocker can be continu⁃
ously observed. Accumulating the above observations from two 
transmitters, we find the transmitters’ locations and the 
blocker’s trajectory can be jointly detected via a proposed 
gradient-descent-based algorithm. It is demonstrated that the 
system can achieve decimeter-level localization and trajectory 
estimation, and predict the blockage time with an error of less 
than 0.1 s.

The remainder of this paper is organized as follows. In Sec⁃
tion 2, an overview of the system is provided. In Section 3, the 
signal processing for passive sensing is introduced. Section 4 in⁃
troduces the algorithms for joint trajectory tracking and trans⁃
mitter localization, followed by the method of blockage predic⁃
tion. The experiment results and analysis are provided in Sec⁃
tion 5. Finally, conclusions are drawn in Section 6.
2 System Overview

In this paper, a trajectory tracking and blockage prediction 
method is proposed for mmWave uplink communications. With⁃
out a priori location knowledge of the transmitters and receiver, 
the proposed method can simultaneously track the trajectory of 
a mobile signal blocker and detect the locations of the transmit⁃
ters with respect to the receiver. As a result, the potential block⁃
age of the LoS path can be predicted. The overall system archi⁃
tecture is illustrated in Fig. 1. The proposed system consists of 
one mmWave receiver and at least two transmitters, where the 

receiver receives signals from all transmitters simultaneously 
by frequency division. The two transmitters are referred to as 
transmitters 1 and 2, and their orthogonal communication bands 
are referred to as bands 1 and 2, respectively. The transmitters 
and receiver can be the user equipment (UE) and base station 
(BS) of uplink communications, respectively.

Each mmWave transmitter delivers an information-bearing 
signal via a transmission beam. The signal arrives at the re⁃
ceiver via both the LoS path and the non-line-of-sight (NLoS) 
path scattered at the mobile blocker, as illustrated in Fig. 1. 
The receiver has at least two RF chains, each with a phased 
array. One of the phased arrays generates a receiving beam, 
namely a surveillance beam, to capture the NLoS signal in 
both frequency bands. Due to the mobility of the blocker, 
this receiving beam should periodically sweep the surround⁃
ing region. The other phased array generates two receiving 
beams towards the two transmitters, respectively. They could 
capture the LoS signals of the two transmitters in two fre⁃
quency bands with a high signal-to-noise ratio (SNR), respec⁃
tively. The LoS paths from the two transmitters are referred 
to as reference channels 1 and 2, and their receiving beams 
are referred to as  reference beams 1 and 2, respectively. Ad⁃
ditionally, the signal propagation paths from both transmit⁃
ters and scattered by the mobile blocker are called surveil⁃
lance channels 1 and 2, respectively.

By comparing the signals received from a pair of reference 
and surveillance channels, the Doppler frequencies raised by 
the mobile blocker can be detected at a particular AoA. Due to 
the carrier frequency offset (CFO) and the sampling clock fre⁃
quency offset (SFO) between the transmitter and the receiver, 
the time-of-fly (ToF) measurement of reference channels or sur⁃
veillance channels could be difficult. It is therefore infeasible to 
localize the mobile blocker at the receiver via a single capture 
of the blocker. Instead, the Doppler frequency and AoA of the 
mobile blocker are successively tracked in the proposed 
method, so that the trajectory of the mobile blocker and the lo⁃

▲Figure 1. Overview of the integrated sensing and communication system
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cations of the two transmitters can be jointly detected with a suf⁃
ficient number of observations.
3 Signal Processing of Cooperative Passive 

Sensing

3.1 Signal Model
It is assumed that the transmission and receiving beams of 

the two reference channels have been aligned via the existing 
method, e. g., exhaustive beam search. On the other hand, the 
surveillance beam switches sequentially and periodically 
among Q-directions, denoted as Φ = {ϕ1,ϕ2,⋯,ϕQ}. In each 
direction, signals of both frequency bands are received via the 
surveillance beam for a duration of Tb s. Thus, it takes the sur⁃
veillance beam Td = QTb s to complete a sweeping period.

In the k-th sweeping period (∀k ), let sm,k,q( t) be the transmit 
baseband signal of the m-th transmitter (m = 1,2) when the sur⁃
veillance beam is at the direction ϕq, and the received signal 
via the m-th reference beam in the m-th frequency band can be 
written as :

y ref
m,k,q( t) = αref

m,k,q sm,k,q( t - τref
m,k,q ) + nref

m,k,q( t) , 0 ≤ t ≤ Tb, (1)
where αref

m,k,q and τref
m,k,q denote the complex gain and delay of the 

LoS path, and nref
m,k,q( t) denotes the superposition of noise and 

NLoS echoes. As a remark, the scattered signal of sm,k,q( t) may 
also be received by the reference beam.

Simultaneously, the received signal of the surveillance beam 
in the m-th frequency band, denoted as y sur

m,k,q( t), includes the 
scattered signals from the mobile blocker and static scattering 
clusters. Thus,

y sur
m,k,q( t) = α tar

m,k,q( t) sm,k,q( t - τ tar
m,k,q( t) ) e- j2πf tar

m,k,q( )t t +
∑l = 1

Lm,q αl
m,k,q sm,k,q( )t - τl

m,k,q + nsur
m,k,q( t) , 0 ≤ t ≤ Tb, (2)

where α tar
m,k,q( t), τ tar

m,k,q( t) and f tar
m,k,q( t) denote the time-varying com⁃

plex gain, delay and Doppler frequency of the surveillance chan⁃
nel, respectively, Lm,q denotes the number of NLoS paths via 
static scattering clusters, αl

m,k,q and τl
m,k,q are the complex gain 

and delay of the l-th one, and nsur
m,k,q( t) denotes the noise. As a re⁃

mark, the signal from the LoS path may also be received by the 
surveillance beam, which can be treated as a special static scat⁃
tering cluster in the second term of the above equation.

The received signals from both reference and surveillance 
beams in the two frequency bands are sampled with a period Ts, which can be expressed by y ref

m,k,q[n] = y ref
m,k,q(nTs ) and y sur

m,k,q[n] =
y sur

m,k,q(nTs ), where n = 1,2,⋯,Tb /Ts, and m = 1,2, q =1,2,…,Q. 
Note that the signal components in y sur

m,k,q[n] with non-zero Dop⁃
pler frequencies from the moving blocker may be overwhelmed 
by the strong scattered signals with zero Doppler frequency. 

Specifically, in Eq. (2), the first term on the right side is far 
smaller than the second term. This can disrupt the estimation of 
the Doppler frequency. Hence, the least-square-based (LS-
based) clutter cancellation in Ref. [17] is applied to suppress 
the signal components with zero Doppler frequency in y sur

m,k,q[n]. 
The surveillance signal after clutter cancellation is denoted as 
ŷ sur

m,k,q[n].
3.2 Doppler Frequency and AoA Estimation

The Doppler frequency estimation in passive sensing is 
based on the cross-ambiguity function (CAF) between the refer⁃
ence signals and surveillance signals. Particularly, the CAF of 
the received signals in the m-th frequency band, k-th sweeping 
period, and q-th surveillance beam’s direction is defined as

Rm,k(q, fd ) = max
τm,k,q

 ∑n = 1
N0 ŷ sur

m,k,q[ ]n {y ref
m,k,q[n - τm,k,q ]}

*

ej2πfdnTs,
(3)

where { . }* is the complex conjugate; N0 = Tb /Ts denotes the 
number of samples when the surveillance beam is in one direc⁃
tion. Since we only focus on the estimation of the Doppler fre⁃
quency, the delay τm,k,q is not considered a parameter of the 
CAF. There should be a peak value of Rm,k(q, fd ) at fd =
f tar

m,k,q(kN0Ts ). Thus, Doppler frequencies of the mobile blocker 
could be detected by finding the peak values of Rm,k(q, fd ). As a 
remark, note that estimating the Doppler frequency in Eq. (3) 
does not request a priori knowledge of the path gains α tar

m,k,q and αl
m,k,q.There might be more than one peak value of Rm,k(q, fd ) in the 

k-th sweeping period. This is because there might be multiple 
scattering points on the blocker with different velocities. The 
scattering between the blocker and the surrounding clutters 
would also generate weak peaks on Rm,k(q, fd ). An adaptive-

threshold-based method is adopted to detect the Doppler fre⁃
quencies with the dominant receiving power from the CAF. 
First, the threshold for the Doppler frequency fd in the q-th sur⁃
veillance beam’s direction can be calculated as:

Tm,k(q, fd ) = γ
2W + 1 ∑

p = -WT

WT

Rm,k(q, fd + pΔf ) , (4)
where WT is the half length of training cells, γ > 1 is a scaling 
factor for the detection threshold, and Δf = 1/ (N0Ts ) is the 
resolution of the Doppler frequency. Thus, in the k-th sweeping 
period, a Doppler frequency fd is detected in the q-th surveil⁃
lance beam’s direction when Rm,k(q, fd ) ≥ Tm,k(q, fd ).

Note that the scattered signal from the mobile blocker might 
be captured by multiple beam directions, leading to a false 
alarm in the AoA detection. In the proposed system, we treat 
the surveillance beam’s direction maximizing the CAF as the 
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estimated AoA of each sweeping period. Particularly, denoting 
f ͂m,k and ϕ͂k as the estimated Doppler frequency and AoA in the 
k-th sweeping period, we have

( f ͂m,k, q͂m,k ) = argmax
fd,  q

Rm,k( )q, fd

s.t.    Rm,k( )q, fd ≥ Tm,k( )q, fd , (5)
and ϕ͂k = ϕq͂m,k, respectively. Note that the AoA of blockers is in⁃
dependent of the frequency bands. Finally, we define the mea⁃
sured feature vector zk of the k-th sweeping periods as 
zk = [ ϕ͂k, f ͂1,k, f ͂2,k ]T. (6)

4 Localization and Blockage Prediction
In this section, a joint estimation method is proposed to detect 

the positions of the two transmitters and the trajectory of the mo⁃
bile blocker based on the measured AoAs and Doppler frequen⁃
cies in a number of sweeping periods. The geometric relation 
among the two transmitters, the receiver and the mobile blocker 
is illustrated in Fig. 2. Without loss of generality, the coordinates 
of the receiver and the two transmitters are represented by vec⁃
tors pRX = [0,0] T, pTX1 = [d,0] T, pTX2 = [ xTX2,yTX2 ]

T, respec⁃
tively, and the coordinates of the mobile blocker in the k-th 
sweeping period are represented by  pk = [ xk,yk ]T. There is no a 
priori knowledge of the locations of the two transmitters at the re⁃
ceiver. Thus, d, xTX2 and yTX2 are unknown.

To facilitate the joint estimation, it is assumed that the two 
transmitters and a receiver have sent and received signals to 
and from each other, so that the angles-difference-of-arrival 
(ADoA) between them have been estimated via the spatial 
smoothing multiple signal classification (MUSIC) algorithm[18]. 
Thus, the angles φRX and φTX1 in Fig. 2 are known at the re⁃
ceiver. Note that xTX2 and yTX2 are functions of d, φRX and 
φTX1, the joint estimation of d and  pk, where k = 1,2,3,…, is 

elaborated in this section, followed by the blockage prediction. 
In the following, we first elaborate on the motion model of the 
mobile blocker.
4.1 Motion Model

According to the geometric relation, ADoA φRX and φTX1 can 
be expressed in terms of the coordinates of the two transmitters 
and the receiver as:

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

φRX = cos-1 ( )pTX1 - pRX T( )pTX2 - pRX

 pTX1 - pRX  pTX2 - pRX

φTX1 = cos-1 ( )pRX - pTX1
T( )pTX2 - pTX1

 pRX - pTX1  pTX2 - pTX1  . (7)
Since the sweeping period is very short, it can be approxi⁃

mated that the mobile blocker is moving with a constant veloc⁃
ity in a sweeping period. Hence, the trajectory of the mobile 
block can be expressed as:
pk = pk - 1 + vk - 1Td = p1 + ∑n = 1

k - 1 vnTd , (8)
where vk = [ vx ; k, vy ; k ]T is the vector of velocity in the k-th 
sweeping period; vx ; k and vy ; k denote the velocity components 
in the x-axis and y-axis, respectively.

Hence, the AoA of the surveillance channel in the k-th 
sweeping period ϕR ; k can be written as

ϕR ; k = cos-1 pk

 pk

= cos-1 p1 + ∑n = 1
k - 1 vn Td

 p1 + ∑n = 1
k - 1 vn Td  . (9)

Moreover, the Doppler frequency of the m-th surveillance 
channel is given by

fd ; m,k = 1
λm ( pk - pTX

m

 pk - pTX
m

+ pk - pRX

 pk - pRX ) T
vk , (10)

where λm is the carrier frequency of the m-th transmitter.
4.2 Joint Localization and Trajectory Estimation

It can be observed from the above motion model that, given 
the distance d, the initial position p1 and the velocity vectors 
v1,v2,…,vk of the blocker, the AoAs and Doppler frequencies of 
all the sweeping periods can be calculated according to Eqs. (9) 
and (10). Let xk = [d, pT1 , vT1 , vT2 ,⋯,vT

k ]
T
 be the vector of all the 

motion parameters to be estimated in the first k sweeping peri⁃
ods; hk = [ϕR ; k, fd ; 1,k, fd ; 2,k ]

Tis the true feature vector of k-th 
sweeping period with motion parameters xk; H (xk ) =
[ h (x1 ) , h (x2 ) ,⋯, h (xk ) ] T and Zk = [ z1, z2,⋯, zk ]

T are the 
aggregation of the true feature vectors and measured feature 
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▲Figure 2. Illustration of the blocker tracking system in the coordinate 
system with two transmitters
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vectors, respectively. The trajectory of the mobile blocker and 
the positions of transmitters can be estimated via minimizing 
the difference between true features and the measured ones in 
the first K sweeping periods. Thus,
x̂K = argmin 

xK
tr{W [ZK - H (xK ) ] T[ZK - H (xK ) ]}, (11)

where tr{.} denotes the matrix trace. W = diag (α1,α2,α3 ) is 
the weighting matrix, and α1,α2, and α3 denote the weights of 
different features, respectively.

Although the above problem is nonlinear, we can find local 
optimal solutions by the classical Levenberg-Marquardt (LM) 
optimization algorithm[19–20] with multiple initial solutions. Par⁃
ticularly, we first define function f (xK ) = tr{W [ZK -
H (xK ) ] T[ZK - H (xK ) ]}, and let x0

K,1, x0
K,2, ⋯, x0

K,S be the S 
initial estimations of the motion parameters xK. In the l-th itera⁃
tion ( l = 1,2,3,⋯), the estimations of motion parameters xK are 
updated as x l

K,s = x l - 1
K,s + J (x l - 1

K,s )Δ, s = 1,2,3,⋯, S, where 
J (xK ) = ∂f ( )xK∂xK

 is the Jacobian matrix and Δ is the step size. 
Finally, let L be the total number of iterations, and the esti⁃
mated motion parameters are given by
x̂K = argmin

xK ∈ { }xL
K,1,xL

K,2, …, xL
K,S

 f (xK ). (12)

4.3 Blockage Detection
Based on the estimated trajectory and velocities of the 

blocker in the K sweeping periods, it is feasible to predict 
whether and when the LoS between transmitters and the re⁃
ceiver would be blocked. Assuming 
that the mobile blocker keeps the 
average velocity of the previous n 
sweeping periods, the predicted tra⁃
jectory p ( t) of the blocker after the 
K-th sweeping period can be ex⁃
pressed as
p ( t) = p̂K + v̄t, (13)

where v̄ = ∑k = K - n + 1
K v̂k is the aver⁃

age velocity in previous n sweeping 
periods, and v̂k is the estimated ve⁃
locity of the blocker in the k-th 
sweeping period according to 
Eq. (12).

Let bm ∈ {0,1}, m = 1,2, be the 
blockage indicator, where bm = 1 
denotes that the m-th LoS will be 

blocked in the future and bm = 0, otherwise. We have

bm = ì
í
î

ïï
ïï

1,  det ( )[ ]v̄, pRX - p̂K det ( )[ ]v̄, pTX
m - p̂K < 0

0,   otherwise . (14)
Moreover, let t̂m be the estimated blockage time, after which 

the link blockage will happen. Let μpTX
m  be the position of the 

intersection point in the m-th LoS path, where μ ∈ [0,1]. The 
blockage time t̂m and μ can be calculated by

é

ë
êêêê

ù

û
úúúú

μ

t̂m
= [ pTX

m ,- v̄ ]-1
p̂K, (15)

where det ( [ pTX
m ,- v̄ ] ) ≠ 0.

5 Experiment Results and Analysis
In the experiments, the implementation of the proposed sys⁃

tem is shown in Fig. 3. Both transmitters 1 and 2 are imple⁃
mented with one NI USRP-2954R connected with one Sivers 
60 GHz phased array. In both transmitters, the transmitting 
signal with a bandwidth of 1 MHz consists of a training se⁃
quence and an orthogonal frequency division multiplexing 
(OFDM) -modulated data payload. The carrier frequencies of 
transmitters 1 and 2 are 60.98 GHz and 60.985 GHz, and the 
width of transmitting beams are both 90°. At the receiver, two 
Sivers 60 GHz phased arrays, with a clock of 45 MHz, are con⁃
nected to one NI USRP-2954R. One of the phased arrays 
adopts a two-lobe receiving beam towards transmitters 1 and 
2, respectively, which receives signals of reference channels 1 
and 2 in two different frequency bands. The surveillance beam 
is implemented via the other phased array, covering both fre⁃
quency bands. Signals from two transmitters can be separated 
at the USRP of the receiver via two bandpass filters. Moreover, 

▲Figure 3. Block diagram of system implementation
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the surveillance beam is switched periodically among Q=4 di⁃
rections, which are 40°, 27°, 18° and 10°, with a beamwidth of 
about 10° . The sensing duration of one direction is Tb=50 ms 
and the duration of one sweeping period is Td = 200 ms which 
implies the minimum detectable speed is around 0.025 m/s. 
The sampling frequency at the baseband is 10 MHz.

The experiments are conducted in a laboratory environment 
with rich scattering clusters, e.g., displays and metallic cabinets. 
The placement of the two transmitters and the receiver platform 
is illustrated in Fig. 4, where all of the phased arrays are placed 
at a height of 1.5 m. Taking the receiver as the origin, the coordi⁃
nates of transmitters 1 and 2 are pTX1 = [2.7 m, 0] T and pTX2 =
[1.8 m,-1.4 m ] T. A volunteer is walking in this region as a mo⁃
bile blocker. A depth camera system (ZED) is deployed behind 
the receiver to record the true trajectory of the blocker. It is syn⁃
chronized with the receiver at the millisecond level. Since differ⁃
ent parts of the body have different trajectories, we extract the 
trajectory information of 21 key points of the human body from 
the depth camera[21] with centimeter-level accuracy, and repre⁃
sent the real trajectory of the human body by that of the “neck” 
keypoint. This is because the key point of “neck” is at the same 
height as the phased array.
5.1 Detection of Doppler Frequency and AoA

An example of the Doppler-angle spectrograms of two surveil⁃
lance channels in one sweeping period is shown in Fig. 5. In 
both spectrograms, the strengths of the signal components versus 
beam directions (AoAs) and Doppler frequencies are illustrated 
by colors. It can be observed that a Doppler frequency of 140 Hz 
is detected in surveillance channel 1, and a Doppler frequency 
of 300 Hz is detected in surveillance 2. Thus, the same move⁃
ment of the blocker would generate different Doppler frequen⁃
cies at the two surveillance channels due to different locations of 
the transmitters. It can also be observed that there are multiple 
peaks of Doppler frequencies in Fig. 5 (b) that are caused by dif⁃
ferent movements of scattering points on the human body, e.g., 

350 Hz, 300 Hz and 270 Hz. According to Eq. (5), we will 
choose the Doppler frequency with the highest signal strength as 
the feature of the sweeping period. As a result, since the Dop⁃
pler frequencies are mainly captured by the second beam direc⁃
tion, the AoA of the sweeping period is 27°.

All detected Doppler frequencies and AoAs versus time of a 
trajectory are shown in Fig. 6. It can be observed that there is 
no moving target in the time interval [0, 1.2 s], since no signifi⁃
cant Doppler frequency can be detected. The Doppler frequen⁃
cies of surveillance channel 1 is consistently greater than that 
of surveillance channel 2, and the Doppler frequency of the first 
surveillance channel is close to 0 in [2.8 s, 3.2 s]. This is be⁃
cause the projection of velocity along surveillance channel 2 is 
more significant according to the locations of both transmitters. 
Furthermore, since the estimation error of AoAs could be large, 
it is necessary to smooth AoAs via polynomials as shown by the 
blue line. After the detection of Doppler frequencies and AoAs 
of the two surveillance channels, the trajectory of the blocker 
and the positions of transmitters can be obtained by solving the 
problem in Eq. (12).

TX 1TX 2Reference 2

Reference 1

Camera

USRP
Blocker

USRP

RX(Reference)RX(Surveillance)

▲Figure 4. Illustration of the experiment environment

▲ Figure 5. Doppler frequencies of 4 beams (beams 1 to 4 indicate 
angles-of-arrival of 40°, 27°, 18° and 10°) in a sweeping period
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(b) Surveillance channel 2

Beam index
1 2 3 4

Dop
ple

r fr
equ

enc
y/H

z

600

400

200

0

-200

-400

-600

0

-2

-4

-6

-8

-10

Dop
ple

r fr
equ

enc
y/H

z

600

400

200

0

-200

-400

-600
Beam index

1 2 3 4

0

-2

-4

-6

-8

-10

Beam index

34



ZTE COMMUNICATIONS
September 2024 Vol. 22 No. 3

YU Chao, LYU Bojie, QIU Haoyu, WANG Rui 

Trajectory Tracking for MmWave Communication Systems via Cooperative Passive Sensing   Special Topic

5.2 Trajectory Estimation and Transmitter’s Localization
In the experiments, it is estimated that the ADoAs are φRX =

39o and φRX = 58o. Hence, the locations of the two transmit⁃
ters and the trajectory of the mobile blocker can be estimated 
jointly according to the above estimated Doppler frequencies 
and AoAs. The trajectories of the two trails are illustrated in 
Figs. 7(a) and 7(b), respectively, where the red curve is the 
true trajectory of the blocker recorded by the ZED and the 
green one is the estimated one. Moreover, the true and esti⁃
mated locations of the two transmitters are also differentiated 
by colors. It can be observed that the localization errors of the 
two transmitters are within 0.2 m. The estimated trajectory is 
almost parallel to the real trajectory, but with an offset in the 
x-axis. The average error in the blocker’s trajectory and raw 
AoA estimation is 0.39 m and 7.8 degrees, respectively, with 
corresponding mean squared errors of 0.482 and 9.42. Never⁃
theless, the estimated trajectory is sufficiently accurate in the 
blockage prediction.
5.3 Blockage Prediction

The prediction of blockage time, which measures the remain⁃
ing time duration until link blockage, for the above two trajecto⁃
ries is illustrated in Fig. 8. Due to the placement of transmitters 
and the receiver, the link blockage will happen in reference 
channel 1. It can be observed that the error of blockage time t̂1 is less than 0.1 s when the blockage time is less than 0.6 s. 
Moreover, larger blockage time leads to larger prediction errors. 
This is due to the time-varying velocity of the volunteer.
6 Conclusions

In the paper, a method that employs passive sensing tech⁃
niques to jointly estimate transmitter positions and blocker tra⁃
jectories is proposed for mmWave communication systems, so 
that the link blockage and the blockage time can be predicted. 
The method can be deployed in the uplink transmission sce⁃

nario with one mobile blocker and at least two transmitters. 
Without a priori knowledge of the positions of transmitters, the 
trajectory of the mobile blocker is estimated by tracking its Dop⁃
pler frequencies and AoAs in a number of sweeping periods, 

▲Figure 6. Estimated Doppler frequencies of two surveillance channels 
and AoAs

▲ Figure 7. Estimated trajectory of the blocker and the positions of 
transmitters

(a) Trajectory 1

(b) Trajectory 2

▲Figure 8. Error of predicted blockage time t̂1
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where a gradient-descent algorithm is proposed to suppress the 
estimation error. It is demonstrated that the system can achieve 
decimeter-level localization and trajectory estimation, and the 
blockage time prediction error is within 0.1 s when the block⁃
age time is less than 0.6 s.

While this paper considers the tracking of a single blocker, 
the proposed system has the potential to identify and track mul⁃
tiple blockers with distinct Doppler frequencies or AoAs. More⁃
over, it is possible to improve the detection accuracy of the dis⁃
tances between the transmitters and the receiver by observing a 
number of trajectories of a single blocker in different trials. 
Hence, the detection accuracy of a single blocker’s trajectory 
could also be further improved. We would like to investigate the 
above extensions in our future research.

References
[1] BAI T Y, HEATH R W. Coverage and rate analysis for millimeter-wave cel⁃

lular networks [J]. IEEE transactions on wireless communications, 2015, 14
(2): 1100–1114. DOI: 10.1109/TWC.2014.2364267

[2] MACCARTNEY G R, RAPPAPORT T S, RANGAN S. Rapid fading due to 
human blockage in pedestrian crowds at 5G millimeter-wave frequencies 
[C]//IEEE Global Communications Conference. IEEE, 2017: 1 – 7. DOI: 
10.1109/GLOCOM.2017.8254900

[3] RAPPAPORT T S, XING Y C, KANHERE O, et al. Wireless communica⁃
tions and applications above 100 GHz: opportunities and challenges for 6G 
and beyond [J]. IEEE access, 2019, 7: 78729 – 78757. DOI: 10.1109/
ACCESS.2019.2921522

[4] CHARAN G, ALRABEIAH M, ALKHATEEB A. Vision-aided 6G wireless 
communications: blockage prediction and proactive handoff [J]. IEEE trans⁃
actions on vehicular technology, 2021, 70(10): 10193 – 10208. DOI: 
10.1109/TVT.2021.3104219

[5] YANG Y W, GAO F F, TAO X M, et al. Environment semantics aided wire⁃
less communications: a case study of mmWave beam prediction and block⁃
age prediction [J]. IEEE journal on selected areas in communications, 2023, 
41(7): 2025–2040. DOI: 10.1109/JSAC.2023.3280966

[6] WU S Y, CHAKRABARTI C, ALKHATEEB A. Proactively predicting dy⁃
namic 6G link blockages using LiDAR and in-band signatures [J]. IEEE 
open journal of the communications society, 2023, 4: 392 – 412. DOI: 
10.1109/OJCOMS.2023.3239434

[7] WU S Y, ALRABEIAH M, CHAKRABARTI C, et al. Blockage prediction 
using wireless signatures: deep learning enables real-world demonstration 
[J]. IEEE open journal of the communications society, 2022, 3: 776–796. 
DOI: 10.1109/OJCOMS.2022.3162591

[8] FALLAH DIZCHE A, DUEL-HALLEN A, HALLEN H. Early warning of 
mmWave signal blockage using diffraction properties and machine learning 
[J]. IEEE communications letters, 2022, 26(12): 2944–2948. DOI: 10.1109/
LCOMM.2022.3204636

[9] HERSYANDIKA R, MIAO Y, POLLIN S. Guard beam: protecting mmWave 
communication through In-band early blockage prediction [C]//IEEE Global 
Communications Conference. IEEE, 2022: 4093 – 4098. DOI: 10.1109/
GLOBECOM48099.2022.10001163

[10] TANG R S, QI C H, SUN Y. Blockage prediction and fast handover of base 
station for millimeter wave communications [J]. IEEE communications let⁃
ters, 2023, 27(8): 2142–2146. DOI: 10.1109/LCOMM.2023.3289581

[11] ALKHATEEB A, BELTAGY I, ALEX S. Machine learning for reliable 
mmwave systems: blockage prediction and proactive handoff [C]//Global 
Conference on Signal and Information Processing (GlobalSIP). IEEE, 2018: 
1055–1059. DOI: 10.1109/GlobalSIP.2018.8646438

[12] YU C, SUN Y F, LUO Y, et al. MmAlert: mmWave link blockage predic⁃
tion via passive sensing [J]. IEEE wireless communications letters, 2023, 12

(12): 2008–2012. DOI: 10.1109/LWC.2023.3304320
[13] COLONE F, FILIPPINI F, PASTINA D. Passive radar: past, present, and 

future challenges [J]. IEEE aerospace and electronic systems magazine, 
2023, 38(1): 54–69. DOI: 10.1109/maes.2022.3221685

[14] SUN H B, CHIA L G, RAZUL S G. Through-wall human sensing with WiFi 
passive radar [J]. IEEE transactions on aerospace and electronic systems, 
2021, 57(4): 2135–2148. DOI: 10.1109/taes.2021.3069767

[15] RAJA ABDULLAH R S A, SALAH A A, ISMAIL A, et al. Experimental in⁃
vestigation on target detection and tracking in passive radar using long-term 
evolution signal [J]. IET radar, sonar & navigation, 2016, 10(3): 577–585. 
DOI: 10.1049/iet-rsn.2015.0346

[16] YU C, LUO Y, CHEN R Q, et al. Passive handwriting tracking via weak 
mmWave communication signals [J]. IEEE wireless communications letters, 
2024, 13(3): 874–878. DOI: 10.1109/LWC.2023.3348875

[17] TAN D K P, SUN H, LU Y, et al. Passive radar using global system for mo⁃
bile communication signal: theory, implementation and measurements [J]. 
IEE proceedings, radar, sonar and navigation, 2005, 152(3): 116. DOI: 
10.1049/ip-rsn: 20055038

[18] SUN Y F, LI J, ZHANG T, et al. An indoor environment sensing and local⁃
ization system via mmWave phased array [J]. Journal of communications 
and information networks, 2022, 7(4): 383 – 393. DOI: 10.23919/
JCIN.2022.10005216

[19] LEVENBERG K. A method for the solution of certain non-linear problems 
in least squares [J]. Quarterly of applied mathematics, 1944, 2(2): 164–
168. DOI: 10.1090/qam/10666

[20] MARQUARDT D W. An algorithm for least-squares estimation of nonlinear 
parameters [J]. Journal of the society for industrial and applied mathemat⁃
ics, 1963, 11(2): 431–441. DOI: 10.1137/0111030

[21] Stereolabs. Stereolabs docs: API reference, tutorials, and integration [EB/
OL]. [2024-07-07]. https://www.stereolabs.com/docs

Biographies
YU Chao received his BS degree from Qingdao University of Technology, China 
in 2019 and ME degree from the Southern University of Science and Technology 
(SUSTech), China in 2023. He is currently a research assistant with SUSTech. His 
research interests include integrated sensing and communication (ISAC) and pas⁃
sive sensing.

LYU Bojie received his BE degree in communication engineering from Southern 
University of Science and Technology (SUSTech), China in 2018, and M.Phil de⁃
gree (ranked top 2) in information and communication engineering from Harbin In⁃
stitute of Technology, China in 2020. He is currently pursuing his PhD degree in 
mathematics with SUSTech.

QIU Haoyu received his BE degree from the Southern University of Science and 
Technology, China in 2023, where he is currently pursuing his ME degree with 
the Department of Electronic and Electrical Engineering. His research interests 
include wireless sensing, passive mmWave communication and sensing system 
and optimization in the WiFi system.

WANG Rui (wangr@sustech.edu.cn) received his BS degree from the University 
of Science and Technology of China in 2004, and PhD degree in wireless commu⁃
nications from The Hong Kong University of Science and Technology, China in 
2008. From 2009 to 2012, he was a senior research engineer with Huawei Tech⁃
nologies, Co., Ltd. Since 2012, he has joined Southern University of Science and 
Technology, China as an associate professor. He has research experience in both 
academia and industry. He has authored over 100 papers in top-level IEEE jour⁃
nals and flagship international conferences, especially in the area of wireless radio 
resource optimization and interference management. He has contributed over 20 
US patent applications and over 100 Chinese patent applications (50 of them have 
been granted).

36


