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Abstract—Terahertz (THz) multiple-input multiple-output
(MIMO) is becoming a promising technology for future 6G net-
work, where using beam tracking scheme to track mobile users
is essential. However, existing beam tracking schemes designed
for narrowband systems with the traditional hybrid precoding
structure suffer from severe performance loss caused by the
wideband beam split effect. To solve this problem, we propose
a beam zooming based beam tracking scheme by considering
the recently proposed delay-phase precoding structure. At first,
we prove the beam zooming mechanism to flexibly control the
angular coverage of frequency-dependent beams over the whole
bandwidth, i.e., the degree of the wideband beam split effect,
which is achieved by the elaborate design of time delays in the
delay-phase precoding structure. Based on this mechanism, we
then propose to track multiple physical directions in each time
slot by generating multiple beams. The angular coverage of these
beams are flexibly zoomed to match the angular variation range
of user physical direction. After several time slots, the base station
can obtain the new physical direction by finding out the beam
with the largest received power. The proposed scheme can track
multiple physical directions simultaneously with reduced training
overhead, which is verified by simulation results.

Index Terms—THz massive MIMO, beam tracking.

I. INTRODUCTION

Terahertz (THz) massive multiple-input multiple-output
(MIMO) is considered as a promising technology for future
6G network [1]. It can provide tenfold more bandwidth, and
compensate for the severe path loss through high-array-gain
beams. Nevertheless, traditional hybrid precoding structure in
massive MIMO cannot deal with the beam split effect caused
by the vary large bandwidth and a very large number of
antennas [2], [3]. Specifically, the beam split effect means
the beams generated by the traditional frequency-independent
phase-shifters (PSs) may split into different physical directions
over different subcarriers within the large bandwidth, which
results in a serious array gain loss and thus an achievable
sum-rate loss. To solve this problem, we have proposed the
delay-phase precoding structure by introducing a time delay
network as a new precoding layer, which can mitigate the array
gain loss caused by the beam split effect [3].

Considering that the THz channel is quasi-optical with a
single dominant path [4], the beam selection based hybrid
precoding method, which chooses the beam with the highest
array gain for each user, is able to achieve the near-optimal
achievable sum-rate [5]. To realize the beam selection, the
channel information is essential. However, it is difficult for the
base station (BS) to obtain the accurate channel information
of large size in THz massive MIMO systems. More seriously,

due to the narrow width of high-array-gain beams, the optimal
beam varies fast due to the user mobility. Hence, traditional
channel estimation schemes will result in high training over-
head in THz massive MIMO systems [6]. To avoid such high
training overhead, the efficient beam tracking schemes are
more practical for THz massive MIMO systems [7]–[9].

The existing beam tracking schemes mainly utilize a train-
ing procedure between the BS and the user to find the
optimal beam from a beam codebook [7]–[9]. For instance, [7]
searched the optimal beam from a beam codebook containing
potential beams through a single-sided exhausted training pro-
cedure. To reduce the unacceptable training overhead caused
by the large codebook size, an adaptive search scheme was
proposed by using the hierarchical codebook [8]. In addition,
an auxiliary beam pair based beam tracking scheme was
proposed, where the optimal beam was obtained based on the
user received signals of two auxiliary beams generated by two
extra RF chains [9]. Unfortunately, although the current beam
tracking schemes can achieve acceptable performance, they
are mainly designed for narrowband systems with traditional
hybrid precoding structure [7]–[9]. In wideband THz massive
MIMO systems, these schemes may suffer from severe per-
formance degradation due to the beam split effect. To the best
of our knowledge, this wideband beam tracking problem for
THz massive MIMO has not been addressed in the literature.

To fill in this gap, we propose a beam zooming based beam
tracking scheme by using the delay-phase precoding structure
[3]. Specifically, we first reveal the beam zooming mechanism
to control the angular coverage of frequency-dependent beams
generated by the delay-phase precoding structure. Then, based
on this mechanism, we propose to track multiple physical
directions through multiple frequency-dependent beams simul-
taneously in each time slot. The angular coverage of these
beams can be flexibly controlled to cover a fraction of the
angular variation range of user physical direction. After several
time slots, the BS can obtain the optimal beam based on the
user received signal power. Unlike traditional beam tracking
schemes which usually track only one physical direction in
each time slot, the proposed scheme is able to track multiple
physical directions in each time slot. Thus, it can realize
accurate beam tracking with significantly reduced training
overhead, which is verified by simulation results1.

1The simulation codes are provided to reproduce the results in this paper
at http://oa.ee.tsinghua.edu.cn/dailinglong/publications/publications.html.
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Fig. 1. (a) Traditional hybrid precoding structure; (b) DPP structure.
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Fig. 2. (a) Beam split effect; (b) Beams generated by the DPP structure.

II. SYSTEM MODEL

We consider a multi-user wideband THz massive MIMO
system. The BS employs an N -antenna uniform linear array
to serve K single-antenna users, where OFDM with M
subcarriers is used over the bandwidth B.

A. Channel Model

We consider the widely used ray-based channel model for
the wideband THz channel [10]. The channel hk,m ∈ CN×1
of user k at subcarrier m is denoted as

hk,m =
L−1∑
l=0

β
(l)
k,maN

(
ψ
(l)
k,m

)
, (1)

where β(l)
k,m = g

(l)
k,me

−jπτ(l)
k,mfm with g(l)k,m, τ (l)k,m denoting the

path gain and the time delay of the l-th path, fm is the fre-
quency of subcarrier m satisfying fm = fc+

B
M (m−1−M−1

2 )
with fc being the carrier frequency, L is the number of paths,
ψ
(l)
k,m is the l-th path spatial direction of the k-th user at subcar-

rier m. a(ψ
(l)
k,m) denotes the array response as aN (ψ

(l)
k,m) =

(1/
√
N)ejπψ

(l)
k,mp(N) with p(N) = [0, 1, · · · , N − 1]T . The

spatial directions are defined as ψ(l)
k,m = 2d

c fm sin θ̃
(l)
k , where

θ̃
(l)
k denotes the physical direction of the l-th path, d = fc

2c
is the antenna spacing with c being the light speed. For
simplification, we use θ(l)k = sin θ̃

(l)
k ∈ [−1, 1] in this paper.

Due to the severe path loss, THz communications rely on
the line-of-sight (LoS) path [4], which makes beam selection
schemes near-optimal [5]. In the beam selection, each user is
served through a beam, which is aligned with the physical

direction of the LoS path θ(0)k (we denote the path with l = 0
as the LoS path). Hence, when traditional hybrid precoding
structure as shown in Fig. 1 (a) is applied at the BS [2], the
beam fk for the k-th user generated by traditional frequency-
independent PSs, is usually set as fk = aN (θ

(0)
k ) [5]. However,

in wideband THz massive MIMO, the frequency-independent
beam fk may split into different physical directions because
of the ultra-wide bandwidth and large number of antennas.
This effect is called beam split effect. Specifically, as proved
by Lemma 1 in [3], the beam fk will be aligned with the
physical direction θk,m at subcarrier m as

θk,m = (fc/fm) θ
(0)
k = θ

(0)
k /ξm, (2)

where ξm = fm
fc

. It is clear from (2) that fk may point to
frequency-dependent physical directions at different subcarri-
ers. Therefore, as shown in Fig. 2 (a), when we consider the
ultra-wide bandwidth and very narrow beam caused by the
large number of antennas, the beam fk cannot be aligned with
the target user in a certain direction at most subcarriers. As a
result, traditional hybrid precoding structure will suffer from
a severe achievable sum-rate loss [3].

B. Delay-Phase Precoding

To cope with the performance loss caused by the beam split
effect, we consider the recently proposed delay-phase precod-
ing (DPP) structure at the BS as shown in Fig. 1 (b) [3]. In
DPP structure, a time delay network is introduced between RF
chains and PS network. Specifically, each RF chain connects
Kd time-delayers (TDs), and the Kd TDs connect to all the
antenna elements in a sub-connected manner, i.e., each TD
connects to P antenna elements through traditional PSs where
P = N

Kd
is assumed to be an integer. We further assume the

number of RF chains NRF = K. Thus, the received signal
ym ∈ CK×1 for K users at subcarrier m is

ym = HH
mAmDms + n, (3)

where Hm = [h1,m,h2,m, · · · ,hK,m] denotes the channel
matrix between the BS and K users at subcarrier m, Am ∈
CN×K denotes the analog beamformer realized by frequency-
independent PSs and TDs, Dm ∈ CK×K is the digital precoder
satisfying the transmit power constraint ‖AmDm,[:,k]‖F ≤ ρ
with ρ being the transmission power per user, and n is noise
vector satisfying Gaussian distribution CN (0, σ2IK) with σ
presenting the noise power. By introducing TDs, the analog
beamformer is composed of two parts as Am = AsAd

m. On
one hand, As = [As

1,A
s
2, · · · ,As

K ] is realized by traditional
PSs, where As

k ∈ CN×Kd = diag([ak,1,ak,2, · · · ,ak,Kd
])

with ai,j denoting the beamforming vector provided by the
P PSs connected to the j-th TD corresponding to the i-th
RF chain, with restriction |ai,j,[p,q]| = 1√

N
[11]. On the other

hand, Ad
m has the form

Ad
m = diag

(
[e−j2πfmt1 , e−j2πfmt2 , · · · , e−j2πfmtK ]

)
, (4)

which is realized by TDs, where ti ∈ CKd×1 is the time delays
provided by the Kd TDs that connected to the i-th RF chain.
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We can observe from (4) that TDs can realize frequency-
dependent phase shifts. Therefore, the DPP structure con-
verts traditional frequency-independent beamforming into
frequency-dependent beamforming. [3] has proved the princi-
ple to generate beams aligned with each user at all subcarriers
with a near-optimal array gain in the DPP structure, as shown
in Fig. 2 (b). Specifically, denoting fk,m = As

ke
−j2πfmtk as

the frequency-dependent beam for the k-th user at subcarrier
m which satisfies Am = [f1,m, f2,m, · · · , fK,m], As

k and tk
should follow the form as

As
k = diag

(
[aP (θ

(0)
k ),aP (θ

(0)
k ), · · · ,aP (θ

(0)
k )︸ ︷︷ ︸

Kd columns

]
)
, (5)

tk = skTcp(Kd), sk = −
(
Pθ

(0)
k

)
/2, (6)

where Tc = 1
fc

is the period of the carrier frequency, and sk
denotes the number of periods that delayed by TDs. Based on
(5) and (6), the severe performance loss caused by the beam
split effect can be eliminated, which makes DPP structure
promising for wideband THz massive MIMO systems [3].

C. Frame Structure for THz Beam Tracking
We consider a widely used frame structure as shown in Fig.

3 for beam tracking [8]. Firstly, the full channel estimation is
carried out at the beginning of each block. Then, in a block,
the physical direction of LoS path varies in a much smaller
time scale, which is defined as a frame. Within a frame, the
beam tracking scheme is carried out first, where new physical
directions are tracked. Based on new physical directions, the
analog beamformer Am can be determined to generate direc-
tional beams according to (5), (6). Thus, the received signal
converts to ym = HH

m,eqDms+n, where HH
m,eq = HH

mAm is
the low-dimensional equivalent channel, which can be easily
estimated using traditional channel estimation methods with
a low training overhead. After that, the digital precoder Dm

can be determined based on Hm,eq, and finally the data can
be transmitted using Am and Dm for hybrid precoding.

In the above frame structure, the accuracy of beam tracking
scheme has a crucial impact on the achievable sum-rate. Unfor-
tunately, the traditional beam tracking schemes [7]–[9], which
are designed for narrowband systems with traditional hybrid
precoding structure, cannot deal with the beam split effect,
which induces serious achievable sum-rate loss. Therefore, a
more efficient beam tracking scheme is preferred for wideband
THz massive MIMO systems.

III. THE PROPOSED FLEXIBLE BEAM ZOOMING BASED
BEAM TRACKING SCHEME

In this section, we first discuss the direct application of
traditional beam tracking scheme [7] for the DPP structure.
Then, we prove the beam zooming (BZ) mechanism to flexibly
control the angular coverage of beams, based on which a BZ
based beam tracking scheme is proposed.

A. Traditional Beam Tracking Scheme Using DPP
To avoid the severe performance loss incurred by the beam

split effect, it is intuitive to apply traditional schemes for the

Block

Channel 

Estimation

Data

Transmission

Beam

Tracking

Equivalent Channel 

Estimation

Frame

Fig. 3. The frame structure for THz beam tracking.

DPP structure. Therefore, we first discuss the direct application
of one typical traditional scheme [7] for the DPP structure,
which can serve as the benchmark for comparison.

Denote the physical directions of user k at the i-th frame
as θ(0)k,i , the target of beam tracking is to track θ(0)k,i+1 based on
θ
(0)
k,i . In this paper, we assume a simple prior information that

the BS knows the potential motion range of the users physical
directions αk, which means θ(0)k,i+1 lies in a tracking range as
[θ

(0)
k,i −αk, θ

(0)
k,i +αk]. This variation range αk can be obtained

through efficient user trajectory prediction in advance [12].
In the traditional scheme [7], single physical direction is

tracked in each time slot until the tracking range is traversed,
using T time slots in total. Specifically, at the t-th time slot
with t = 1, 2, · · · , T , beams fk,m aligned with the physical
direction θ̄(t)k,i over the whole bandwidth are generated by the
DPP structure for the k-th user according to (5) and (6) with

θ̄
(t)
k,i = θ

(0)
k,i − αk + (2t− 1)

αk
T
. (7)

In this way, θ̄(t)k,i with t = 1, 2, · · · , T can uniformly cover the
tracking range [θ

(0)
k,i − αk, θ

(0)
k,i + αk]. Then, the BS transmits

pilot sequence to the user during each time slot. After T time
slots, the optimal beam for the next frame with the largest
received power can be selected out and fed back from the
user to the BS.

The traditional beam tracking scheme using DPP structure
can realize beam tracking without severe performance loss
caused by the beam split effect. Nevertheless, due to the
narrow beam width in THz massive MIMO, to achieve suffi-
cient tracking accuracy of the physical direction, the required
training overhead T is too large, e.g., when N = 256 and
αk = 0.1, T should be larger than 52, which is unacceptable
in practice. Therefore, the solution to the low overhead beam
tracking is vital for wideband THz massive MIMO systems.

B. Beam Zooming Mechanism

The reason for high training overhead of the traditional
beam tracking scheme is that, only one physical direction can
be tracked during a single time slot. This problem cannot be
easily solved in traditional hybrid precoding structure, since
only one frequency-independent beam can be generated using
traditional PSs for one RF chain over the whole bandwidth.
In contrast, by utilizing time delays, the DPP structure can
flexibly control the angular coverage of generated frequency-
dependent beams. If the beams at different subcarriers are
aligned with different physical directions and cover the track-
ing range, multiple physical directions can be tracked simulta-
neously. As a result, a low training overhead can be expected.
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Inspired by this idea, we reveal the BZ mechanism to control
the angular coverage of beams generated by the DPP structure
in Lemma 1, where the frame index i is ignored.

Lemma 1. Consider the k-th user and denote φk = θ
(0)
k +

(1− ξ1)αk. When the number of periods that delayed by TDs
sk = −P2 (φk + 2ξMξ1αk

ξM−ξ1 ), the beams for the k-th user at the
m-th subcarrier fk,m which satisfies fk,m = As

ke
−j2πfmtk ,

where As
k = diag

(
aP (φk)ejπ(Pφk+2sk)p(Kd)

)
and tk =

skTcp(Kd), is aligned with the physical direction θ̄k,m as

θ̄k,m = θ
(0)
k + (1− ξ1)αk +

2ξMξ1(ξm − 1)

ξm(ξM − ξ1)
αk. (8)

Moreover, θ̄k,m with m = 1, 2, · · · ,M can cover the tracking
range [θ

(0)
k − αk, θ

(0)
k + αk].

Proof : To prove Lemma 1, we first list a useful lemma
which describes how the DPP structure adjusts the physical
direction of the frequency-dependent beams.

Lemma 2. When Ās
k = diag

(
aP (φk)ejπPφkp(Kd)

)
and

dk,m = ejπβk,mp(Kd), the beamforming vector fk,m =
Ās
kdk,m can achieve near-optimal array gain at frequency

fm on physical direction θ̄k,m as

θ̄k,m =
φk
ξm

+
βk,m
ξmP

, (9)

where βk,m ∈ [−1, 1] denotes the frequency-dependent phase
shifts and P = N/Kd.

Proof : See Lemma 2 in [3]. By transforming the physical
direction φk to its spatial direction at the m-th subcarrier φk

ξm
,

(9) can be easily proved by Lemma 2 in [3]. �
Considering the form of As

k and tk, we can rewrite fk,m as

fk,m = diag
(
aP (φk)ejπPφkp(Kd)

)
ejπ(2sk−2ξmsk)p(Kd),

(10)
where ξm = fm

fc
and Tc = 1

fc
. By comparing the form of

Ās
k,dk,m in Lemma 2 and (10), the frequency-dependent

phase-shift βk,m in Lemma 2 can be represented by the
number of periods that delayed sk as

βk,m = 2(1− ξm)sk. (11)

Substituting sk, φk and (11) into (9), the physical direction
θ̄k,m of the beam fk,m can be presented as

θ̄k,m =
φk
ξm
− (

1

ξm
− 1)(φk +

2ξMξ1αk
ξM − ξ1

)

= θ
(0)
k + (1− ξ1)αk +

2ξMξ1(ξm − 1)

ξm(ξM − ξ1)
αk,

(12)

which proves (8).
Obviously, we can observe from (12) that the physical

directions θ̄k,m of fk,m with m = 1, 2, · · · ,M increases as
m becomes larger. When m = M , we have

θ̄k,M = θ
(0)
k + (1− ξ1)αk +

2ξMξ1(ξM − 1)

ξM (ξM − ξ1)
αk

(a)
= θ

(0)
k +αk,

(13)
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Fig. 4. BZ mechanism: (a) The beams without control by TDs; (b) The beams
generated by DPP structure based on Lemma 1.
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Fig. 5. The proposed BZ based beam tracking scheme with training overhead
T = 2: (a) Beams generated at t = 1; (b) Beams generated at t = 2.

where (a) comes from ξ1 + ξM = 2. Similar to (13), we can
also obtain θ̄k,1 = θ

(0)
k − αk. Therefore, considering θ̄k,m is

monotonously increasing over m, the physical directions θ̄k,m
with m = 1, 2, · · · ,M which the beam fk,m is aligned with,
can cover the tracking range [θ

(0)
k − αk, θ

(0)
k + αk]. �

Lemma 1 illustrates that the angular coverage of beams is
not fixed and determined by the beam split effect as shown in
Fig. 4 (a), but can be flexibly controlled as shown in Fig. 4
(b). This BZ mechanism can be easily achieved by the delicate
design of time delays in the DPP structure. Therefore, the BZ
mechanism in Lemma 1 can be utilized to generated beams
tracking different physical directions at the same time.

C. Beam Zooming Based Beam Tracking Scheme

Based on the BZ mechanism discussed above, we propose a
BZ based beam tracking scheme to realize fast beam tracking.
The key idea of the proposed scheme is shown in Fig. 5. In
each time slot, the angular coverage of frequency-dependent
beams generated by DPP structure is flexibly zoomed to
adapt the variation range of user physical direction, which
means beams that cover a fraction of the required tracking
range is generated. Then, multiple physical directions in this
fraction of tracking range are tracked simultaneously. The
above procedure is carried out T times over all T time
slots until the whole tracking range is considered. Finally,
the physical directions in the next frame can be obtained by
maximizing the users received signal.

The procedure of the proposed BZ based beam tracking
scheme is provided in Algorithm 1. Its target is to obtain the
users physical directions θ(0)k,i+1 at the (i+ 1)-th frame based
on the physical directions θ(0)k,i at the i-th frame. In step 1 and
2, the physical directions that will be tracked during the t-th
time slot is calculated, where θ̄(t)k,i,cen is the central physical
direction of [θ

(0)
k,i −αk + (2t−2)αk

T , θ
(0)
k,i −αk + 2tαk

T ] which is
the t-th fraction of the tracking range, and θ̄(t)k,m,i denotes the
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physical direction that is tracked at the m-th subcarrier within
the t-th time slot as

θ̄
(t)
k,m,i = θ̄

(t)
k,i,cen + (1− ξ1)

αk
T

+
2ξMξ1(ξm − 1)

ξm(ξM − ξ1)T
αk. (14)

Then, all the physical directions that will be tracked during
T time slots is combined as a targeted physical directions set
Ψi+1
k in step 3.
After that, these physical directions are tracked during T

time slots to guarantee the whole tracking range is considered.
At the t-th time slot, beams that cover the t-th fraction of the
tracking range [θ

(0)
k,i − αk + (2t−2)αk

T , θ
(0)
k,i − αk + 2tαk

T ] is
generated using the DPP structure in step 5 − 9, where the
analog beamformer Am is calculated based on the parameters
φ
(t)
k and s(t)k proved in Lemma 1 in step 5 as

φ
(t)
k = θ̄

(t)
k,i,cen + (1− ξ1)

αk
T
, (15)

s
(t)
k = −P

2
(φ

(t)
k +

2ξMξ1αk
(ξM − ξ1)T

). (16)

Then, phase shifts provided by traditional PSs A
s,(t)
k and time

delays provided by TDs t
(t)
k is designed in step 6 and 7. As

proved in Lemma 1, when φ(t)k and s(t)k satisfy (15) and (16),
the beams generated as f

(t)
k,m = A

s,(t)
k e−j2πfmt

(t)
k is aligned

with the physical direction θ̄
(t)
k,m,i, which is corresponding

to the physical directions in Ψi+1
k generated in step 1 − 3.

This makes the t-th fraction of tracking range is sufficiently
covered. Based on A

s,(t)
k and t

(t)
k , the analog beamformer at

the t-th time slot A
(t)
m is calculated in step 8 and 9.

After the analog beamformer is calculated, the BS transmits
training pilot sequence q

(t)
k,m ∈ CQ×1 over total Q instants

within the t-th time slot interval using the beamformer A
(t)
m

at the m-th subcarrier. As shown in step 10, the received signal
Ym,t ∈ CK×Q for K users is

Ym,t = HH
mA(t)

m Q(t)
m + N(t), (17)

where Q
(t)
m = [q

(t)
1,m,q

(t)
2,m, · · · ,q

(t)
K,m]T denotes the pilot

sequences of all K users. Based on the received signal, the
user can calculate the label of the optimal beam tk and mk in
step 12 by maximizing the received signal power as

(tk,mk) = arg max
t∈1,2,··· ,T ,m∈1,2,··· ,M

‖Ym,t,[k,:]‖22. (18)

Finally, the BS can obtain the physical directions θ
(0)
k,i+1

through the feedback of tk and mk in step 13.
Two points about Algorithm 1 should be emphasized:

(1) The beam tracking procedures of different users are not
separated, but simultaneously carried out in Algorithm 1, i.e.,
for the t-th time slot, A

(t)
m generates required beams for all the

users as shown in step 9; (2) The pilot sequence q
(t)
k,m for the

k-th user is generated as [q
(t)
1,m,q

(t)
2,m, · · · ,q

(t)
K,m]T = D

(t)
m s,

where the digital precoder D
(t)
m can be designed according to

the required pilots q
(t)
k,m, e.g., all elements in q

(t)
k,m are 1.

The advantage of the proposed BZ based beam tracking

scheme mainly reflects in two aspects. On one hand, the
proposed scheme can generate beams aligned with different
physical directions simultaneously, which is achieved by the
flexible control of the angular coverage of beams generated by
DPP structure, i.e., the degree of beam split effect. Therefore,
it can reduce the training overhead T significantly, compared
with the traditional beam tracking scheme which only tracks
one physical direction in a single time slot. On the other hand,
with the same training overhead T , the proposed BZ scheme
is able to track M times the number of physical directions as
much as the traditional beam tracking scheme. This increase of
sample interval on angle domain improves the beam tracking
accuracy of θ(0)k,i+1.

Algorithm 1 Proposed BZ based beam tracking scheme.
Inputs:

Physical directions θ(0)k,i ; Range of user mobility αk; Beam
tracking time slots T ; The number of the pilots in each
time slot Q; The number of TDs in a RF chain group Kd

Output:
Physical directions θ(0)k,i+1

1: θ̄
(t)
k,i,cen = θ

(0)
k,i − αk + (2t−1)αk

T

2: θ̄
(t)
k,m,i = θ̄

(t)
k,i,cen + (1− ξ1)αk

T + 2ξMξ1(ξm−1)
ξm(ξM−ξ1)

αk

T

3: Ψi+1
k = [θ̄

(1)
k,1,i, θ̄

(1)
k,2,i, · · · , θ̄

(1)
k,M,i, θ̄

(2)
k,1,i, θ̄

(2)
k,2,i · · · , θ̄

(T )
k,M,i]

4: for t ∈ {1, 2, · · · , T} do
5: φ

(t)
k = θ̄

(t)
k,i,cen+ (1−ξ1)αk

T , s(t)k = −P2 (φ
(t)
k + 2ξMξ1αk

(ξM−ξ1)T )

6: A
s,(t)
k = diag

(
aP (φ

(t)
k )ejπ(Pφ

(t)
k +2s

(t)
k )p(Kd)

)
7: tk = s

(t)
k Tcp(Kd);

8: f
(t)
k,m = A

s,(t)
k e−j2πfmt

(t)
k

9: A
(t)
m =

[
f
(t)
1,m, f

(t)
2,m, · · · , f

(t)
K,m

]
10: Ym,t = HH

mA
(t)
m Q

(t)
m + N(t)

11: end for
12: (tk,mk) = arg max

t∈1,2,··· ,T ,m∈1,2,··· ,M
‖Ym,t,[k,:]‖22

13: θ
(0)
k,i+1 = Ψt+1

k,[(tk−1)M+mk]

14: return θ
(0)
k,i+1.

IV. SIMULATION RESULTS

In this section, several simulation results are provided
to verify the performance of our proposed scheme. The
parameters are set as: N = 256, M = 128, K = 4,
Kd = 16, fc = 100 GHz, B = 10 GHz, L = 1 and
Q = 10. θ(0)k,i follows uniform distribution U(−1, 1), and
αk follows U(0, αk,max). We assume the equivalent channel
can be perfectly estimated. During data transmission, Am is
designed based on (5) and (6), and Dm is designed by zero-
forcing (ZF) precoding. The achievable sum-rate performance
is calculated using R =

∑K
1

∑M
1 log2(1 + ζk,m) and ζk,m =

|hH
k AmDm,[:,k]|2∑K

k
′ 6=k
|hH

k AmDm,[:,k′]|2+σ2
, and the signal-to-noise ratio (SNR)

is defined as ρ
σ2 .

Fig. 6 shows the tracking accuracy of our proposed BZ
based scheme, where the beam tracking results of four users
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Fig. 6. The beam tracking accuracy of the proposed BZ based scheme.
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Fig. 7. Achievable sum-rate performance against the number of time slots T .

during 30 consecutive frames are shown with SNR = 10 dB,
αk = 0.1 and T = 5. The initial physical direction θ

(0)
k,0

and the moving velocity ∆k = θ
(0)
k,i+1 − θ

(0)
k,i of the users

are set as [θ
(0)
1,0, θ

(0)
2,0, θ

(0)
3,0, θ

(0)
4,0] = [−0.4, 0.16,−0.15, 0.35],

[∆1,∆2,∆3] = [0.005,−0.01, 0.012], and ∆4 = −0.08 for
i < 15, and ∆4 = 0.08 for i ≥ 15. We can observe from
Fig. 6 that our proposed scheme can correctly track the user
trajectory. The deviation between the actual physical directions
and the tracked results can be ignored, even for the user 4 who
changes its motion direction during the tracking period.

In Fig. 7, we provide the achievable sum-rate performance
against the number of beam tracking time slots T with
αk,max = 0.1, where the optimal fully digital ZF precoding
[13], beam selection [5] with perfect physical directions,
beam selection based on physical directions tracked by the
proposed BZ based scheme, and beam selection based on
the physical directions tracked by traditional beam tracking
scheme [7] as described in III-A are provided using DPP
structure. Additionally, beam selection with perfect physical
directions using traditional hybrid precoding structure [2] is
also illustrated. We can observe from Fig. 7 that by ex-
ploiting the proposed BZ based beam tracking scheme, the
beam selection can achieve near-optimal achievable sum-rate
performance with low training overhead, e.g., when T > 2,
98% optimal achievable sum-rate can be achieved. Moreover,
the proposed BZ based scheme outperforms the traditional

beam tracking scheme with a nearly 95% training overhead
reduction. Besides, due to the beam split effect, the beam
selection with perfect physical directions under traditional
hybrid precoding suffers from nearly 80% achievable sum-
rate loss, which verifies the effectiveness of DPP structure in
wideband THz massive MIMO.

V. CONCLUSIONS

In this paper, we solve the wideband beam tracking problem
in THz massive MIMO systems based on the recently proposed
DPP structure. A BZ based beam tracking scheme is proposed,
where multiple physical directions are tracked simultaneously
using beams generated by the DPP structure. The coverage of
these beams is flexibly adjusted to cover the potential range
of user motion. Simulation results verify that the proposed
BZ based scheme can reduce training overhead by 95%, and
achieve nearly 98% of the optimal achievable sum-rate.
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