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Abstract—Benefiting from the ultra-wide bandwidth,
Terahertz (THz) communication is a promising solution for
future 6G wireless communications. For THz communication,
precoding is an essential technique to overcome the key
challenges of THz signals such as the distance-dependent
path loss, the beam split effect and the severe path loss.
Moreover, the sharp increase in the number of antennas
results in high complexity for the channel information
estimation and user scheduling. In this paper, we proposed a
novel scheduling, termed as Distance-Based User Scheduling
(DBUS), which firstly selects the users in different distance to
exploit the characteristic distance-dependent path loss in
order to increase the spatial multiplexing gain. Secondly, the
proposed scheduling chooses users who are semi orthogonal
to each other in the beam space to reduce the complexity of
exhausted search. Through the numerical analysis we
confirmed that DBUS scheduling can approximate the
achievable rate of Maximum Rate method with a lower
complexity and outperform the Round Robin scheduling.

Keywords—Ultra Massive MIMO (UM MIMO), scheduling,
hybrid precoding, fully connected, digital optimal precoding,
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I. INTRODUCTION

In 2020, the International Telecommunication
Union (ITU) officially launched the research work on 6G
for next-generation wireless networks. There have been
many efforts to develop technologies in Terahertz
communications from the indoor scenario to the space
scenario [1—4]. It is a fact that many researchers try to
resolve the high propagation loss to get the benefits of a
very wide bandwidth [5]. To compensate for the large path
loss, the use of an ultra-massive antennas array, i.e., 1024
antennas at the transmitter can provide a highly directional
beamforming gain. The THz systems with the fully-digital
precoding, where each antenna element is connected to a
dedicated Radio-Frequency (RF) chain, will result in huge
power consumption. Therefore, in the THz band hybrid
precoding which combines signal processing from the
digital domain and the analog domain is promising, since
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the number of RF chains is less than that of the fully digital
precoding, while achieving a comparable performance
[6—9].

In the architecture of the Fully Connected (FC) hybrid
precoding, each RF chain connects to all antennas.
Ayach et al. [10] indicated that the spectral efficiency of
the hybrid precoder can be approximated the one of the
fully digital precoder using orthogonal matching pursuit.
Therefore, many researchers focus on FC hybrid precoding
recently [11, 12] (see Fig. 1).
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Fig. 1. The FC hybrid precoding architecture.

The hybrid precoding design can be divided into two
categories: two-stage precoding design and joint
optimization-based precoding design:

e Two-stage precoding design: The analog beamformer
and the digital precoder are separately. The optimal
analog beamformer is performed for each user to
maximize the array gain in the first stage. Then, in the
second stage, the traditional zero-forcing digital
precoder is utilized to cancel the inter-user
interferences [13]. A similar approach for sub-
connected was proposed in Ref. [14]. In the first stage,
users with close physical directions are selected as
groups, and they are served by an analog beam
generated by several subsets of antenna elements. Then
in the second stage, considering the distance-dependent
path loss, the frequency band for each user is properly
allocated.

e Joint optimization-based precoding design: another
category to design hybrid precoding is to jointly
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optimize the analog beamformer and digital precoder.
For the full-connected structure, Yu et al [15]
optimized the digital precoder and analog beamformer
without any pre-determined candidate set for the
analog precoder. For the sub-connected structure, a
successive interference cancellation-based method was
proposed, authors proposed to decompose the total rate
optimization problem into a series of simple sub-rate
optimization for one sub-antenna array in Ref. [16].
Due to the decrease of the wavelength in the THz band,
the reflection and scattering losses through the
transmission path are much larger than those of mmWave
band. As a result, only up to second order reflections are
considered in the THz band [14]. Consequently, the THz
channels have fewer paths and are sparser than mmWave
channels in the angular domain. Thus, there are some new
challenges for THz precoding [17—-19]:
e Distance-Dependent Path Loss: Because of the
significant molecular absorption, the propagation
distance of THz signal will not only affect the value of
path loss, but also determines the available bandwidth.
Therefore, it makes a variation in achievable rate with
the distance.
Beam Split Effect: In THz communications, the path
components may even split into significantly different
spatial directions at different subcarriers because of the
wide bandwidth. This beam split can cause severe
degradation of the achievable rate. Therefore, the pure
Phase Shifters (PS) are not accurate enough for wide
band terahertz communications. To solve this issue,
controllable Time-Delay (TD) phase shifters are often
used. The phase shifters will change with frequencies
based on the signal traveling time [17].

II. PRIOR WORKS

For conventional algorithms, Maximum Rate (MR)
scheduling maximizes the throughput of the whole system
by selecting users with the good channel conditions in each
frame to serve [20]. The problem of MR is that users with
bad channel conditions are almost never served. To solve
the issue of MR, PF tries to provide an equal rate for all
users by considering user’s used data rate. The goal of this
algorithm is to maintain fairness among all users [21].
However, the application of MR in the THz systems could
make a significant complexity due to the ultra-number of
antennas at the base station and users. In order to reduce
the complexity of scheduling, an opportunistic Random
Beamforming (RBF) scheduling was used in Ref. [22] to
show that the sum rate is proportional with respect to the
number of transmit antennas if the number of users also
increases linearly with the number of transmit antennas.

In the research about scheduling in 6G systems, Chataut
and Akl [23] used the calculated mean channel rate as the
selection criteria to get a higher sum rate than traditional
algorithms like Round Robin (RR) in which all users are
allocated the same share of time slots. Then an algorithm,
which  conducts distributional optimization, also
outperforms the traditional schedulers like RR and PR
about the fairness of the communication system [24].
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Differing from Ref. [14] in which users are grouped
according to their angles of departures, we move to one
step forward to use both users’s distances and angles for
grouping. In this paper, we proposed a novel scheduling
called DBUS that selects the users in different distance to
exploit the Distance-Dependent Path Loss feature, then
chooses users who are semiorthogonal to be scheduled to
serve. Our system model employs a frequency-dependent
beamforming to solve the beam split effect. Users are
grouped according to their distances then we use a
semiorthogonal condition in Ref. [30] to select the
scheduled users who can share the same terahertz
frequency resources with minimum interference. This
DBUS algorithm helps to maximize the spatial diversity
gain. Numerical results show that the DBUS can approach
the performance of the MR method and outperforms the
RR with lower complexity.

The paper is organized as follows: Section II mentions
the conventional scheduling algorithms as well as
prospective methods for 6G network, Section III describes
the system model. In Section IV, the user scheduling that
uses the user’s distance as an input parameter and a
criterion to select the user set faster than the Maximum
Rate is derived, and the user scheduling algorithm is
proposed to utilize these criteria. In Section V, the
proposed algorithm is compared with the MR and RR
methods in the sum rate with different precoding
techniques and Section VI concludes the paper.

Notation: We use normal letters (e.g., a) for scalars,
lowercase and uppercase boldface letters (e.g., h and H)
for column vectors and matrices. Iy and 0y are the identity
matrix and all-zero matrices of size N X N. For a matrix
A, AT is the transpose matrix, A¥ the conjugate transpose,
and tr (A) the trace. E[-] is the statistical expectation
operator.

III. SYSTEM MODEL

A.  Downlink Transmission

In this section, we consider a single-cell Ultra Massive
MIMO (UM MIMO) system consisting of one BS and U
users in the THz band. We denote N, and N, as the number
of antennas at the BS and users, respectively. The BS is
equipped with Ngp chains. Furthermore, we assume that
the BS only selects a set of scheduled users § =
{1,2, ..., Ns} out of the U users to serve. Each user connects
only one stream in one subcarrier to the BS therefore, the
number of streams is Ng, and Ng < Nzp < N;.

The BS applies a Npp X NS baseband precoder in the k-
th subcarrier F, [f Ns k] followed by a

iy e
N, X Ngg precoder [f 2 RE .. fNRF X
Therefore, the transmltted 51gna1 1s:
X = FTFP M
where v, = [Vyk, Vo) oo vNS_k]T the wvector of

transmitted symbols with E[v,vf] = NLINS' The entries
S
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2
of RF are constant modulus |[Fgrlmn| = Ni The power
t

constraint is applied by |FRFFPE|? = N;.

Herein, we let f;, B, and K be, respectively, the central
(carrier) frequency, bandwidth of the Orthogonal
Frequency-Division Multiplexing (OFDM) system, and
the number of OFDM subcarriers. Then, the frequency of
the u-th user in the k-th subcarrier is given foru = 1, ..., U
andk =1, ...,K by:

fur = fo +2(k 6)

For the THz channel, we consider a widely utilized wide
band ray-based channel model. The frequency domain
MIMO OFDM channel at the u-th user in the k-th
subcarrier Hy ; € CVr*Nt can be stated as [25-27]:

1o

2

NNy Lu,k
Lyk =1

Hu,k = 0(u,le_]'21-[1:“‘“"]%1 3

H
ru,katu,k'

where a,,; is the complex gain of [-#h path at the center
frequency f,, j X Ly is the number of propagation paths
and t; represents the delay of the [-th channel path for the
u-th user. The 7; depends on the distance of user therefore
the channel gain can increase or decrease when the
distance increases. So, the path loss varies on the distances.
The vectors a,, ; and a,, j represent the u-th receive and
transmit steering vectors.

Assuming that an M X N element Uniform Planar
Array (UPA) on the xz-plane are used, the response
vectors are defined as [15, 28]:

1 ; )
Aypa (9’ q)) — m [1’ - e]kd(m sin(0) cos(¢)+n cos(@)). .

ejkd((M—l) sin(0) cos($p)+(N-1) cos(e))]T

“

A, . .
where k = 2711, d= > A is the carrier wavelength and d is

the distance between antenna elements, ¢ and 6 are the
azimuth and elevation angles of the corresponding path,
1<m<M-1andl<n<N-1).

Therefore the u-th user will receive the signal in the k-
th subcarrier:

Yur = \/EHu,kFRFffEVu,k + Ny )

where p, v, € C™n,, € CV™1 are, respectively, the
average transmit power, transmit data and normal
Gaussian noise vector with each entry being independent
and identically distributed according to zero mean and
variance 1.

Denoting effective channels:

Eu,k = Hy 1 Frr (6)

O]

—_ - —. - T
— T T T
He = [h] ) hY g oo R i)

B.  Fully-connected Hybrid Precoding

Due to the beam split effect, the frequency-independent
beamformer cannot generate beams aligned with
frequency-dependent spatial directions, which is the main
reason of the severe array gain loss. To solve this problem,
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a TD network between the digital precoder and the
traditional analog beamformer is proposed. It converts the
traditional phase-controlled beamformer into jointly
delay-phase controlled beamformer, which can realize
frequency-dependent beamforming by adapting to users’s

wavelength.
1
— X
,’ N

[1, esin(@ui/A, | eImNe-DAc sin(¢u,k)/xm]H ®)

RF _
fu,k -

The effective channel:

H, = HkFlfF )
The BS designs the digital precoder:
F¢P = HY (HHD™ (10)

Then the achievable rate for the user u-th in the k-th
subcarrier is given as:

The achievable spectral efficiency for the k -th
subcarrier can be expressed as:

Rp = DuesRur

_ 2
P (hu,kfg,i)

Ng = ¢BB)2
pzl:l,l#u(h“'kfllk) +1

R = log, (1 + (1D

(12)

IV. USER SCHEDULING

The proposed algorithm is summarized in 1. Using the
achievable rate in Eq. (11) and in Eq. (12), the user
scheduling problem can be formulated as:

e%k_

- s max Zueé‘ %u,k

<{1,2,.,.U}

(13)

Channels in the terahertz band highly depend on
distance and frequency. A change in distance will lead to
a variation in path loss. Moreover, users in different
distances will experience independent paths, then the
spatial diversity can be further exploited. It is difficult to
determine the optimal set S and FE® to achieve both the
multiplexing gain and the multi-user diversity gain for
very large U [29]. The complexity of the MR for Eq. (13)

is 0 <(1\lfs ) (NsNZ + Ns3)> increasingly with the number of

users and the number of antennas.

The achievable rate in Eq. (13) is optimal if hy ,ff}f =
0,1 # u. However, it is difficult to find a zero-interference
scheduled user set in all situations. Therefore, in this paper,
we proposed a scheduling algorithm to maximize the sum
rate in Eq. (12) with low complexity by serving users with
different distances and then filtering users with semi-
orthogonal condition in Ref. [30] to eliminate users having
the same azimuths.

Then, the achievable rate in Eq. (13) can be:

Ric = log, (det (Iyg + p(HicFys Pl cHE))) - (14)

As can be seen in Algorithm 1, the scheduling consists
of six steps: first, we initialize i = 1 and the set of
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candidate users C; including U active users. The set of
selected users S is initially null, and the set of groups § is
zero. In step 2, the U active users will be divided into Ng
groups by their distances: the j-th user is assigned to group
s,UG, =s,u€e{l,2,..,U},s €{1,2,..,Ns}.

For each round of i the BS will find the best i-th user in
the candidate group C; to serve to maximize the sum rate
in Eq. (12) provided that the user's group is not yet served
g [UG[S (i)]] = 0, and then eliminate the selected user
S (i) in the candidate group C; in step 4, the user’s group
also have to be updated G [UG[S (i)]] = 1 to inform that
the group UG[S(i)] has been scheduled, at Step 5 the
algorithm calculates the orthogonal component F(L) of

new selected i -th wuser to the current span
{Wsq), - Ws-1)} [30]:
I T pp—
_ N Ws hswWso)
o T [Iwsep I
=1 s
- WS(])WS(I)
WS(i) = hS(l) Z ”ws(l)”z

In Step 6 the algorithm will eliminate all users in the
candidate group who do not meet the orthogonal criteria
with the new selected user $(i) and finally the algorithm
will come back to step 3 with i =i+ 1 unless the
algorithm has selected enough Ng users or there is no

candidate user. As can be seen that, the complexity of the
Ns

DBUS reduces to 0 (( s) (NsNZ + NS3)>.

V. SIMULATION RESULTS

In this section, we provide simulation results to compare
the DBUS with the MR and RR in terms of the sum rate
with different precoding techniques. Various case studies
have been done based on THz systems with the following
precoding’s:

e Optimal digital precoding.
e Fully connected hybrid precoding with PS.
e Fully connected hybrid precoding with TD.

TABLE I. SIMULATION PARAMETERS

Parameters Values
Number of BS antennas 1,024
Total users 16
Scheduled users 4
Central frequency 350 GHz
Bandwidth 20 GHz

Propagation path number Line-of-sight (LoS) path

Fig. 2 compares the achievable rate with respect to SNR.
We consider N, = 1024,U = 16, Ng = 4and SNR goes
from 0 to 30 dB. The distance is created randomly for each
user in the range 100-500 m. The MR algorithm must
carry an exhausted search to select the user who has the
highest achievable rate in Eq. (11) in each iteration. As the
number of users is very large, the MR carries the burden
of computing. Unlike the MR algorithm, the DBUS

algorithm enforces the semi-orthogonal condition in to
reduce the size of the remaining user candidate after each
iteration. Consequently, the DBUS algorithm is more
computationally efficient than the MR algorithm. The sum
rate of FC hybrid precoding with PS for both MR and RR
methods only get 35% performance compared to FC
hybrid precoding with TD. Because the PS only generates
frequency-independent beams that disperse to the
surrounding directions. It is confirmed that PS will have
issues in THz wideband communication [17]. Moreover,
the DBUS also outperforms the RR in terms of sum rate
because the RR assigns user’s equal timeslot to serve in
each iteration (see Table I and Algorithm 1).

Algorithm 1 valid user selection procedure
Initialization: C; = {1,2,...,U},G = {1,2,...,N
forvj,§ =0,i=1
User Grouping: Divide users into Ny group by distance
UG, =t,ue{l2,..,U}te{l2,..,Ns}

3: Whilei < Ngand C;,; # @ do

Using Eq. (13), the BS select the i-th user if

SG) = argmaxR([H(S) h,]), GIUGISD]] =

and updateS SUS@E),C =C \ SO,
GluGIs®]] =1

To calculate the orthogonal component of m to
the span {Wg(q), ..., Wsi— 1)}

5:
W5 WsG)
Wso = s <I Z llws |12

To select the remain users who meet the orthogonal
criteria with the user § (i)

S}vgj =0

|Ws(l)hk|
Civn =tk e meuuhku <¢
7: update i=i+1
8: End While
9: return Scheduled user set S
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Fig. 2. The comparison of sum rate against the SNR.

Fig. 3 shows the distance-dependent path loss effect.
We consider U = 4, Ng = 4 and the distance goes from
100 to 500 m. The RR algorithm is applied for all three
system: the fully digital precoding, the FC hybrid
precoding with TD, and the FC hybrid precoding with PS.
It can be seen that there is a variation of achievable rate
against the distance. The variation happens with both the
SNR =30 dB and the SNR =5 dB. Because the wide band
ray-based channel model has different path loss for
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different distance [25] so it affects the sum rate of system
again the distance. The achievable rate for FC hybrid
precoding with TD almost always approximates to the one
for fully-digital precoding. The FC hybrid precoding with
PS presents a very low performance even with the high
SNR = 30 dB. When the SNR is 5 dB, the performance of
all three precoding methods is vulnerable to noise.
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Fig. 3. The distance-dependent path loss effect.

In Fig. 4, it illustrates the sum rate against the number
of scheduled users with SNR = 30 dB. The number of
scheduled users increases from 2 to 8. The number of RF
chains also increases to satisfy Nz = Ns. It shows that if
the BS serves more users, the sum rate will also go up.
Moreover, it is more difficult to find high semi-orthogonal
users because we keep the total of number of users U
unchanged while serving more users, hence, the sum rate
of DBUS goes down slightly compared to the Fully-digital
precoding.

10%¢ ‘

—&—MR for Fully-digital precoding SNR=30db
—&—MR for FC hybrid precoding SNR=30db, PSs
DBUS for FC hybrid precoding SNR=30db, TDs

Achievable sum rate (bit/s/Hz)
o

100 L L |

2 3 B 5 6 s 8
The number of scheduled users

Fig. 4. The comparison of sum rate against the number of users.

Fig. 5 shows the sum rate against the number of
antennas with SNR = 30 dB. The performance of FC
hybrid precoding with TD can approximate the one of
Fully digital precoding when the number of antennas goes
up from 128 to 1024. However, the sum rate of MR for FC
hybrid precoding with PS goes down when the number of
antennas goes up. Because when the number of antennas
increases, the pure PSs are not accurate enough for wide
band terahertz communications. Vice versa, the sum rate
of DBUS for FC hybrid precoding with TD benefits from
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the antenna gain to approximate the one of MR for fully
digital system.
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Fig. 5. The comparison of sum rate against the number of antennas.

VI. CONCLUSION

In this paper, we proposed a novel scheduling termed as
DBUS for downlink THz systems using the FC hybrid
precoding with TD. It shows that DBUS can reach the
performance of the Maximum Rate algorithm for a fully-
digital precoding while reducing the complexity of
choosing the scheduled users. The DBUS exploits the
distance of users to increase the spatial multiplexing gain
and selects a group of semi-orthogonal users and filters
users who do not meet this condition in the remaining
group. Accordingly, this helps to not only reduce the size
of the user set to decrease the time of building the
scheduled user list but also reduce the delay of the system.
Short delay is also very an important factor in control of
Unmanned Aerial Vehicle systems. It is especially useful
for THz systems where the number of antennas at BS is
ultra large and leads to the higher number of serving users.
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