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ABSTRACT
Packet scheduling in 5G networks can significantly affect the per-
formance of beamforming techniques since the allocation of mul-
tiple users to the same time-frequency block causes interference
between users. A combination of beamforming and scheduling
can thus improve the performance of multi-user MIMO systems.
Furthermore, in realistic conditions, data packets have both
priority and deadlines beyond which they become obsolete. In
this paper we propose a simple scheduling algorithm which
takes priorities and deadlines into account and allocates users
dynamically to resource blocks and spatial beams according to
the Tomlinson-Harashima precoder. We demonstrate the merits
of the proposed technique compared to other state-of-the art
scheduling methods through simulations.

Index Terms— Scheduling, 5G Networks, THP, Resource Al-
location

I. INTRODUCTION

The primary objective of fifth generation networks (5G) is to
meet the demand for higher bandwidth [1]. Future applications
will need to respond to the rising demand for low latency
performances for packet transmission as well as the demand for
high bandwidths. Enforcing low latency means that each packet
has a deadline that it needs to meet. In hard real time systems,
if a packet fails to be delivered before its deadline expires, it
is considered to be lost. The hard real time systems problem
has been widely discussed in queuing theory [2], [3], [4], [5].
The Earliest Deadline First (EDF) scheduling policy is one of the
most common methods to schedule packets in a hard real time
environment [4]. The EDF is optimal in many queuing models
[6], [7], [8], [9], [10], [4].

Applications differ in terms of their importance. Application
priority normally reflects this importance. The priority is at-
tached to the application’s packet. Priority becomes a reward
upon successful delivery of a packet. The reward is considered
to benefit the network if the packet is delivered on time [11].
Scheduling mechanisms that consider both rewards and dead-
lines are presented in [12], [13].

In 5G networks several algorithms have been proposed to
handle the scheduling of these algorithms and aim to sup-
port real-time and non-real time traffic [14], [15], [16]. These
challenges exist in Multiple Input Multiple Output (MIMO)
networks [17] as well as scheduling algorithms. However, in
order to optimize system performance, scheduling mechanisms
and Beam-Forming (BF) techniques need to be combined [18] -
[19].
We consider a downlink transmission with a single Base Station
(BS), where the BS is equipped with massive antenna arrays. In
BF methods, several users can be served simultaneously. Further-
more, each user stream is coded independently and multiplied
by a BF weight vector for transmission. Dirty Paper Coding
(DPC) is a coding method [20] that achieves maximum sum-rate
capacity of the multiple antenna downlink channel [21], [22].

However, DPC is too complex for implementation. Tomlinson-
Harashima Precoding (THP) [23], [24] is a lower complexity non-
linear technique for equalizing inter-symbol-interference (ISI)
phenomena [25]. In downlink transmission, THP utilizes the
perfect Channel State Information (CSI) at the BS to suppress
the multi-user interference. THP exploits the QR decomposition
[26] of the channel matrix, and employs modulo arithmetic to
eliminate the known non-causal interference at the BS.
To cope with the growth of high bandwidth demand, a combined
scheduling and resource allocation algorithm is required. The
general case of joint scheduling and the BF problem is NP-
hard [27], hence a sub-optimal algorithm has been suggested.
Different policies handle the power constraint issue [28], by
trying to maximize the overall throughput. In [29], a unified
urgent weight was proposed by taking into account Quality of
Service (QOS) requirements, such as delay deadline, minimum
data rate, Queue State Information (QSI) and the user fairness
requirement. All these studies, considered scheduling policies to
maximize the overall system throughput. However, improving
the capacity is not enough to support new applications. Because
these techniques cannot be applied when both deadlines and
constraints are required and these techniques are inapplicable in
the context of BS scheduling. Recently Raviv et al. [30] developed
a scheduler under QoS and deadline constraints assuming fixed
beams. Unfortunately, in the MIMO case there is no easy way
to decouple the scheduling and the BF. Raviv and Leshem [31]
extended their work on deadline and priority scheduling [32]
to the beamforming context and developed a scheduler for a
single frequency together with a ZF-BF. We extend their results
in two ways: First we cope with multiple channels case and we
incorporate dirty paper BF into the scheduling process.
The remainder of this paper is organized as follows. Section II
presents the system model including the arrival process and
precoding technique for interference cancellation. Section III
describes the proposed system architecture that consists of a
combination of scheduling policy and resource allocation proce-
dure. The simulations testing the proposed system against state-
of-the-art algorithms are presented in section IV.

II. SYSTEM MODEL
We consider a cellular BS which is composed of a scheduler

and a beam-former as depicted in Figure 1. Packets arrive at
the BS and are handled by the scheduler. The physical layer
determines the BF coefficients given the resources allocated by
the scheduler. In contrast to previous work on joint BF and
scheduling [33], we assume that the packets have both deadline
and priority parameters. To model the system we need to model
both the packet arrival process, including the priorities and
deadline distributions and the physical channel, as is modeled
in 5G channel models [34]. In what follows we describe both the
arrival process and the channel model.

Arrival Process
We consider a renewal reward process [11]. Each data packet

has an arrival time, a single destination or a user, a packet size,



Fig. 1. System Architecture

a priority and deadline. Let Ji be the ith packet descriptor that
arrives at the BS at time ti. Let Ai be the inter-arrival time of

the renewal-reward process A , ti = ti−1 + Ai =
i

∑
j=1

Aj. Let Li

be the size of the ith packet. Let Di be the ith packet deadline.
The deadline is measured from the arrival time to the end of
the packet transmission. Let pi be the ith packet priority. Upon
successful transmission, the priority becomes the reward and let
ni be the identity of the destination user. It is assumed that the
numbers of users are finite. Let us identify the ith packet by
its descriptor Ji =< ai, li, di, pi, ei, ni >. Let ai, li, di and pi be
realizations of Ai, Li, Di and Pi. Let ei = ti + di;. We also make
the following assumptions:

1) A hard real time system (reward is considered as a success-
ful transmission)

2) The li, ei, pi and service time of packet Ji are known upon
arrival

3) In scheduling policy, idle time is not permitted

Let Ŝπ
t be the set of processed packets by policy π up to time

t. By definition, the renewal reward process provides a mecha-
nism to analyze the performance of the system. The cumulative
rewards function is a simple way to compare the performance
of different algorithms.

Definition 1: The cumulative reward function for time t and
policy π is:

Uπ
t = ∑

Ji∈Sπ
t

pi. (1)

Let t = t̂n and t′ = t̂n−1 then, the reward difference function is:

∆Uπ
t = Uπ

t −Uπ
t′ . (2)

The objective is to find a policy π that maximizes the cumulative
reward function and preserves received packets fairness. If the
rewards are deterministic and pi = 1, the cumulative reward
function measures the number of jobs that received service.

The Physical Channel Model With BF

We consider a downlink Orthogonal Frequency-Division Mul-
tiple Access (OFDMA) network with a single BS. The BS is
equipped with nt transmit antennas and nr single-antenna user
equipment. Moreover, we assume the availability of K sub-
channels and a single realization of the channel gain matrix. We
also assume that perfect CSI is available at the BS. Each packet is
selected to be transmitted by the scheduler to one of the nr users.
Let us denote by N the number of users to be scheduled for
transmission. The signal yk ∈ CN×1 received by the scheduled
users on sub-channel k is described by

yk = HkWkvk + zk, (3)

where Hk ∈ CN×nt , Wk ∈ Cnt×N , vk ∈ CN×1 and zk ∈ CN×1

are the CSI matrix, BF matrix, the transmitted signal vector
and the zero-mean white Gaussian noise at scheduled receivers
respectively.

III. JOINT SCHEDULING AND THP BF FOR PACKETS
WITH PRIORITIES AND DEADLINE CONSTRAINTS

In the following section we propose a combined algorithm
for packet scheduling, sub-channel allocation and BF. The main
problem in achieving good resource allocation scheme under
deadlines and priorities is that new packets should not reduce
the rate of previously allocated packets, since it might causes
higher priority packets to miss their deadline. Hence, we need
to design a BF scheme such that rates of already allocated packets
are not reduced. Luckily, an incremental implementation of the
THP scheme allows us to achieve this.

The LQ-THP BF Scheme
The system is required to design the beams dynamically

according to the received packets. The BF matrix design is based
on gradual implementation of the THP algorithm by using the
CSI knowledge at the BS, in order to pre-subtract previously
precoded symbols intended for other receivers. Let us consider

the vector sk =
[
s(k)1 , ..., s(k)N

]T
as the symbol transmission vector.

The s(k)n symbol is chosen from the M-QAM constellation, and
the average energy per symbol is Esn = 2(M−1)

3 . In order to
avoid power allocation considerations, each symbol’s energy is
normalized to unity. Therefore the imaginary and the real parts
of s(k)n belong to the set S =

{
±
√

3
2(M−1) , . . . ,±

√
M
√

3
2(M−1)

}
.

Wk is obtained by applying QR decomposition to the rows of
Hk, namely the CSI matrix can be written as,

Hk = LkQk, (4)

where Lk is a lower triangular matrix and Qk is a unitary matrix.
Let us choose the BF matrix Wk as Wk = QH

k such that,

HkWkvk = LkQkQH
k vk = Lkvk. (5)

The fact that the equalized channel is lower triangular ensures
that packets do not reduce the rate of previously allocated
packets. Moreover, the computation of the LQ decomposition can
be implemented row by row, where each new user’s precoding
vector does not impact previously computed BF vectors. This
allows us to compute the effect on the rate available to a user by
already allocated users. Furthermore, once a packet is scheduled,
future packets will not impact its transmission rate. Hence, the
precoded symbols are computed recursively by subtracting the
known interference as follows,

v(k)n = s̃(k)n −
n−1

∑
m=1

b(k)n,mv(k)m , (6)

Where
{

s̃(k)n

}N

n=1
are the effective data symbols that are selected

to ensure that v(k)n are constrained into the boundary region

of the M-QAM constellation and
{

b(k)n,m

}n−1

m=1
are the feedback

taps, which are responsible for cancelling previously precoded

symbols. Hence,
{

b(k)n,m

}n−1

m=1
define a lower triangular matrix

with unit diagonal, Bk, which is defined by,

Bk = diag
(

l−1
1,1 , ..., l−1

N,N

)
Lk, (7)

where {ln,n}N
n=1 are the diagonal elements of Lk. Therefore, the

effective data symbols’ vector is given by,

xk = WkB−1
k s̃k = QH

k vk. (8)

For simplicity, each packet’s transmission has equal power P,
namely the normalization factor a can be computed as follows,

P = a · trace
{

QkRvk QH
k

}
, (9)



where Rvk is approximately E
[
vkvH

k
]
= M

M−1 [35]; hence a =
M−1
MN P. In order to ensure zero-forcing criteria, the received signal

by the N selected users is given by,

rk = Gk [Hkxk + zk] , (10)

where zk is the additive white Gaussian noise with zero mean
and a covariance matrix σ2IN×N . Substituting xk into (10) and
using the definition of Hk yields:

rk = Gk

[√
aHkWkB−1

k s̃k + zk

]
= Gk

[√
a · diag (l1,1, . . . , lN,N) s̃k + zk

]
.

(11)

Therefore, the normalization matrix is given by,

Gk =
1√
a

diag
(

l−1
1,1 , ..., l−1

N,N

)
. (12)

Consequently, the received signal is given by,

rk = s̃k + z̃′k, (13)

where z̃k = Gkzk, i.e a white Gaussian noise with zero mean and
a covariance matrix σ2GkGH

k . At the receiver side each symbol of
rk is reduced to the region V . Let us recall that in OFDM system
each sub-channel is processed separately. It can be deduced from
equation (13) that the SINR of user n in sub-channel k can be
written as,

SINR(k)
n =

|ln,n|2

σ2 . (14)

Hence, the achievable rate of packet Ji with user destination n
is given by,

R(k)
ni = log

(
1 + SINR(k)

n

)
. (15)

The Maximum Reward Rate Scheduling Scheme
Scheduling is an integral part of multi-user MIMO system

performance, therefore a link between the scheduling policy
and the resource allocation process is required. In this section
we present a scheduling policy that combines the resource
allocation algorithm. The proposed scheduling policy prioritizes
packets with a maximum current reward per time unit. Consider
Ji = 〈ai, li, ei, pi, ni〉 as the packet’s identifier and Rni as the
total transmission rate of packet Ji. The scheduling assignment
objective is to select a packet for transmission that maximizes
the current reward rate. The reward rate of packet Ji is defined
by,

RPTi =
pi
si

, (16)

where si represents the transmission time of packet Ji. si can be
expressed using the total achievable rate of the packet destina-
tion ni as follows,

RPTi =
pi
li

Rni , (17)

where li is the packet size in bits. Note that the reward rate is
linearly depends on the total transmission rate. The achievable
rate is determined by the allocated sub-channels as follows,

RPTi =
pi
li

∑
k∈Ki

R(k)
ni , (18)

where Ki is the set of allocated sub-channels for the Ji transmis-
sion and R(k)

ni is the rate of user ni in sub-channel k. In addition,
the channel gains are known upon arrival and a single packet
is processed at a given time for each user. The following events
need to be handled by the scheduler,

1) Packet arrival
2) Packet transmission
3) End of packet’s transmission
4) Packet insertion to queue head

The Maximum Reward Rate scheduling policy is based on the
following mechanism. The scheduler has an initial window of
packets with shortest expiry time. This window is typically of
size equal to the number of spatial beams. We now describe the
scheduler operation for each of the events above.
When a packet arrives, the scheduler inserts the packets accord-
ing to EDF rule, i.e., the input queue is organized according to
the packet expiry time.
The allocation of the potential sub-channels is based on THP
transmission on every OFDM symbol, such that the service time
meets the packet deadline. For each packet at the queue head
windows we compute the minimal number of channels required
to meet its deadline. After determining this number we can
compute the reward rate based on those channels. Finally, we
select the packet with highest reward rate and allocate to it the
required channels.

Algorithm 1 Sub-Channels Rate Computation Algorithm

for Each Ji in the front window of the queue do

Initiate Rni = 0 And Sort Sub-channels according to
∣∣∣l(k)i,i

∣∣∣2
for each sub-channel k = 1, . . . , K do

if si
Rni
≥ ei then

Break

else
Rni = Rni + R(k)

ni
end

end
end

The Maximum Reward Rate algorithm defines the scheduling
policy. The Maximum Reward Rate policy takes advantage of
CSI knowledge at the transmitter; thus packets with a higher
reward rate are prioritized as described in Algorithm 2, namely
the packet with the maximum reward rate is the selected one for
transmission.

Algorithm 2 Maximum Reward Rate Policy
Compute the reward rate RPTi for each Ji in queue head window.
Select packet î = argmaxi∈J {RPTi}

Additional sub-channels will be allocated to the chosen packet
î only if the selected packet has a maximal reward rate over this
channel as described in Algorithm 3.

Algorithm 3 Additional Allocation of Sub-Channels
Select Packet Ji according to Algorithm 2
for Each Jj in the front window of the queue do

for each sub-channel k do
if RPT(k)

Ji
> RPT(k)

Jj
then

Allocate Sub-channel k to Packet Ji
end

end
end

At the end of transmission of packet Ji, the BF vectors of the
unfinished packets being transmitted are down-dated, i.e., from
each packet in the queue head window we remove the projection
orthogonal to Ji BF vector. We also insert a new packet to the
queue head window as described in Algorithm 4.



Algorithm 4 Rate computation Algorithm

if a packet Ji finished transmission then
for Each Jj 6= Ji in the queue head window do

for each sub-channel k allocated to Ji do
Update the LQ decomposition using [36] by removing
the effect of channel h(k)

i .
end

Compute
∣∣∣l(k)j,j

∣∣∣2 as in (20)
end

else
Insert a packet into the queue head window
for each sub-channel k allocated to Jj do

Add a new row hj to the LQ decomposition and compute

wj by wj = wj −
j−1
∑

m=1

hmhH
j

‖hm‖ hm Compute
∣∣∣l(k)j,j

∣∣∣2 as in (20)

end
end
if si

Ri
≥ ei then

Break

else
Ri = Ri + R(k)

i
end

When a packet enters the head of queue window, the algo-
rithm computes the rate for the given user over each channel.
This event occurs either when a new packet arrives and the
queue length is shorter than the window size or immediately
after end of transmission of a packet. This is computed as
follows:

1) Let Hk ∈ Cn×nt be the CSI matrix at time t of already
allocated packets.

2) The n + 1 user coefficients are computed for each packet
upon arrival.

3) The BF vector for the current packet in sub-channel k is
defined by:

wn+1 = hn+1 −
n

∑
i=1

hihH
n+1
‖hi‖

hi. (19)

4) The
∣∣∣l(k)n+1,n+1

∣∣∣2 coefficient is computed by,∣∣∣l(k)n+1,n+1

∣∣∣2 =
∣∣∣hH

n+1wn+1

∣∣∣2, (20)

and the rate is computed using (15).

IV. SIMULATION RESULTS
In the following section we compare the Maximum Reward

Rate scheduling policy to EDF, GREEDY Priority and Maximum
Rate. The simulation is composed by two parts. The first part
simulates the wireless channel model by uniformly selecting 20
users in a single cell with a maximum radius of 0.5[Km]. The
BS is equipped with 8 transmission antennas. We simulate an
OFDMA system with K = 12 sub-channels with BandWidth =
180[KHz] and a total transmission power of PBS = −49[dBm].
The transmission carrier frequency is 6[GHz]. The power spec-
tral density of the white Gaussian noise is −174[dBm/Hz]. In
order to simulate the channel gain matrix H we uniformly
randomize 23 i.i.d Rayleigh fading paths with powers in the
range of [−10, 0](dB) and delays in the range of [−30, 0](nsec).
Furthermore, we added a path-loss coefficient of α = −2. The
transmission power was pre-allocated for each resource block
uniformly, namely the resource block transmission power is
computed as, PRB = PBS

nrK . In the second part of the simulation
we simulated the queuing system. We ran 1000 packets with an

Table I. Packet Parameters
Packet Size Priority Deadline
64Bytes (40%) 6-10 (70%), 1-4

(30%)
Exponentially
distributed
λd = 50

1522Bytes
(20%)

6-10 (20%), 1-4
(80%)

Exponentially
distributed
λd = 16.67

U[64Bytes-
1522Bytes]
(40%)

U[1,10] Exponentially
distributed
λd = 16.67

(a) (b)

Fig. 2. (a)Number of successfully transmitted packets.
(b)Cumulative Reward Relative to EDF

arrival rate distributed exponentially λa = [270, 345, 420, 495, 570]
and where the destination user was uniformly distributed. The
packet size was simulated using standard Internet packet sized
[37]. Priority and deadline were distributed, where U[A, B] is the
Uniform distribution in range of [A, B], and the short packets
had higher priority and most packets were of maximal Ethernet
packet length. For each arrival rate we performed 50 simulation
tests. The implementation of the simulations of each packet was
done in the following stages:

1) Packets were removed from arrival queue when their dead-
line was not met

2) The first 8 packets were examined for transmission
3) The sub-channels were allocated, such that each packet

would meet its deadline
4) All scheduling policies used THP for transmission

The first 8 packets with transmission potential, i.e. those for
which there were no packets transmitted to their destination
users, were examined for transmission. Figure 2(a) depicts the
number of successful transmitted packets as a function of λa.
In Figure 2(b) we compare the improved maximum Reward
Rate in terms of the percentage of the cumulative reward of the
EDF policy. The Maximum Reward Rate policy combined with
resource allocation mechanism performed remarkably better in
terms of cumulative reward and total received packets.

V. CONCLUSIONS
A combined policy for joint resource allocation and scheduling

for downlink multi-user MIMO systems under deadline and
priorities constraints was proposed in this paper. We demon-
strated that the maximum Reward Rate algorithm seeks the
current maximum reward per unit time using the THP based
BF for interference cancellation. Simulation results showed that
the maximum Reward Rate policy performs remarkably better
than existing scheduling policies.
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