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Abstract: Several use cases appear with 5G and beyond networks such as enhanced mobile broad-
band (eMBB), where ultra-high data rates and low-latency connections become essential demands
for asymmetric services, e.g., 8K video streaming and virtual reality (VR). The millimeter-wave
(mmWave) band can be a promising player to handle these applications under the condition of
efficient implementation of radio resource management (RRM) schemes, which distribute resources
among user equipment (UEs) in the network. Firstly, mmWave UE channels are highly affected
by the distance between the access point (AP) and UEs. Secondly, static and dynamic obstacles
can easily block the AP-UE line-of-sight (LOS) link; hence, it highly attenuates mmWave signals.
Moreover, eMBB applications lack symmetry in their data rate requirements, from 75 Mbps up
to 300 Mbps; consequently, UE quality of service (QoS) should be considered in designing RRM
schemes. In this paper, we study possible scheduling schemes that can be implemented for the 5G
eMBB use case. Moreover, we propose a new demand-based proportional fairness (DPF) scheduling
algorithm that first depends on both UE channel conditions and quality-of-service demands, then, if
certain UEs reach the requirement, the algorithm prioritizes it only based on their channel quality.
Furthermore, in this work, we consider a real model to simulate the effect of blockage occurrence on
the performance of scheduling schemes. Results prove that the proposed DPF scheduling scheme
outperforms conventional algorithms in terms of UE satisfaction while maintaining high total system
throughput and fairness among UEs. For example, assuming blockage occurrence with 16 and 32 UEs,
it guarantees satisfaction for more than 99% and 60% of UEs and, at the same time, obtains 3.29 and
4.24 Gbps system throughput and maintains fairness between UEs at 0.99 and 0.82, respectively. In
contrast, conventional proportional fairness highly degrades satisfaction to only 74% and 30% to
achieve total throughput equal to 3.1 and 4.3 Gbps, respectively.

Keywords: scheduling; quality of service; proportional fairness; blockage; enhanced mobile broadband;
beyond 5G network; millimeter wave

1. Introduction

5G and beyond networks come with several new use cases, such as massive-machine-
type communication (mMTC), ultra-reliable low-latency communication (URLLC), and
enhanced mobile broadband (eMBB) services [1–3]. Based on the Cisco annual report, at
the end of 2023, more than 14 billion machine-to-machine connections will exist in the
world, while the average speed of Wi-Fi networks will increase to 92 Mbps [4]. 5G use cases
need different asymmetric data rates and end-to-end latency demands, according to user
equipment (UE) applications [2]. For example, the eMBB use case implies video streaming
and virtual reality (VR) applications, where the UEs required data rates vary from 75 Mbps
to 300 Mbps, and round-trip delay time reaches 10 ms in real-time applications, which
means that each UE experiences different asymmetric quality of service (QoS). A millimeter-
wave (mmWave) network, which uses 60 GHz band allocation, seems to be a promising
candidate to provide these demands to eMBB UEs. However, mmWave networks face
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different challenges that impact their performance [5]. First, the received mmWave signal
is highly attenuated due to propagation and penetration losses [6]. Although the reified
IEEE 802.11 ad standard [7] overcomes this issue by proposing directional transmission
for mmWave networks using the beamforming concept, hence increasing the received
signal power and expanding coverage. mmWave channels are still dynamic, being highly
dependent on UE positions [8]. Moreover, a sharper beam, i.e., a beam with a width smaller
than 120◦, distributes the signal in a narrow direction and covers a smaller area, causing the
second mmWave challenge, which is the line-of-sight (LOS) link between transmitter (TX)
and receiver (RX) that can simply be blocked because of static and dynamic objects [9–11].
Although solutions using diversity techniques, handover, and intelligent reflecting surfaces
(IRSs) are adapted to handle the blockage effect [10,12], the problems of LOS link blocking
and attenuation still exist.

Thus, implementing a radio resource management (RRM) scheme based on UE channel
qualities is highly vital in order to efficiently make use of precious mmWave resources.
Furthermore, any performed study to evaluate the performance of resource allocation
schemes has to consider the blockage impact on the mmWave channel. Existing mmWave
standards, i.e., IEEE 802.11 ad and 3GPP standards, discuss and explain different scenarios
and use cases, e.g., eMBB, mMTC, and URLLC, for 5G and beyond networks. However, they
neglect to define a specific radio resource allocation (RRA) mechanism that can efficiently
work in single or multiple use cases. Both standards introduce the wireless local area
network (WLAN) scenario, where the mmWave access point (AP) or base station (BS) is the
node responsible for performing RRA processes, e.g., UE scheduling, merely describing the
frame structure and its contents. The RRA operation is very critical in the eMBB use case in
order to maintain a certain quality of service for UEs in which resource blocks (RBs) are
distributed among different UEs in the system, which highly affect the overall performance
of the 5G network. Motivated by that, this work contributes to the following points:

• We study the possible scheduling algorithms that can be adapted to efficiently distribute
mmWave AP resources to UEs that experience asymmetrical eMBB applications.

• Moreover, we propose an efficient quality of service (QoS)-based proportional fairness
(PF) scheduling scheme, also named the demand-based proportional fairness (DPF)
approach. The proposed scheme depends on considering both UE channel qualities
and UE data rate demands when it distributes RBs among UEs. Furthermore, when a
certain UE reaches a total provided throughput equal to its required data rate, i.e., it
achieves its satisfaction, the priority function of this UE only depends on its channel
condition, thus offering the possibility to allocate more RBs to other UEs that are
unsatisfied with their quality of service. The main idea of this scheme, at first, is to
prioritize the UEs with lower demands and better channel conditions while ranking
UEs with higher demands and bad channel qualities at the end.

• We consider the human body blockage effect on the performance of the different
scheduling schemes studied in this paper.

Our scheme guarantees satisfaction for more UEs and, simultaneously, better system
throughput while maintaining fairness among UEs. In addition, it secures higher average
throughput per UE.

The remainder of the paper is organized as follows: In Section 2, we present and
discuss other related works that use different resource allocations and scheduling schemes
for 5G networks. Section 3 introduces the use case of the eMBB network and explains
the system model. In Section 4, we describe different scheduling algorithms that can be
implemented to serve eMBB 5G networks. Meanwhile, the proposed QoS-based PF scheme
is described in Section 5. In Section 6, we illustrate and discuss our simulation results to
evaluate the proposed scheme in comparison to conventional schemes. Finally, we conclude
our paper in Section 7. For a better presentation, Table 1 lists all acronyms in the paper,
while all symbols and notations are listed in Table 2.
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Table 1. List of acronyms.

Abbreviation Definition Abbreviation Definition

3GPP 3rd-Generation Partnership Project PF Proportional fairness
AP Access point PFS Proportional fairness scheduling
BCQI Best channel quality indicator RB Resource blocks
BS Base station RRA Radio resource allocation
CDF Cumulative distribution function RR Round robin
DKED Double knife-edge diffraction RRM Radio resource management
DPF Demand-based proportional fairness RX Receiver
eMBB Enhanced mobile broadband SPF Standard proportional fairness
EPF Enhanced proportional fairness TDD Time-division duplex
GPF generalized proportional fairness TDMA Time-division multiple access
IRSs Intelligent reflecting surfaces TX Transmitter
LOS Line of sight UE User equipment
MAC Medium access control UHD Ultra-high definition
MCS Modulation and coding scheme URLLC Ultra-reliable low-latency communication
MIMO Multiple input multiple output QoS Quality of service
mMTC Massive-machine-type communication VoIP Voice over internet protocol
mmWave Millimeter wave WLAN Wireless local area network

Table 2. List of symbols and notations.

Symbol Description Symbol Description

K Number of UEs Sk k-th UE satisfaction
N Number of time slots FI Fairness index
Pk Priority function of UE k in PF schemes Pk

∗ Priority function of UE k in DPF scheme
rk(n) Current achievable data rate for UE k wk(n) Weighted required rate value for UE k
Rk(n) Past average data rate given to UE k Rreqk(n) k-th UE required data rate at time slot n

ρ
Relative value between minimum and maximum
Required data rates of all UEs in the system R∗req

Maximum data rate required by any
associated UE in the system

Tc Constant window length Rk Actual UE k throughput
α Exponential weight of current data rate β Exponential weight of average data rate

γ(n) Current channel quality h Height of human body blockage
δ(n) MCS index l Length of human body blockage

NMCS Number of MCS indices w Width of human body blockage

2. Related Work

Existing mmWave standards have introduced different scenarios and use cases for
5G and beyond networks, but no radio resource allocation mechanism has been defined
yet. Several works in the literature have discussed and proposed scheduling algorithms
for 5G network implementation. The authors in [13] surveyed RRM schemes in 5G and
beyond networks, where they described the procedure of different scheduling algorithms
and compared them. In addition, this work discussed the factors that impact the RRA
decision and reflected on the performance of the scheduling scheme. In [14], an enhanced
broadband scheduler is proposed based on the lean production method by the combination
of the best channel quality indicator (BCQI) and SPF algorithms. This work improves
system performance in terms of throughput; however, it highly decreases the fairness
between the UEs comparable to the SPF and RR algorithms. The authors in [15] proposed
a channel-gain-based scheduling scheme for a massive multiple input multiple output
system. This scheme obtains higher throughput while maintaining fairness between UEs.
In [16], the authors studied and compared the performance of different scheduling schemes,
i.e., RR, SPF, and BCQI, on time-division duplex (TDD) mode, where various traffic types
were considered, e.g., voice over internet protocol (VoIP), video streaming, and cloud
storage. This study evaluated scheme performance in terms of throughput, but it neglects
other metrics such as UE fairness and satisfaction. In addition, it studied each traffic type
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separately, which is not a practical case where all traffic is requested at the same time frame
by different UEs.

In [17], the authors discussed the effect of blockage probability in mmWave network
on the performance of the SPF scheme and compared it with the RR scheme performance
in terms of UE data rates and fairness. The authors in [18–22] modified the priority func-
tion exponential parameters to make the SPF scheme more generalized, hence improving
throughput and fairness in different communication systems, depending on the case. Al-
though these algorithms can obtain promising results, if they are adapted in 5G and beyond
networks, all of them neglect UE demands in their procedures. In addition, they did not
consider the varied traffic between UEs based on the used application, which is the common
scenario in the eMBB use case. Moreover, the authors in [23] proposed an enhancement
to the SPF scheme by increasing the priorities of UEs with bad channel conditions. This
methodology proves its efficiency in handling mmWave channel fluctuations in industrial
internet of things applications. Although the aforementioned works provided studies for
well-known scheduling algorithms, or proposed modifications to improve the performance
of scheduling schemes, they ignore the effect of UEs’ demands on system performance.
Moreover, even if certain study considered the traffic type, it assumed that this traffic is
homogenous in all UEs, i.e., within each time frame, users require the same amount of data
rate in the form of an equal number of required packets, though data rate demands are
varied from one UE to another based on the used eMBB applications, e.g., video streaming
and VR, in 5G and beyond networks. Thus, considering non-homogeneous traffic for UEs
is a more practical scenario when studying and proposing scheduling algorithms. Our
previous work [24] discusses the disparity between UEs demands based on experienced
application and its effect on the performance of the DPF scheduling scheme. However,
it neglects the occurrence of blockage on the overall system performance. Moreover, it
considers an impractical scenario, where lower-demand applications are experienced by
more UEs. Furthermore, in this work, we adapt 3GPP standard channel models, while our
previous work assumed the MiWEBA channel model.

3. System Model

The eMBB 5G and beyond network use case is presented in Figure 1, in which a 5G AP
works in the millimeter-wave band with a 60 GHz center frequency. This figure describes
the WLAN that is used to serve eMBB services such as entry-level virtual reality and UHD
video streaming. In this network, one mmWave AP with multiple antennas and K UEs with
a single antenna are considered. The AP performs all operations in the system, e.g., initial
access and radio resource management. The AP adapts three-dimensional beamforming,
while the UE antenna is assumed to be quasi-omni. During beamforming training and
association process phases, the mmWave AP can collect all required information, e.g.,
UE channel quality, to be used for the multi-user scheduling process, where time-division
multiple-access (TDMA)-based medium access control (MAC) will be used, as standardized
in [7]. We assume a medium-sized indoor study environment, with high and varied
traffic, where the centrally placed AP manages these traffic requirements. In heterogenous
traffic, each UE requires different average data rates depending on its application, as
we will present in the Simulation section (Section 5), e.g., the UE that plays 8K video
streaming needs 300 Mbps, while the one that strongly interacts with VR requires 120 Mbps.
For modeling the human blockage effect, we consider the geometrical–empirical model
explained in [25]. This model modifies the well-known double knife-edge diffraction
(DKED) model to describe the shadowing effect of the human body through the blockage
time period. To calculate the throughput of the k-th UE that can be obtained from the
mmWave AP at time slot n, we use the modulation and coding scheme (MCS) given in ([7],
Tables 14–21).
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4. Scheduling Schemes in 5G Networks

Scheduling is a critical RRM function in 5G networks, as it determines the overall
performance of the system in terms of user throughputs, end-to-end latency, fairness
between users, and satisfaction of users. There are two categories for scheduling schemes
in wireless networks [26]: channel-independent schemes and channel-sensitive schemes.

The round-robin (RR) scheduling algorithm, shown in Figure 2, is the most famous
approach in the independent channel category because it is simple and provides efficient
performance in terms of throughput and fairness between UEs. The main drawback of
RR is that it neglects the UEs’ traffic and channel conditions; hence some UEs with bad
conditions can be provided with more than enough resource blocks, while other UEs lack
resources comparable to their needs. Therefore, the RR-based scheme wastes valuable
resource blocks in 5G networks, therefore degrading the overall system performance. Due
to its straightforward implementation and acceptable performance, we will consider RR as
a reference scheme.
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Because of the highly variant mmWave channels due to receiver positions and block-
age, it is more convenient to use channel-dependent scheduling schemes in mmWave-based
5G networks. Several algorithms from the literature can be used, e.g., BCQI, the maximum–
minimum (max–min) algorithm, and the proportional fairness (PF) approach, as well as
its versions, to distribute resources between UEs in 5G networks. BCQI prioritizes UEs
with the best channel conditions in order to assign them more RBs. Based on this criteria,
the network obtains the best throughput value, but other performance metrics are highly
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degraded. First, some UEs are ignored and not assigned RBs, and, as a result, no fairness
between users can be provided. In addition, UEs with BCQIs may take more than what they
require, leading to resource wasting. On the other hand, the max–min scheme performs the
opposite of BCQI, where it obtains optimum fairness between UEs while reducing total
throughput. The max–min scheme simply searches for the lowest-rate UE and assigns the
RB to it, then it repeats this process until the end; hence, it guarantees equal throughput
between UEs. This methodology may allocate more RBs to UEs with bad channel condi-
tions. In addition, it can provide UEs with more RBs than necessary. These two techniques
optimize one metric at the expense of the others.

Proportional fairness scheduling (PFS) schemes have been proposed to balance per-
formance metrics, mainly between UE throughput and fairness. Moreover, these schemes
depend on the indicators of the current and previous UE channel quality, i.e., instantaneous
and average data rate, respectively, in determining their priority function. Hence, they
guarantee fairly distributed RBs between all UEs in a network. PFS algorithms can be
categorized into three main classes: standard proportional fairness (SPF), generalized
proportional fairness (GPF), and enhanced proportional fairness (EPF). In SPF, at each time
slot n, the scheduler gives priority to the UE with the maximum priority function, where
the k-th UE priority function, Pk, is expressed as:

Pk = argmax
rk(n)
Rk(n)

. (1)

Here, rk(n) refers to the current achievable data rate for the k-th UE when it is associ-
ated with the mmWave AP at time slot n, and Rk(n) indicates the past average data rate
that was given to the k-th UE until time slot n. This Rk(n) is updated as [27]:

Rk(n) =


(

1− 1
Tc

)
Rk(n− 1) + 1

Tc
rk(n), k is scheduled(

1− 1
Tc

)
Rk(n− 1), k is not scheduled

. (2)

where Tc is the constant window length.
In the SPF scheduling scheme procedure, using the feedback channel quality indicators,

the system performs the algorithm in two main steps, which are calculating and sorting UE
priority functions, then assigning the RB to the UE with the highest priority function. These
steps are repeated at every time slot while updating the average UE data rate according to
(3). Tracking and updating the average achievable rate of UEs continues until the end of
the frame.

GPF scheduling schemes try to improve SPF performance by modifying the UE priority
function using two parameters α and β, which are the exponential weights of the current
data rate and the previous average data rate, respectively. Hence, these algorithms redefine
the UE priority function in (1) to a more generalized form as [18–22]:

Pk = argmax
rk(n)α

Rk(n)β
. (3)

This function becomes the SPF metric when α = β = 1.
The EPF scheme leaves the priority function without change, but it modifies the

function that updates the average achievable data rate, in which the MCS rate for each
channel condition is considered as an exponent to instantaneous rate. This new priority
function is expressed as [23]:

Rk(n) =


(

1− 1
Tc

)
Rk(n− 1) + 1

Tc
rk(n)γ(n), k is scheduled(

1− 1
Tc

)
Rk(n− 1), k is not scheduled

. (4)
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where γ(n) = δ(n)/NMCS + 0.5 refers to current channel quality, δ(n) is the MCS index,
and NMCS is the number of MCS indices.

5. Proposed Demand-Based Proportional Fairness Scheduling Scheme

In future 5G and beyond networks, several applications are experienced by UEs, e.g.,
in the eMBB use case, UEs can experience VR or video streaming. Hence, each UE needs
to receive a different amount of packets depending on its application. Consequently, it
becomes mandatory to consider UE demands in distributing RBs among them in order to
achieve high QoS. Motivated by this, a QoS-based proportional fairness scheduling scheme
is proposed, in which we modify the SPF priority function of each UE based on its required
data rate relative to the maximum required data rate by any associated UE in the network.
Hence, the new Pk

∗ will be expressed as:

Pk
∗ = argmax

1
wk(n)

rk(n)
Rk(n)

. (5)

where rk(n) and Rk(n) have the same definition as in the SPF scheme, while the weighted
required rate value wk(n) can be defined as

wk(n) =

{ Rreqk(n)
R∗req

, Rk(n) < Rreqk
1, Rk(n) ≥ Rreqk

. (6)

where Rreqk(n) is the k-th UE required data rate at time slot n, and R∗req refers to the
maximum data rate required by any associated UE in the system. In addition, Rreqk(n) is
updated at every slot as follows

Rreqk(n) = Rreqk − Rk(n). (7)

Here, Rk(n) is the average rate that is provided to the k-th UE up to time slot n, which
is defined in (2). At the beginning of the scheduling process, the initial required data rate by
the k-th UE equals the rate that it demands when requesting association with the AP, namely,
Rreqk, i.e., the rate required by the ongoing eMBB application. Moreover, wk(n) ∈ [ρ, 1],
where ρ refers to the relative value between the minimum and maximum required data
rates of all UEs in the system, and wk(n) = 1 corresponds to the case when the proposed
DPF is similar to the SPF scheme, where the priority function of scheduling will not be
affected by the UE demand.

The procedure of the proposed DPF scheduling algorithm is presented in Algorithm 1.
This procedure is based on the idea of providing lower required data rate UEs with higher
priority to be scheduled and assigned to RBs. Hence, it guarantees a higher satisfaction
level for more UEs and simultaneously maintains the balance between system throughput
and fairness among users as the SPF scheme. The weighted required data rate value,
wk, is updated until Rk(n) becomes larger than or equal to Rreqk, which means the k-th
UE is satisfied; thus, its priority function will only depend on its channel quality. In the
proposed algorithm, all UEs have the opportunity to be served by mmWave links and
to obtain satisfaction based on their channel quality and required QoS. However, UEs
with low required data rates have more chance to quickly obtain that because they need
a fewer number of RBs to experience their applications. Comparable to the SPF scheme,
the proposed scheme produces a little increase in the system complexity due to adding
Steps 2, multiplying wk as in (5) for Step 3, and updating UE required data rate as in Step
6 according to (7). However, all these required operations are performed using matrices
multiplication principles. Moreover, nowadays, calculation computers are very powerful
and can perform these operations quickly and easily. Hence, the consumed time due to
adding these calculations is very short in comparison to the benefits gained from this
proposed algorithm in terms of throughput, fairness, and satisfaction.
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Algorithm 1: Proposed QoS-based Proportional Fairness Scheduling

1: Input: Rreqk, Rk, rk for all UEs
2: Output: Scheduling all UEs along the time frame
3: Start
4: For each time slot n
5: Calculate wk using (6)
6: Calculate Pk

∗ using (5)
7: Sort Pk

∗ for all UEs
8: Assign current time slot to the UE k with the higher PF
9: Update Rk and Rreqk using (2) and (7), respectively
10: End
11: Stop

6. Numerical Simulation

In this section, due to the importance of considering the probability of blocking of the
main LOS link, we first investigate the effect of blocker density on the blockage occurrence
in the network. Then, we study the performance of the proposed quality of services
based proportional fairness scheduling and compare it with the conventional RR and
SPF algorithms.

6.1. Performance Metrics, Simulation Scenarios, and Parameters

In this study, we focus on total system throughput, fairness among UEs, satisfaction of
UEs, and average throughput per UE metrics. These metrics are highly important to 5G
and beyond networks. The first two metrics are vital from the network point of view, while
the third and fourth metrics maximize the UE benefits. The RRA operation is very critical
in the eMBB use case in order to maintain a certain quality of service for UEs, where users
have a great desire nowadays to be provided with their required demands to efficiently
experience their used application. Hence, UE satisfaction becomes an important metric for
eMBB application UEs. Providing satisfaction for a UE means that enough resource blocks
are allocated to this UE, hence guaranteeing a throughput for it that equalizes its required
data rate, Rreqk, or more. UE satisfaction Sk can be introduced as given in [28] as:

Sk =
Rk

Rreqk
. (8)

where Rk is the actual UE throughput. In our system, Rk cannot exceed Rreqk; thus,
Sk ∈ [α, 1]. Moreover, we adapt Jain’s fairness index as a metric to describe the fair-
ness among UEs, which is defined as [28],

FI =

(
K

∑
k=1

Sk

)2

/K
K

∑
k=1

Sk
2 (9)

In this study, we assume the number of associated UEs with the mmWave AP is 16 and
32 UEs, where these two cases are considered a good examples to explain the performance
of the proposed DPF scheme. In addition, we consider two scenarios in the network, and,
within each scenario, UEs experience different eMBB applications. These applications are
4K ultra-high-definition (UHD) video streaming, which requires a 75 Mbps data rate; weak-
interaction and strong-interaction entry-level virtual reality (VR), which needs 120 and
200 Mbps, respectively; and 8K UHD video streaming, which requires 300 Mbps [2]. This
leaves us with four categories in each scenario. For the first scenario, all applications are
required by UEs with the same probability equal to 0.25. For example, in the case with
32 UEs, each group of 8 UEs will experience one application. In the second scenario, we try
to make it more practical for future 5G requirements, where we assume higher-demand
applications will be experienced by more UEs. Hence, we assume 4K video streaming, weak
and strong interactions, VR, and 8K video streaming are experienced by 12.5%, 18.75%,
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31.25%, and 37.5% of the total number of UEs, respectively. Considering different UE
applications guarantees to present the effect of UE demands on the final performance of
the scheduling algorithm.

Additionally, we uniformly distribute the UEs in the network assuming an indoor
area with dimensions 25 m × 25 m × 5 m, where the UE plane height from the ground
is 1 m. In addition, we take into consideration the human body dimension, which affects
the blockage probability, as human height is h, human length, is l and human width is
w. Moreover, we distribute blockers with different densities B, united by blockers per m2

(bl/m2). The simulation parameters are presented in Table 3. This simulation is conducted
with 100,000 Monte Carlo trials.

Table 3. Simulation parameters.

Parameters Value

Room dimensions 25 m × 25 m × 5 m
UEs height from floor 1 m
Human blockage dimension, h, l, w 1.75 m × 0.5 m × 0.2 m
Number of served UEs 16, 32
Number of mmWave APs 1
TX power of mmWave AP 10 dBm
MmWave beamwidth 20◦

Carrier frequency 60 GHz
Length of one subframe 100µs
OFDM symbols per subframe 24
Modulation scheme Adaptive modulation and coding
MmWave bandwidth 1.825 GHz
UEs required data rate 75, 120, 200, and 300 Mbps

6.2. Simulation Results

Figure 3 shows the effect of the density of the blockers on the blockage occurrence
in the studied area. As expected, a denser area with many human bodies increases the
probability of blocking the main LOS link between the AP and UEs. This increase in
blockage means lower channel qualities for more UEs; hence, the variation in channel state
information of UEs increases, and the channel-sensitive scheduling algorithms become
more needed, as we will discuss in the following paragraphs. From Figure 3, with 0.5 and
1 bl/m2 blockers densities, the blockage probabilities are 0.8 and 0.15, respectively. The
average human density in indoor environments is 1 UE/m2; thus, we will consider and
study the case with a 0.15 blockage probability through our study.
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In Figures 4a,b and 5a,b, the comparison between the performance of the proposed
scheduling scheme and other conventional schemes is performed and presented from
the network-side perspective. Figure 4a,b shows the total system throughput in the case
of adapting the two aforementioned discussed scenarios, while Figure 5a,b presents the
fairness among UEs. In the case of 16 UEs, the proposed demand-based scheduling scheme
outperforms the RR and SPF schemes for both scenarios, even if the blockage of the main
LOS link happens. For example, the DPF approach guarantees 2.77 and 3.29 Gbps total
throughput in the case of adapting first and second scenarios with a blockage probability
of 0.15 for both, respectively, which are 130 Mbps and 200 Mbps increases comparable to
the system throughput obtained using the standard proportional fairness algorithm for
both scenarios, respectively. Moreover, the proposed scheme maintains the fairness among
UEs higher than that obtained using the RR and SPF scheduling schemes.
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blocking existence when (a) first scenario and (b) second scenario are adopted.

Symmetry 2022, 14, x FOR PEER REVIEW 11 of 16 
 

 

  
(a) (b) 

Figure 5. Fairness index of RR, SPF and DPF schemes versus number of UEs with/without block-
ing existence when (a) first scenario and (b) second scenario is adopted. 

Regarding the case of 32 UEs associated with the AP, the proposed DPF scheme still 
works well and obtains promising results in the first scenario, as it guarantees 4.38 and 
4.17 Gbps system throughput with no blockage and a 0.15 blockage probability, respec-
tively, which is higher than the throughput obtained using RR and SPF with 1080 and 
310 Mbps for no blockage condition and 390 and 230 Mbps for 0.15 blockage probability 
condition, respectively. Meanwhile, it maintains the fairness index at 0.91 and 0.89, re-
spectively, which are acceptable values. It is true that, in the second scenario, the pro-
posed DPF scheme cannot obtain similar promising results in terms of system through-
put and fairness as in the first scenario; however, it can preserve high UEs satisfaction 
and average throughput per UE comparable to RR and SPF schemes, as we will explain 
when discussing satisfaction figures for the 32 UEs case. The degradation of perfor-
mance is not because of the proposed algorithm itself but owing to the fact that UEs re-
quire massive data rates in the second scenario compared to the available throughput 
that the system can provide. For example, the sum of the required data rates of UEs, ex-
periencing the studied applications, will be (0.125 × 32) × 75 = 300, 720, 2000, and 3600 
Mbps on average, respectively. This means the total data rate demand is 6620 Mbps, 
which is higher than the data rate that can be provided by the single mmWave AP on 
average, nearly double the average provided rate, which is 3700 Mbps. Hence, although 
the proposed scheme tries to efficiently schedule UEs, it fails to achieve higher system 
performance. Specifically, the QoS-based PF scheme fails to provide higher-demand 
UEs, i.e., 8K video streaming UEs, with enough RBs quickly, as we will clarify with av-
erage throughput per UE figures. For results comparison, the proposed DPF scheme 
guarantees only 4.45 and 4.24 Gbps system throughput with no blockage and a 0.15 
blockage probability, respectively, which is a little lower than the throughput obtained 
using SPF, 4.48 and 4.32 Mbps, respectively. In addition, the fairness between UEs de-
creases to 0.84 and 0.82 using the proposed scheme comparable to 0.92 and 0.9 when the 
SPF scheme is used with no blockage and a 0.15 blockage probability, respectively. 

Figure 6 presents the cumulative distribution function (CDF) of UEs satisfaction in 
the case of 16 UEs associated with the AP for the first and second scenarios in Figure 
6a,b, respectively, with no blockage and with a 0.15 probability of blockage occurrence. 
The CDF curve is an indication of the event occurrence, i.e., the probability that the UEs 
are provided with their required data rate or more. In other words, using CDF, we can 
determine how many UEs are satisfied with a certain satisfaction level 𝑥. The CDF, 𝐹௑, is 
the probability, 𝑃ሺ𝑋 ≤ 𝑥ሻ; thus, to find a certain satisfaction, e.g., UEs satisfaction of 50%, 

0.8

0.85

0.9

0.95

1

16 32

Fa
irn

es
s i

nd
ex

Number of UEs

RR, Pb = 0 SPF, Pb = 0 DPF, Pb = 0
RR, Pb = 0.15 SPF, Pb = 0.15 DPF, Pb = 0.15

0.8

0.85

0.9

0.95

1

16 32

Fa
irn

es
s i

nd
ex

Number of UEs

RR, Pb = 0 SPF, Pb = 0 DPF, Pb = 0
RR, Pb = 0.15 SPF, Pb = 0.15 DPF, Pb = 0.15

Figure 5. Fairness index of RR, SPF and DPF schemes versus number of UEs with/without blocking
existence when (a) first scenario and (b) second scenario is adopted.
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Regarding the case of 32 UEs associated with the AP, the proposed DPF scheme still
works well and obtains promising results in the first scenario, as it guarantees 4.38 and
4.17 Gbps system throughput with no blockage and a 0.15 blockage probability, respectively,
which is higher than the throughput obtained using RR and SPF with 1080 and 310 Mbps
for no blockage condition and 390 and 230 Mbps for 0.15 blockage probability condition,
respectively. Meanwhile, it maintains the fairness index at 0.91 and 0.89, respectively, which
are acceptable values. It is true that, in the second scenario, the proposed DPF scheme
cannot obtain similar promising results in terms of system throughput and fairness as in
the first scenario; however, it can preserve high UEs satisfaction and average throughput
per UE comparable to RR and SPF schemes, as we will explain when discussing satisfaction
figures for the 32 UEs case. The degradation of performance is not because of the proposed
algorithm itself but owing to the fact that UEs require massive data rates in the second
scenario compared to the available throughput that the system can provide. For example,
the sum of the required data rates of UEs, experiencing the studied applications, will be
(0.125 × 32) × 75 = 300, 720, 2000, and 3600 Mbps on average, respectively. This means
the total data rate demand is 6620 Mbps, which is higher than the data rate that can be
provided by the single mmWave AP on average, nearly double the average provided rate,
which is 3700 Mbps. Hence, although the proposed scheme tries to efficiently schedule UEs,
it fails to achieve higher system performance. Specifically, the QoS-based PF scheme fails to
provide higher-demand UEs, i.e., 8K video streaming UEs, with enough RBs quickly, as we
will clarify with average throughput per UE figures. For results comparison, the proposed
DPF scheme guarantees only 4.45 and 4.24 Gbps system throughput with no blockage
and a 0.15 blockage probability, respectively, which is a little lower than the throughput
obtained using SPF, 4.48 and 4.32 Mbps, respectively. In addition, the fairness between UEs
decreases to 0.84 and 0.82 using the proposed scheme comparable to 0.92 and 0.9 when the
SPF scheme is used with no blockage and a 0.15 blockage probability, respectively.

Figure 6 presents the cumulative distribution function (CDF) of UEs satisfaction in
the case of 16 UEs associated with the AP for the first and second scenarios in Figure 6a,b,
respectively, with no blockage and with a 0.15 probability of blockage occurrence. The CDF
curve is an indication of the event occurrence, i.e., the probability that the UEs are provided
with their required data rate or more. In other words, using CDF, we can determine how
many UEs are satisfied with a certain satisfaction level x. The CDF, FX, is the probability,
P(X ≤ x); thus, to find a certain satisfaction, e.g., UEs satisfaction of 50%, we perform
this calculation (1− P(satis f action o f UEs ≤ 0.5)) × 100, and so on. It is clear that the
proposed DPF guarantees the best satisfaction for nearly all UEs as it outperforms both the
RR and SPF schemes in the case of adapting the first or second scenario. For example, in
Scenario 1 in Figure 6a, it achieves about 99.9% and 99.6% of full satisfaction for all 16 UEs
with no blockage and 0.15 blockage probabilities, respectively. While the SPF scheme can
guarantee satisfaction for only 84% and 76.6% of the network UEs, the RR scheme obtains
satisfaction for only 66.3% and 50.07 of the UEs in the case of no blockage and 0.15 blockage
occurrence, respectively. Although the second scenario decreases the satisfaction level with
a little difference, the QoS-based PF scheme still provides higher satisfaction for all the
16 UEs. For example, the DPF achieves full satisfaction for 99.5% of network UEs with
0.15 blockage probabilities; in contrast, SPF and RR obtain this for only 76% and 54% of the
UEs, respectively.

For the 32 UEs case, the performance of the scheduling schemes in terms of UE
satisfaction is shown in Figure 7a,b for the first and second scenarios, respectively. In the
first scenario, for 50% UEs satisfaction or lower, the SPF outperforms both the proposed
scheme and the RR schemes. However, it is not the required satisfaction, as the final goal is
to obtain 100% satisfaction for UEs. Hence, it is proven that the proposed scheme satisfies
more UEs, as it obtains full satisfaction for nearly 78.8% and 61.23% of all UEs on average
with no blockage and a 0.15 blockage probability, respectively. These satisfaction levels
are higher than that guaranteed by using the SPF by nearly 33% in both blockage cases.
Moreover, in the second scenario, the proposed QoS-based PF scheme outperforms both
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the RR and SPF algorithms. For instance, in the case of the 0.15 blockage probability, it
guarantees 100% satisfaction for nearly 65% of all network UEs on average, while the SPF
and RR schemes guarantee this for only 30% and 19% of the UEs, which highly degrade the
system performance from the perspective of UEs quality of service. This high enhancement
of UE satisfaction due to using the proposed scheme, at the expense of a slight decline in
throughput and fairness, as explained before, makes it more convenient and desirable to
use the DPF scheme over both RR and SPF for eMBB 5G networks.
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Nevertheless, it is important to investigate the reason that makes the system through-
put of the SPF better than that obtained using the proposed DPF scheme in the second
scenario with the 32 UEs case, as shown and described in Figures 4b and 5b. Hence, we
study the average throughput per UE for every eMBB application separately in Figure 8a,b.
In the case of 16 UEs, there is no problem, and the proposed scheme achieves higher average
throughput per UE in all applications, and, at the same time, it provides UEs with all their
full required data rate. For example, UEs experience 8K video streaming supplied by their
300 Mbps data rate on average; meanwhile, the RR and SPF schemes provide them with
only 219 and 268 Mbps, respectively. However, in the case of associating 32 UEs with the AP,
the proposed scheme provides higher throughputs for all UEs, nearly equal to the required
data rate, for all applications except for the 8K video streaming UEs. For instance, UEs are
provided with about 130 and 106 Mbps using the DPF in Scenario 1 and 2, respectively,
which are lower than the throughput provided using the SPF scheme, which supplies
UEs with about 152.5 Mbps in both scenarios. This is because the proposed QoS-based PF
scheme prioritizes UEs with lower demands, i.e., 4K video streaming and VR UEs, to be
allocated to RBs first. However, it can be noticed that the provided throughputs for 8K
video streaming UEs are far from the required demands in the case of using any scheduling
scheme, which indicates that the available resources of the used AP are insufficient. Hence,
if the resources are increased by adapting MIMO techniques or wider bandwidth, the
proposed scheme will outperform the conventional RR and SPF schemes as in the case
when 16 UEs are associated with the AP.
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7. Conclusions

In this paper, we study the scheduling algorithms that can possibly be adapted for
the eMBB use case in 5G and beyond networks. Furthermore, we propose an efficient
QoS-based PF scheduling scheme, which, at first, depends on UEs’ demands besides the
channel qualities of UEs, then relies only on UEs’ channel conditions when UEs reach their
satisfaction point. Additionally, the occurrence of blocking and its effect on scheduling
schemes, especially the proposed one, is considered in this study. The principle of the
proposed scheme is to prioritize UEs with lower demand and better channel conditions
to be scheduled first; hence, it can guarantee satisfaction for more UEs in the network, as
it gives them their actual needs of throughput. Moreover, it secures higher total system
throughput and, simultaneously, maintains fairness between UEs. For example, with
32 UEs in the network, 78.8% and 61.23% of full satisfaction can be guaranteed to UEs using
the proposed DPF scheme, comparable to only 47.3% and 27.5% using the SPF scheme.
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In addition, it guarantees 4.38 and 4.17 Gbps overall system throughput, maintaining
fairness at 0.91 and 0.89 considering no blockage and a 0.15 blockage probability in the first
scenario, respectively. Meanwhile, with a more practical second scenario and assuming a
0.15 blockage probability, the proposed scheme satisfies 65% of network UEs and guarantees
4.24 Gbps total throughput with 0.82 fairness among UEs, while the SPF and RR schemes
satisfy only 30% and 19%, respectively, which highly degrade system performance from the
perspective of UE QoS. Moreover, the proposed DPF scheme provides almost all UEs with
their asymmetric required data rate except for UEs that experience 8K video streaming. In
the future, a system considering MIMO techniques will be studied, as it will provide higher
throughputs for UEs and will be able to overcome the degradation in the performance that
occurs in the second scenario with 32 UEs in the network. In addition, the performance
of scheduling will be studied considering UEs experience different heterogenous traffic
coming from all 5G network use cases, i.e., massive-machine-type communication, ultra-
reliable low-latency communication, and eMBB, at the same time frame.
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