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Abstract—Radio Resource Management (RRM) is the key component that
influences the Quality of Service (QoS) in emerging mobile systems. The harsh
requirements of recent multimedia applications press on the behavior of the re-
source allocation model at the Medium Access Control (MAC). This, under cer-
tain conditions, deteriorates awareness of the scheduler in satisfying QoS char-
acteristics for the diverse attending traffic flows. The trade-off between QoS
metrics may be a viable remedy to this problem. However, if the tradeoff is not
meticulously addressed, it definitely increases the delay beyond the allowed
threshold and plummets the data rates of the involved flows. In this article, a
Delay-oriented Resource Allocation (DoRA) scheduler is proposed for the
downlink channel to transmit multimedia applications. The main aim of DoRA
is to schedule flows of different volumes with guaranteed low delay values and
acceptable throughput under harsh network conditions (i.e., high traffic load
and mobility). An efficient priority weight function is formulated based on a de-
lay-oriented rule considering the buffer delay of the diverse flows. Eventually, a
greedy algorithm assigns channel resources to the prioritized flows with high
weights. DoRA is compared to reference schedulers using system-level simula-
tion over two scenarios. The performance results indicate that DoRA maintains
a low end-to-end delay with robust throughput and efficient spectrum efficiency
for different flow volumes over congested network states.

Keywords—LTE, downlink recourse allocation, MAC scheduler, QoS, greedy
algorithm, delay, fairness

1 Introduction

Mobile communication technologies have received wide attention due to the rapid
escalation of rich broadband content. From 2011 up to the meantime, the advance-
ments of mobile systems led by Long Term Evolution (LTE) networks have been
axial in generating 5.5 billion new smartphone connections worldwide. A recent traf-
fic forecast report by Ericsson indicated that such a tremendous reliance on mobile
data led to exponential mobile data growth by the year 2021 which dominated about
43% of the total Internet traffic technologies [1]. This share is highly expected to be
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further expanded from 78 exabytes (EB) in 2021 shooting up to 370 EB by 2027. The
modern multimedia services are considered the QoS dominant traffic theme and the
technology driver in evolved mobile systems [2], [3]. Therein, data rates of several
Gbps with low fractions of latency under high-speed user mobility and dense scenari-
os are attainable for real-time applications. The user applications in this pool are pro-
liferating faster than ever before to flow over the downlink stream. This is due to the
nature of such services being bandwidth-hungry with burst and heterogeneous con-
tents. In that, the prominent features of Orthogonal Frequency Division Multiple Ac-
cess (OFDMA) technology are being leveraged at the downlink (DL) channel. This
enables a high system capacity with ideal QoS gains by simultaneously transmitting
traffic of different users who are multiplexed in time and frequency domains [4], [33].

The resource allocation process takes place at the evolved Node B (eNB), hence
the OFDMA downlink channel is modeled in Frequency Domain (FD) and Time
Domain (TD). The OFDMA channel allows allocating the pairs of radio Resource
Blocks (RBs) from the same spectrum among multiple User Equipment (UEs) to
provision the QoS of MBB services. Each RB has a capacity of 180 kHz and spans
over 12 symmetrically spaced sub-carriers in FD. In TD, RBs are allocated to UEs
each Time Transmission Interval (TTI), where each TTI spans over 1 ms [5]. For
burst traffic, the transport block of data may prolong beyond a TTI. In this case, the
LTE frame (equivalent to 10 consecutive TTIs) is utilized during the scheduling pro-
cess to manage the transmission of such heavy contents by invoking packet fragmen-
tation procedures at the downlink MAC scheduler in eNB.

Based on the intensive review of the related works in Section II, it is observed that
the downlink resource allocation still has some limitations retarding it from guaran-
teeing a low delay for real-time contents when processing traffic with different QoS
characteristics. For example, a related LTE downlink scheduler, namely Delay-based
Weighted Proportional Fairness (DBWPF) [6], provides a good level of service fair-
ness though for a specific LTE system model scenario. In finite traffic models, alt-
hough a decent level of delay fairness is attainable by DBWPF, it notably deteriorates
when variable bit rate (VBR) traffic is considered in the shared transmission channel
for several UEs. In fact, DBWPF leverages a tunable QoS parameter to control the
data window size for the attended flows. The QoS parameter, however, is defined
statically by the user as a fixed value without any recommended range. This, certain-
ly, restrains the scheduler's responsiveness to maintain the ideal QoS for variable bit
rate traffic. Moreover, setting the parameter to a relatively high value (as applied in
the referred model [6]) provides an odd scheduler decision that relies more on accept-
ing flows based on their historical delay values (from previous scheduling intervals)
rather than the current actual delay. This, eventually, leaves the current flows to starve
more delay budget. Types of sensitive traffic that have variable flow volumes will
severely be affected.

In this article, a delay-oriented recourse allocation algorithm for OFDMA-based
systems, namely DoRA, is proposed to address the scheduling problem for VBR traf-
fic. In details, the proposed work adopts a greedy and priority-based approach that
utilizes content information such as actual buffer delay to influence the scheduling
decision. DoRA effectively schedules flows of different data volumes whose delay
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budgets are relatively high and may tend to expire. The significance of the proposed
algorithm dwells in the self-adaptable behavior to tune delay during high stages of
traffic loads by an exponential utility function. This returns a persistent and ideal level
of QoS for diverse traffic classes, especially, during congested states of the network
communication scenario.

After the Introduction, the remaining contents are organized as follows: Section 11
describes the related works of downlink scheduling. In Section III, the proposed de-
lay-based scheduler is presented. In Section IV, performance evaluation using simula-
tion experiment scenarios is described and enclosed with a detailed discussion of the
results. Finally, the conclusion of the proposed work is stated in Section V.

2 Related works

The radio resource management (RRM) concept in the evolving LTE mobile gen-
erations has been given serious attention by research and development domains. RRM
is known as a set of processes and procedures over the comprising layers in the LTE
protocol stack. In that, MAC and Physical layers accommodate the most influencing
processes to the QoS provisioning. This calls for classifying the involved procedures
as latency-oriented or throughput-based, based on the involved user applications [7].
In the downlink MAC scheduler, flows selection and resource allocation are substan-
tial processes that occur in regular intervals (i.e., 1 ms) to deliver application contents
to the designated users under QoS constraints. Bearing that in mind, the following
details discuss the state-of-art and existing downlink resource allocation and schedul-
ing efforts to improve QoS for certain user applications.

Most of the state-of-art resource allocation methods are classified into channel-
unaware and channel-aware [8], [9]. Channel-unaware scheduling assumes a time-
invariant and error-free transmission media. For instance, in [9], the authors discussed
the principles of straightforward scheduling algorithms such as First In First Out
(FIFO), Round Robin (RR), Blind Equal Throughput (BET), and Weighted Fair
Queuing (WFQ) in LTE network. In FIFO, the users are served according to a
chronological order using flows' arrival time. RR algorithm instead focuses on time-
sharing systems to realize pure fairness in the amount of time the channel is utilized
by users. However, allocating an equal amount of time to users with different re-
quirements is not good for intense-contents applications in terms of data rate. Consid-
ering the simplicity of RR, it was extended by [10] in a heuristic resource allocation
algorithm. In that, the channel state information (CSI) is added to the RR principle
aiming to boost the system capacity. On the other hand, the known principle of Earli-
est Deadline First (EDF) is widely used as a viable solution to the resource allocation
problem. EDF counts for a delay weight on every active flow as it approaches the
maximum delay bound. As an enhancement to this rationale, the authors in [11] pro-
posed QoS-unsatisfied sessions by an Earliest Deadline First (QEDF) allocation algo-
rithm for integrated WiFi and cellular system traffic offloading and congestion avoid-
ance. QEDF assigns the channel resources to the session that does not meet the QoS
requirements but is approaching the deadline. This algorithm works side by side with
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another method which allocates more bandwidth to sessions that fulfill the QoS re-
quirements.

Channel-aware techniques benefit from the reported Channel Quality Indicator
(CQI) feedbacks from the users during the scheduling process. The simplest form is
the Maximum Throughput (MT) principle. Resource Blocks (RBs) in MT are as-
signed to the users with high CQIs. MT has been extended in many studies, for exam-
ple in [12], the MT rule was involved in a utility-based resource allocation function
named Hybrid Weighted Exponential Logarithm-Maximum Throughput (HWEL-
MT). The function aims to increase the system throughput and limit the data loss
ratio. Notably, HWEL-MT improves the system throughput and minimizes the delay,
however, only for flows with burst traffic and at the expense of the other flow types.

Due to the radical biasness of MT to the system capacity, fairness is considered a
major issue. Here, another legacy version of MT is defined as proportional fairness
(PF) to rely on the scheduling decision on the channel throughput bounded by the
historical average throughput. PF is widely accepted by many resource allocation
solutions and thus has been diversely extended. In [13], a scheduling policy named
Channel Aware Optimized Proportional Fair (CAOPF) was introduced to optimize the
channel behavior that shares traffic considering the measured CQI values. The intro-
duced scheduler relies on static user pre-defined parameters for channel and QoS
weights which returns a short-range QoS performance guarantee though. Authors in
[14] modified the conventional behavior of PF by integrating the buffer size of the
flow while in [31] root mean square (RMS) method is considered to build the cost
function of PF. The modified PF-based utility resulted in a mild performance between
system throughput and fairness. However, it does not reveal a significant improve-
ment with the QoS guarantee for real-time data.

PF was extended in [6] to handle delay-sensitive traffic by introducing DBWPF.
DBWPF adopts a delay weight value that is calculated from historical information of
buffer status to prioritize flows to improve delay fairness. Nonetheless, this mecha-
nism results in a high compromise on throughput and deteriorated level of delay for
all involved users. Authors in [15] utilized both MT and RR to develop a scheduler
that aims at balancing throughput and fairness. Based on this approach, throughput is
ensured high over the time domain scheduling. However, the fairness is maintained
tight at the expense of more delay, especially on flows with low CQIL.

The literature also reveals some comprehensive analysis of the different MAC
scheduling procedures where holistic resource assignment models are developed for
flows’ selection and classification as seen in [16, 17, 18]. These models show an out-
standing performance and yet efficient full utilization of the channel resources. The
models are devoted to a specific function such as admission control [18], flows QoS
analysis and RBs assignment mechanisms [17], or spectral efficiency boosting [16].
In this case, although QoS is provisioned in multi-dimensions, a wise concern should
be drawn in terms of computational complexity costs that hinder implementing large-
scale systems. A promising solution to this dilemma can be, for example, by consider-
ing energy-efficient resource allocation where the power level of the involved sub-
channels is adaptively set based on the offered load as in [19].
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The problem of resource allocation in the MAC scheduler is also addressed via so-
lutions from different categories. In [26], jitter is assumed to be the main challenge to
the real-time streaming video quality. A solution using a greedy algorithm is proposed
for the MAC scheduler. The algorithm prioritizes different video flows based on a
scheduling formula that counts for an exponential behavior of the buffer as well as the
jitter estimation in the frames. Authors in [27] believe that integrating time and fre-
quency domains returns an improved results for real-time and non-real-time applica-
tions. For that, the authors developed a channel-based frequency domain method as a
top layer in the scheduler to improve the throughput. In the lower layer, a time-
domain scheduling method is adopted hence a dynamic class-based establishment
algorithm is used to solve the optimization problem for queue-based transmission. In
[28], another viable solution for the problem of resource allocation is by using fuzzy
logic. A multi-user content-aware priority-based scheduling algorithm is proposed for
quantitatively classifying the flows based on the video content and channel condi-
tions. The authors in [29] introduced a deep Reinforcement Learning (RL) approach
to solve the resource allocation problem in time and frequency domains. The ap-
proach optimizes a set of objective functions considering pre-station channel quality
and traffic information as input. The merits of neural networks applications attracted
many researchers. For example, in [30] a radio resource allocation using a genetic
algorithm (GA) in heterogeneous networks is proposed to optimize user association
and resource block allocation and realize multi-QoS objectives. Some resource alloca-
tion solutions are especially designed for vehicular scenarios, for example [32], where
interference level of neighboring vehicles is counted in the scheduling function.

From the demonstrated works above, it is observed that the delay and throughput
should be two key criteria in developing a scheduling algorithm for the downlink
channel. Considering network scenarios with rich bandwidth-hungry multimedia
traffic of different volumes and desperate QoS profiles, the majority of the discussed
scheduling algorithms impose limitations in guaranteeing an efficient level of data
flows with a high rate and low latency, especially at high loads of network states.
Thereupon, throughout this work, we introduce a delay-oriented scheduling algorithm
for the downlink LTE MAC layer that allocates channel resources to different flows
by employing a dynamic delay threshold to achieve low latency and high throughput.

3 DoRA: The proposed resource allocation algorithm

DoRA is introduced as an FD scheduling algorithm for the downlink channel to al-
locate resources to different UE flows in each TTI minding the adaptive QoS profiles.
In this manifest, we assume that data flows are transmitted to respective UEs coming
from the eNB (where DoRA is adopted) each TTI (1 ms). In general, eNB imposes a
certain decision on the admitting flows to be transmitted depending on the reported
CQI from a particular UE through the uplink signaling channel. The eNB then ex-
ploits the CQI to define the perfect modulation and coding scheme (MCS) to transmit
the data for that UE with the least amount of channel errors. With high reported CQI
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values, most user data is guaranteed to be successfully received on time with minor
delay.

i =argmax,(m,,, (1)) (1)

The process of radio resource allocation is adaptively recurring every TTI in the
MAC scheduler to carry the various types of users’ data through a shared channel.
The resource allocation is accomplished based on the evaluation of flows’ metrics
weights on the available grid of RBs. At the ¢ TTI, given the measured metric M;.(?),
the m™ RB is allocated to the i user if i satisfies,

To facilitate understanding the syntax and structure of the proposed DoRA algo-
rithm, Table 1 depicts a description of the utilized parameters and notations. Also, the
flow chart in Figure 1 demonstrates the rationale of DoRA’s involved procedures.
Without the loss of generality, DoRA is implemented at the MAC scheduler to en-
hance three properties of QoS: throughput, fairness, and delay-awareness. In the fol-
lowing sub-sections, we comprehensively describe the logic that accompanies each
property and the impact of these integrated properties on the scheduling decision of
DoRA. It is noteworthy to remark that DoRA is developed as a combination of all the
above-mentioned properties. Therefore, DoRA scheduling metric M;,,(2) is presented
by integrating the parameters of each property. The method of how DoRA is realizing
each property is discussed phase by phase.

Table 1. Notations description used in DoRA

Notation Description
i UE index such that j € {/,2, 3, ..., n}
t current Time Transmission Interval (TTI) in ms. (t =1 ms)
Hol (1) The measured delay of the UE ; flow
T The maximum delay bound. It is pre-defined by the user.
r(t) The actual data rate of the UE j channel
Iz. () The average transmission rate of UE
D,(1) The delay weight function for flow |
M., () The priority metric of UE j on RB s on ¢ TTI
X, Delay biasness parameter
Y Delay-throughput balancing parameter
z; Slope coefficient of the delay function
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Fig. 1. Flowchart of the proposed resource allocation algorithm (DoRA)

31

Channel-awareness property in DoRA

In DoRA, the scheduler benefits from the reported CQI to deliberately measure the
channel gain using the well-known Shannon channel capacity principle [20]. Therein,
ri(t) is calculated from the Signal-Interference-to-Noise-Ratio (SINR). Each TTI,
SINR is derived from the reported CQI via the control channel. In that, the simple
channel-aware scheduling decision is expressed as,

M, (t)=r(t)

,m

()= flog,(1+7,(1)
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B refers to the sub-channel bandwidth (equal to 180 kHz according to the LTE
physical layer configurations). z,(t) indicates the SINR that is the measured signal

strength at UE 7 and it is obtained from the CQI value as follows,

£ () =—20&W
I Ipw, () +N pw, @)

where pi(?), gi(t), and Ipw,(t) are the power transmission rate of i, channel gain, and
the returned interference amount by UE bearer j in the #* TTI, respectively. Also,
Npwy implies the Additive White Gaussian Noise (AWGN) power.

Equation (3) implies that the scheduling decision purely emphasizes throughput
maximization. Hence, flows from UE with high CQI values are mostly prioritized for
scheduling in each TTI. With this linear behavior of channel-aware resource alloca-
tion, the scheduling decision badly suffers from unfair service guarantee as more
users with different channel conditions are engaged in the scenario. Technically, this
means that cell-edge UEs are relatively denied from gaining radio resources to trans-
mit their data.

3.2  Fairness property in DoRA

For DoRA scheduling decision to consider a sense of fair resource allocation
among the involved UEs, we count on the historical transmission rate of a particular
UE. Thus, a sort of fairness is established in the scheduling decision to guarantee
service to those UEs with a low level of previous transmission rates; i.e, UEs with
poor CQI values. The priority metric M, () with fair channel-aware can be expressed
as,

M, (5 ==0
’ Ri (t) (5)
hence, R (t) is calculated as,
R®=aR (t=1)+(1-a)1() ©)

where a is a parameter that balances throughput with fairness hence 0 <a < 1. The
priority metric value in (5) increases up to the limit of the historical transmission rate
R,(t) as the channel data rate of an instantaneous user grows. This condition allows a

chance for the majority of the flows to be scheduled in a specific TTI as long as RBs
are available. To this end, the scheduling rule based on (5) is considered the funda-
mental principle to guarantee a good system capacity for the LTE downlink network
scenario.
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3.3 Delay property in DoRA

As hinted above, the main aim of DoRA is to improve the QoS performance of the
RT flows that are transmitted over a shared channel capacity. Therefore, the property
of delay-awareness is reckoned as an integral part of the designed resource allocation
algorithm. As a matter of fact, the key-design principle in DoRA is to significantly
satisfy the QoS of data traffic with different buffer volumes (i.e., burst RT Video or
light-weight VoIP data). This is realized by striking low latency and eminent level of
throughput over the different traffic loads.

To guarantee QoS for delay-sensitive traffic, delay-driven parameters should be
considered to ensure data transmission with low latency. In DoRA, we introduce a
delay term that has an effective rule to control the queues of different users’ data
flows at eNB. The delay term D;(?) is integrated with the channel-aware principle in
(5) to obtain a delay-based scheduling behavior as,

M,,, (=D, 2%

Di(1) is deliberately developed to consider the buffer delay as it has a major impact
on the overall end-to-end delay at the network. Therefore, HoL;(t) is adopted in the
delay term as a straightforward measure of the buffer delay for a particular UE flow.
For instance, in flow i, data load arrives contiguously in form of packets to its queue.
Here, for each incoming packet to the queue, its arrival time is captured and stored.
As illustrated in Figure 2, HoL;(?) is defined as the difference between the recent
packet serving time and the stamped time for the arriving packet to the service queue.
HoL(?) is expressed as follows,

H OLi (t) = T;rt (t) - T;'tm (t) (®)

Time Stamp Pt current time

~ -| !
I\ P

e — J Max delay
delay HoL

Fig. 2. Illustration of queue delay

Sim clock

where 7. is the current incremented time of the packet in the flow buffer since its
arrival. Ty, is the arrival time of the packet to the flow buffer.
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Bearing in mind the above rationale of the flow buffer, the delay term in (7) can be
decomposed to delay-awareness and fair throughput details by adopting the delay
weight for each flow i (HoL,(t)) based on the following formula,

x, HoL, (1)

exp( 1+H)If " ]+zi

Xi, i, and z; are tunable QoS parameters to ideally adjust the behavior of D;(?) func-
tion such that low delay is maintained while still achieving high QoS performance
(i.e., throughput and fairness). Adherence to the selection of these parameters’ values
highly affects the behavior of the overall obtained metric. In particular, they influence
the scheduling metric function in the biasness degree towards delay-awareness which
somehow establishes a trade-off relation between the service fairness and the
throughput.

The central assumption in the proposed resource allocation scheme (DoRA) dic-
tates that flows are imposed on the MAC scheduler in different volumes. This means
that the scheduling decision should be conscious of the various HoL;(?) values. From
(9), it is clearly demonstrated that the proposed delay term (D;i(z)) shows more con-
sistent behavior in handling flows with different flows’ volumes through the overload
states of the scenario. This can be interpreted as a good robust level of the scheduling
decision against the dynamic changes in the network scenario, and therefore, enable
the scheduling flow of different volumes to satisfy their QoS profiles.

In (9), the influence of D;(?) to scheduling metric raises as long as HoL;(t) of flow i
increases up to the value of the exponential term in the denominator part. Also, x;
contributes to D;(t) values as it is assigned a value greater than or equal to 1. In an
arbitrary situation, if two flows have similar channel quality but each maintains a
different buffer volume, the calculated D;(?) will be relatively higher for the flow with
a large data buffer. In this case, the scheduler ensures the prioritization of this flow
(with a heavier buffer) and transmits its data with the minimum delay budget. Small
traffic flows though are still granted an opportunity of scheduling relies on the load
distribution of the incoming traffic to the MAC layer. In addition, the other term of
the channel-aware rule in (7) ensures that a level of fairness will always be main-
tained between different flows. Algorithm 1 and Figure 2 provide a further under-
standing of the resource allocation procedures invoked by DoRA scheduling algo-
rithm for each TTI in the downlink channel.

Di(t)z
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Algorithm 1: Resource Allocation Process in

DoRA

1 Initialization:

2 Define K as list of flows to be scheduled;

3 Define M as list of available R5;

4 Sect TTIcounter = 0; targetMetric = 0;
RBAllocation = false;

5 Event On TTIcounter do
6 if K >0 then
7 | Continue;
8 else
9 | Return;
10 end
11 for m +— 1 to M do
12 for i+ 1to K do
13 Determine r;(¢). based on Eq. (3);
14 if Type of flow i € VBR then
15 Invoke values of tunable
parameters for i;
16 Determine HoL. delay on ¢;
17 Compute D;(t) using Eq. (9);
18 Compute M; ,, () using Eq. (7);
19 end
20 end
21 end
22 for m + 1 to M do
23 fori+ 1to K do
24 if M; (1) > targetMetric And i is not
assigned to m then
25 targetMetric = M;,,(t);
26 RBAllocation = true;
27 end
28 end
29 Allocate flow i to RB m;
30 end
31 Update Transmission rate on flow i;
32 Check for dropping packets on flow i;
33 TTIcounter + +;

34 end

3.4 QoS control parameters

The QoS-based parameters x;, y;, and z; have an effective influence in controlling
the behavior of the scheduling metric as more flows admit into the scheduler's classi-
fier. x; ensures a certain level of delay guarantee by influencing the scheduling princi-
ple to rely more on prioritizing flows with a high HoD delay value. Ironically, y; is
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adopted in the denominator of the delay term D;(?) to strike a balancing behavior for
the scheduler and allocate RBs based on the channel experience. z; is a co-efficient
parameter that tunes the slope of the delay term. As shown in Figure 3, different set-
tings of the delay-awareness control parameters result in various values of the delay
term. As x; value is set to a value that is greater than y;, D;(?) value expands; thus, the
scheduler treats flow i in a way to decrease delay rather than guarantee fair service
with other flows. Inversely, setting x; to a smaller value than y; decreases the chance
of scheduling flow i based on delay meanwhile it ensures fair service.

0.007 T T T
x=1y=1z2=1 ---- @
x=0.6,y=0.5z=05 —&— //
L *x=1,y=0.5,z=0 - y
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Fig. 3. The impact of the buffer size on the delay weight with different settings of the QoS
control parameters

4 Performance evaluation

This section reveals the performance evaluation details of the proposed scheduling
scheme which is carried out via extensive system-level simulations experiments. The
results are analyzed via four QoS metrics: End-to-End delay, aggregated throughput,
Packet Loss Ratio (PLR), and spectral efficiency. To realize the performance signifi-
cance, the evaluation results of the proposed scheme (DoRA) are discussed against a
related reference scheme, namely, DBWPF [6] which is implemented in the same
scenario. The system-level simulation experiments were carried out using the event-
driven and open-source simulation tool, LTE-Sim [21]. The simulations are conduct-
ed based on a defined system model as shown in Figure 4 to evaluate the performance
of the proposed algorithm. The following details elaborate on the applied scenario, the
performance metrics definitions, and the numerical simulation results.
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4.1 Performance metrics

In this work, we count the end-to-end delay as a major criterion to demonstrate the
significance of DoRA. End-to-end delay is expressed below,

Delay ., 0=+ Y (R ~6G) (10)

where G; is the generation time of packet i at the source, R; is the receiving time of
a packet at the MAC layer of the receiver, and N is the total number of packets for all
flows in the system. End-to-end delay Delay... is reckoned as the main performance
metric in this study hence it measures all the possible sorts of time-consuming sources
in the system: propagation, transmission, queuing, and processing delays. Achieving
low values of Delay.,. when transmitting flows of different sizes is the ultimate goal
of DoRA scheme to enhance the QoS of MBB applications in LTE systems.

The fairness Index indicates the share level of the users' flows in using the channel
resources. [t measures the equity level of throughput provided to each user data flow
for traffic within the same class. In this study, we utilize Jain's Fairness Index [22]
which is expressed as,

Jfairnexs = = (1 1)

where jimess represents the number of active users in the system, and 7;(?) is the
throughput for the i connection (user channel). Fairness in this scope means provid-
ing a sufficient channel of resources for each flow to transmit its data.

Throughput is the rate of successful packets that the communication channel can
forward from a sender to a receiver. System throughput is calculated by,

N
z size,(t)
Throughput = ’:"T (12)

In this work, we measure the aggregated throughput. It indicates the cell through-
put contributed by all the involved traffic classes (flow types). The high value of ag-
gregated throughput means that the eNB operates in high capacity but a minor portion
of data may be compromised.

The PLR is defined as the ratio of data that does not successfully reach the destina-
tion due to different reasons. These reasons include, for instance, violated delay at
eNB MAC, exceeding the number of maximum re-transmissions, or arriving at the
destination with lost fragments. PLR can be calculated as the inverse of delivery ratio,
where pktry is the total number of transmitted packets, and pktgx reflects the success-
fully received packets,
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PLR =1- Pl (13)
Phtyy

Spectral efficiency (SE) is a measure of the efficient use of spectrum resources. In
general, spectral efficiency is defined as the information rate that can be transmitted
over a given bandwidth. Assuming M is the total number of RBs in the system where
m={1,2,3, ..., M} €M, and ry(?) is the data rate of user flow i, the spectral efficien-
cy can be expressed as,

I
PRAC)
SE=1--+—F— 14)
2.8
m=l1
Maintaining a relatively high value of spectrum efficiency implies that the sched-
uler is able to boost the system capacity by making the best allocation mapping of the
RBs to flows that have a high channel quality experience. Nonetheless, it is notewor-
thy to mark that absolute emphasis on spectral efficiency may constrain ensuring a
low end-to-end delay, especially, during the overload states of the network when
resources become scares.

4.2 Simulation scenario

The applied network topology for the simulation is depicted in Figure 4. Therein,
the system consists of a single eNB and a number of 100 UEs that are uniformly dis-
tributed within the transmission range of the eNB. The eNB is operating with a trans-
mission radius of 1 km, and each UE travels using the Random Way-point mobility
model. In the experiments’ setup, we simulate two UEs speed scenarios: an urban
speed of 30 km/h and a highway speed of 120 km/h. The traffic source is an applica-
tion server that provides a VBR traffic type. In this study, we assume that each UE
establishes one connection (physical channel) with the eNB and carries 2 flows of
traffic in a given time. The inbound traffic is prioritized based on the delay-weighted
scheduling algorithm. The flow with the highest value is prioritized depending on the
value of QoS-based parameters. All the QoS tunable parameters (x;, y;, and z;) are set
to 1 according to [23] which maintains the ideal balancing between delay and fair-
ness. In the experiment, the effect of weighted delay in the scheduler depends on
tunable parameters and HoL,(t) delay. The specifications of the physical air interface
follow the default 3GPP 4G standard specifications as in [24], [25].
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Fig. 4. The simulated network topology

This study focuses on the downlink transmission of the LTE system where users
simultaneously run different traffic volumes. We mainly follow the same experi-
mental setup described in the benchmark [6] with a minor modification as highlighted
here. In this simulation scenario, the eNB delivers a diverse volume of VBR traffic
sources to / numbers of UE. By convention, each UE is linked with a dedicated VBR
traffic source which generates packets of variable intervals that are determined using
a uniform random function. This pattern enables the user application to offer variable
data rates between 0.2 - 0.6 Mbps for the pre-defined packet size. An incremented
volume of (20-100) UE:s is located at the central cell; other cell sites though operate as
interference sources to mimic the real-life scenario. Each UE is uniformly distributed
between 500 and 1000 m, with a speed considered in two cases (30 and 120 Km/h). A
cluster of four cells is formed and regularly replicated to cover the entire service area
to employ the frequency reuse concept. Each eNB is assumed to be equipped with two
antennas and operate on a transmission power of 43 dBm. A total number of 50 avail-
able sub-channels is configured based on the bandwidth capacity to transmit different
transport block sizes (TBS). The utilized TBS size depends on the selected Modula-
tion and Coding Scheme (MCS) at the physical layer. The normal mode of Cycle
Prefix (CP) and the OFDM symbols of the Physical Downlink Control Channel
(PDCCH) are assumed as recommended by the standardized specifications in [25],
[26]. Moreover, a periodic CQI is reported by UE every two TTI is assumed over the
full bandwidth capacity. The corresponding UE's CQI feedback is then sent to the
eNB through the uplink control channel of the UEs. The overall simulation parame-
ters are summarized in Table 2.
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Table 2. Description of the Overall Simulation Parameters

Parameter Description
Simulation time 10° ms
Carrier frequency 2 GHz
Bandwidth 10 MHz (50 subchannels per TTI) [25]
Number of UEs 100 UE
UE speed 30 and 120 km/h
Max delay 100 ms

Mobility model

Random waypoint

Number of cells

19 macro-cells

Cell radius 1000 m

Traffic volume Uniformly distributed in {0.2, 0.6} Mbps for each UE
eNB TX power 43 dBm

Path loss 128.1+371og10

Thermal Noise density -174 dBm/Hz

Noise Figure 7dB

Carrier frequency 2 GHz

4.3 Results and discussions

The experienced average delay against the increased number of UE over different
user mobility levels is presented in Figure 5 and Figure 6. When UE speed is 30 km/h,
the eNB MAC scheduler transmits most of the offered network load because the
channel variations are not high. Therefore, our proposed scheduling algorithm DoRA
significantly minimizes the experienced delay of the attended UE flows to be less than
the 3GPP standardized threshold (100 ms) defined for multimedia traffic [24].

This achievement is attributed to the adoption of a delay-dependent scheduling de-
cision by DoRA that prioritizes flows with high HoL;(?) delay values. Therefore, all
UE flows are transmitted with low delay and also improve the measured channel data
rate. Remarkably, the improvement in delay by DoRA remains in a steady pattern
compared with DBWPF when UE mobility is high. In fact, DBWPF mainly empha-
sizes on delay fairness rather than reducing the experienced delay; hence, the sched-
uler decision is restricted to the buffer size and delay of the UE buffer in previous
TTI, which induces DBWPF to ensure low delay as traffic volume varies.
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Figures 7 and 8 present the results of flows Jain's fairness index. Generally speak-
ing, as the MAC scheduler reckons for channel awareness property, the fairness pat-
tern decreases as the number of UE involved in the system increases. The proposed
scheduling algorithm, DoRA, outperforms the referenced scheme, DBWPF, over
different user mobility levels. DoRA sustains ideal throughput fairness from two
aspects that complement each other. On one hand, it limits the user channel data rate
to its recorded historical transmission rate. This allows users with low channel states
to have a selected for being assigned to RBs and transmit their payloads. Besides, in
the implemented delay function, fairness is ensured by defining the QoS tunable pa-
rameters (i.e., y;, and x;). In that, the scheduling decision is applied by prioritizing the
metric as long as the delay weight of the flow is relatively high (based on the HoL;(?))
and limited to the exponential term of its delay as expressed in (9). In the case of
DBWPF, UEs experience the worst throughput fairness level. Basically, the principle
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of DBWPF scheduling suggests ensuring the fairness level of experienced delay over
the attended flows rather than scheduling flows with high throughput. This condition
eventually results in a low throughput fairness trend especially when channel variabil-
ity is high.
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Fig. 7. Fairness Index at 30 km/h
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Fig. 8. Fairness Index at 120 km/h

The aggregated system throughput with respect to the number of UEs over the two
modes of speed is illustrated in Figure 9 and Figure 10. According to the presented
results, DoRA achieves a prominent improvement in the system throughput concern-
ing the referenced algorithm. DoRA can maintain a high level of throughput due to
the configurable QoS parameters. Wherein, x; and y; are set to proper values such that

iJIM — Vol. 17, No. 06, 2023 173



Paper—Delay-Oriented Resource Allocation for OFDMA Real-Time Mobile Broadband Services

the upper part of D;(z) in (9) is restricted to the limit of the exponential function in the
lower part. Consequently, this condition influences the scheduler's decision to priori-
tize based on throughput if the HoL delays are relatively low while increasing the
delay dependency decision when HoL values increase.
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Fig. 9. Aggregated Throughput at 30 km/h Fig. 10. Aggregated Throughput at 120 km/h

The results of PLR with the increasing flows volume are presented in Figure 11
and Figure 12. Despite the low number of UE flows offered at the light load network
state, DBWPF draws the worst behavior. The PLR is reduced up to 35% compared
with DBWPF when 20 UE are connected to the network with high mobility (120
km/h). This is due to the reason that improving the delivery rate is not the core aim of
DBWPF procedures. This in turn talks to a high amount of data loss.
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Fig. 11.  Packet Loss Ratio at 30 km/h Fig. 12. Packet Loss Ratio at 120 km/h

Regarding the proposed scheduler, it greatly keeps a low base of the resultant PLR
despite the slight increase in the case of high UE mobility and network load. When
UEs are moving at the speed of 30 km/h and the cell is loaded with 50 UEs, the pack-
et loss falls to 50% compared to the level in DBWPF. This is interpreted for the same
reason as mentioned in the discussions of the throughput results. The ability of DoRA
to schedule flows to achieve high throughput explains the low behavior of PLR. In
fact, the three QoS tunable parameters enable DoRA scheduling rule to return good
configuration flexibility for the scheduler. This helps the flows to obtain relatively
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closed priority weight values. With that, the scheduler can guarantee that the majority
of flows are scheduled with less data loss.

The results of spectral efficiency over different UE speeds are illustrated in Figure
13 and Figure 14. Normally, spectral efficiency increases when the gained system
throughput is high. Therefore, DoRA is expected to achieve the highest cell spectral
efficiency with respect to the reference scheduler. At the low network load, DoRA
maintains a high spectral efficiency as more UEs connect the cell. With these results,
DoRA is seen to utilize channel resources more wisely; hence, most of the generated
traffic processed by the base station is successfully delivered to their respective UEs.
Also, DoRA scheduler considers close attention to the UEs channels with high SINR.
By the rule of thumb, assigning RBs to flows belonging to high SINR channels will
indeed improve resource utilization and thus increases the system SI.
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Fig. 13. System spectral efficiency at 30 km/h Fig. 14.System spectral efficiency at 120 km/h

On the other hand, DBWPF demonstrates the worst case of spectral efficiency dur-
ing high UE speed. This result leads to the conclusion that relying on the principle of
scheduling different flows to balance delay results in severely deteriorating the
achieved cell capacity. UE flows with high CQI values are not always scheduled in
certain TTI because of the impact of the delay term in DBWPF. Consequently, the
majority of channel resources are utilized with low modulation schemes which return
low spectral efficiency.

5 Conclusion

In this article, DoRA algorithm is proposed as a promising solution to enhance the
behavior of resource allocation for multimedia applications. The analysis of the relat-
ed work demonstrates a limitation in that the downlink MAC scheduler function is
insufficient to guarantee a prominent level of data rate and low latency, especially, at
high loads of network states. The existing solutions, ironically, emphasize a single
dimension QoS guarantee (throughput, or delay) uncontrolled compromise on other
QoS metrics as seen by the reference method, namely DBWPF. For that, DoRA was
introduced with a major aim to work for modern mobile systems networks and handle
diverse QoS profiles for RT variable bit rate traffic aiming to decrease delay and sus-
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tain long-term data rate fairness. To do that, DoRA scheduler adopts a greedy algo-
rithm hence a novel scheduling rule is formulated by exploiting the flows’ HoL delay,
dynamic delay threshold, and adaptive throughput formulation to achieve low latency
and consistent channel gain for different traffic buffer volumes. The performance
evaluation is carried out using system-level simulations over the user mobility scenar-
ios of 30 Km/h and 120 Km/h. The results are discussed comparatively with the relat-
ed scheduling scheme (DBWPF) in terms of end-to-end delay, fairness, aggregated
throughput, PLR, and SE. The outcomes indicate a tangible decrease in the end-to-end
delay and PLR even with a high network load. Besides, throughput fairness, average
data rate, and spectral efficiency are maintained at eminent levels in the case of adopt-
ing DoRA as a MAC scheduler. The obtained results of DoRA substantiates a reliable
implementation of the eNB downlink MAC scheduler which can be deployed in mod-
ern mobile broadband networks and guarantee a long-term QoS for the user services.
A future direction of this work is to extend the algorithm to consider energy efficien-
cy for emerging 5G indoor communication scenarios.
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