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Abstract—Long term evolution (LTE) is the next generation
wireless system that uses orthogonal frequency division multiple
access (OFDMA) technology in the downlink. Packet scheduling
becomes paramount as the wireless systems are moving towards
all IP transmissions. Since LTE system is relatively new, very
little work has been published to date that can precisely model
and simulate the downlink LTE system environment. This paper
provides detailed descriptions on modeling and simulation of
packet scheduling in the downlink LTE system using a C++
simulation tool. The tool accurately modeled the wireless system
parameters and can be used for study of optimization of the
LTE system.

Index Terms — LTE, packet scheduling, modeling and
simulation, OFDMA.

I. INTRODUCTION

LTE is a new radio access technology proposed by the third
generation partnership project (3GPP) to provide a smooth
migration towards fourth generation (4G) wireless systems.
LTE is envisaged to provide better quality of communications
by providing higher data rates, reduced latency and increased
in capacity and coverage. In the downlink, LTE uses
OFDMA technology such that each user is allocated a portion
of available bandwidth (a group of sub-carriers) based on its
requirements, current load and system configuration. LTE
network architecture consists of only eNodeBs that perform
all radio related functions. The mechanisms that are
responsible for managing and controlling radio resources are
known as radio resource management (RRM). Packet
scheduling is one of the RRM mechanisms and it is
responsible for intelligent selection of a user’s packets to use
the appropriately selected radio resources.

Computer simulation is a well established technique that
makes modeling and investigation of a large scale wireless
system feasible [1]. Though there are many simulation tools
developed to evaluate the performance of the wireless
systems, the tools are too general and not suitable for
simulating the downlink LTE environment. Moreover, packet
scheduling in this system is a relatively new area of research
and very little work has been published to date which are
related to modeling and simulation of packet scheduling for
the stated system. This paper provides detailed descriptions
on the modeling and simulation of packet scheduling in the
downlink LTE system using a C++ simulation tool.

The remainder of this paper is organized as follows.
Section Il describes the downlink LTE system model
followed by discussions on packet scheduling algorithms in
Section Ill. The packet scheduling simulation model is
discussed in Section 1V while Section V contains the
environments and results of the simulation. Section VI
concludes the paper.

Il. DownLink LTE System MobeL

The resource that is allocated to a user in the downlink
LTE system is defined in both frequency and time domain
and is called a resource block (RB). In the frequency domain,
the RB consists of 12 consecutive sub-carriers (180 kHz total
bandwidth) and in the time domain it is made up of one time
slot of 0.5 ms duration. A time slot consists of 7 OFDM
symbols. Packet scheduling is performed at eNodeB at 1 ms
interval (transmit time interval, TTI) and two consecutive
RBs (in time domain) are assigned to a user.

In this paper, it is assumed that users report their channel
conditions (signal-to-noise-ratio, SNR) on each RB to serving
eNodeB at each TTI and channel reporting is assumed to be
error-free. The reported channel conditions are determined
based on the computed SNR values of the sub-carrier located
at the centre frequency of each RB. All sub-carriers within a
RB are assumed to have the same SNR values as the sub-
carrier located at the centre frequency. Based on the received
SNR value, the serving eNodeB maps the achievable data rate
(which is the number of bits in two consecutive RBs) that a
user can support at each TTI.

It is assumed in this paper that each user is assigned a
buffer of infinite capacity at the eNodeB. Packets that arrive
into the buffer are time stamped and queued for transmission
based on a first-in-first-out (FIFO) basis. At each TTI and on
each RB, packet scheduler (located at the eNodeB) selects a
user with the highest priority based on packet scheduling
algorithm and transmits packets to the user based on the
reported SNR value discussed earlier. Fig. 1 shows a
generalized model of packet scheduling algorithm in the
downlink LTE system.
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Fig. 1: Generalized Model of Packet Scheduling in the Downlink 3GPP
LTE System

Il.  PAcCkeT SCHEDULING ALGORITHMS

Packet scheduling algorithm represents an approach on
how to transmit packet efficiently by using appropriate
scheduling criteria such that specified performance metrics
are satisfied. In a non-real time (NRT) service environment,
channel condition is the most common scheduling criterion
being considered while system throughput and fairness are
being used when evaluating the performance of packet
scheduling algorithms. In this paper, system throughput and
fairness are defined as below:

System throughput is defined as the total size of
transmitted packets per second and can be mathematically
expressed as:

systemthroughput = 1 izf: piransmit (f) 1
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where ptransmitj(t) is the size of transmitted packets of user i
at time t, K is the total number of users and T is the total
simulation time.

Fairness is defined as the difference in service levels (total
size of transmitted packets) between the most and the least
served users for a given algorithm over a given time frame
[2]. The algorithm with the highest fairness value obtained
from the following equation indicates that it has the best
fairness performance over other algorithms.
protaltransmit  — ptotaltransmit 2
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where ptotaltransmit,,, and ptotaltransmit,;, are the total size
of the transmitted packets of the most and the least served
users respectively for each evaluated algorithm while psize;(t)
is the size of all packets of user i that arrived at eNodeB
buffer at time t.

The maximum rate (Max-Rate) [3], proportional fair (PF)
[4] and round robin (RR) [3] are the packet scheduling
algorithms developed to support for NRT services in single
carrier wireless systems. The Max-Rate algorithm always
selects the user with the highest reported SNR value. This
algorithm efficiently utilizes radio resource because it selects
packets of users with a good channel conditions for
transmission. On the other hand, the algorithm has low
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fairness performance as it deprives a user with low SNR
value from receiving any packets unless the user’s channel
condition improved.

Given that fairness has been an issue in Max-Rate
algorithm, the RR algorithm was developed to address the
problem. RR meets fairness by allocating an equal share of
packet transmission time to each user. However, throughput
performance degrades significantly as the algorithm does not
rely on the reported SNR values when transmitting the
selected user’s packets.

To provide a balance between throughput and fairness, PF
algorithm was proposed. PF was originally developed to
support the NRT service in a code division multiple access
high data rate (CDMA-HDR) system. The metric k is defined
as the ratio of:
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where ri(t) and R;i(t) are the achievable data rate and the
average data rate of user i at time t, respectively, and t is the
size of an update window. r;(t-1)=0 if user i is not selected
for transmission at time t-1. The size of the update window
enable PF algorithm to maximize throughput and satisfy
fairness for each user.

IV. PACKET SCHEDULING — SIMULATION MODEL

A C++ simulation tool was developed to model and
simulate packet scheduling in the downlink LTE system. The
tool consists of five modules and describe as follows:

A. Mobility Module

This module simulates the mobility of users within a single
hexagonal cell. Users are initially distributed randomly within
the simulation area and are moving at speeds between 1-100
km/h in a random direction. The new location of user i
(loci(t+1)) is determined using the following equation:
loc,(t+1) = loc,(£) + (v,(2) * dir, (1)) 5)
where v;(t), dir;(t) are the speed and direction of user i at time
t. A constant speed and direction are assigned to a user but
varied among users. A wrap-around method is employed at
the cell boundary to ensure users always remain within the
simulated area.

B. Radio Propagations Module

This module uses the speed and location of a user
(generated by the mobility module) in order to compute
pathloss, shadow fading and multi-path fading. Hata model
[5] is used to compute pathloss for each user and consists of
the following equations:

pl(t)=463+339*log (f)—13.82*log,. (k)
—a(h, )+(44.9-6.55*log (%, )) *log,(d.(1))

(6)



and:

a(h,) = (L.1*log,,(f)-0.7)*h, — (1.56*log,,(f)-0.8) (7)
where pl;(t) and d;(t) are the path loss (in dB) and distance (in
km) of user i at time t, respectively. f is the frequency of the
transmission (in MHz), hy and h,, are the heights of eNodeB
and user terminal (in meters), respectively and a(hy,) is the
mobile antenna correction factor.

The approach proposed by Gudmundson [6] is used to
compute shadow fading gain in which it is modelled as a
correlated log-normal distribution with 0 mean and 8 dB
standard deviation. The equation used to determine shadow
fading gain for user i at time t+1 (&(t+1)) is as follows:
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where o is the shadow fading standard deviation, and W(t) is
a Gaussian random variable at time t. The shadow fading
autocorrelation function of user i at time t (g;(t)) is computed
using the equation below:

A0 = exp[‘vi(t)j (©)
do
where vi(t) is the speed of user i at time t, and d, is the
shadow fading correlation distance.

A C++ program developed by Komninakis [7] which
follows Rayleigh distribution is used to generate multi-path
fading gains. It is assumed in this paper that, at any time
instant multi-path fading gains vary on each RB whereas
pathloss and shadow fading gains are fixed on each RB.

C. SNR to Data Rate Mapping Module

This module computes SNR value and maps it to the
associated achievable data rate. The pathloss, shadow fading
and multi-path fading gains (as discussed earlier) are used to
determine channel gains and hence SNR values of each user
and on each RB. The channel gain of user i on RB j at time t
(Gain;j(t)) is computed using the following equation:
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where mpath;;(t) is the multi-path fading gain of user i on a
RB j at time t. From the computed channel gain, the SNR
value (y;;(t)) of user i on RB j at time t is computed using the
approach proposed in [8] and is given as below:

P *Gain. . (t
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where Py, is the total eNodeB downlink power, Ngg is the
number of RBs, N, is the thermal noise and | is the inter-cell
interference. The inter-cell interference is dependent on
user’s location and since the simulation time is very small,
the user’s location does not vary much and so the inter-cell
interference is assumed constant.

The approach proposed in [9] is used to compute the
number of bits per symbol of user i at time t on a sub-carrier
within RB j (nbits;;(t)/symbol). The user’s achievable data
rate (dr;(t)) at time t on two consecutive RBs are determined
using:

(1)

nbits; ; (t) , nsymbols , nslots , nsc

symbol slot TTI RB
where nsymbols/slot is the number of symbols per slot,
nslot/TTI is the number of slots per TTI and nsc/RB is the
number of sub-carriers per RB. The minimum SNR value and
the associated achievable data rate used in this module are
givenin Table I.

(12)
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D. Traffic Generator Module

This module generates the NRT packets for each user and
queues the packets in the buffer. Web browsing is used to
model NRT service and the parameters used in this module
are based on 3GPP specifications [10].

E. Packet Scheduler Module

At each TTI and on each RB, this module selects a user
with the highest priority based on a packet scheduling
algorithm. The packets of the selected user (generated by
traffic generator module) are taken from the buffer and
transmitted over the assigned RB using the data rate given in
Table I. Fig. 2 shows the interaction of each module within
the simulation tool.

V. SIMULATION ENVIRONMENT & RESULTS

In this paper, a cell of 5 MHz bandwidth and 2 GHz carrier
frequency are modeled. The cell is assumed to consist of 25
RBs and K users and the users are simulated within 300 m
radius. The serving eNodeB has a fixed location at the centre
of the cell and controls all the available RBs. These RBs are
to be shared by all users within the cell. At each TTI, two
consecutive RBs can be assigned to a user. It is assumed that
all sub-carriers are used for data transmission and equal
transmit power is allocated on each RB. The downlink LTE
system parameters used in this simulation are given in Table
Il while other simulation parameters are as described in
Section Il and IV.

The assumptions made in this simulation include:

e Each user has only one packet call throughout the
simulation.

e A constant data rate of 168 kbps is used in the RR
algorithm.

TABLE I:
SNR TO DATA RATE MAPPING TABLE

Minimum SNR
Level (dB)

Data Rate
(Kbps)

Modulation and
Coding

1.7 QPSK (1/2) 168
37 QPSK (2/3) 224
45 QPSK (3/4) 252
7.2 16 QAM (1/2) 336
95 16 QAM (2/3) 443
10.7 16 QAM (3/4) 504
14.8 64 QAM (2/3) 672
16.1 64 QAM (3/4) 756
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Fig. 2: Simulation Tool Block Diagram

A performance comparison of Max-Rate, RR and PF
algorithms from NRT perspective was conducted using the
simulation tool. Fig. 3 and Fig. 4 show system throughput
and fairness performance of the three algorithms.

When compared with PF and RR, it can be seen in both
figures that Max-Rate has the best system throughput but
worst in fairness performance. Max-Rate utilizes the radio
resources by always transmitting packets of a user with good
channel conditions and starves the users with poor channel
conditions from receiving their packets. Meanwhile, RR has
the worst throughput performance for not considering
channel conditions when transmitting users’ packets but the
best in fairness as it allocates equal share of resources to each
user. PF performance falls in between the two extremes.

Based on the results, it can be concluded that, the tool is
able to simulate packet scheduling in the downlink LTE
system and provides the system throughput and fairness
performance of Max-Rate, PF and RR algorithms similar to
as discussed in Section I11.

VI. CoNcLUsIONS

This paper models and simulate packet scheduling in the
downlink LTE system using a C++ simulation tool. The tool
models the mobility and radio environment that are necessary
when modeling the channel gains in the wireless system.
Furthermore, the tool takes into account the SNR
computations, SNR to data rate mapping as well as traffic
generation such that packet scheduling can be performed
efficiently using the tool. In the future, this tool will be used
to evaluate the performance of packet scheduling algorithms
developed for the downlink LTE system.

TABLE II:
LTE DOWNLINK SYSTEM PARAMETERS

Carrier Frequency 2 GHz
Bandwidth 5 MHz
Number of Sub-carriers 300
Number of RBs 25
Number of Sub-carriers per RB 12
Sub-Carrier Spacing 15 kHz
Slot Duration 0.5 ms
Scheduling Time (TTI) 1 ms
Number of OFDM Symbols per Slot 7
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Fig. 3: Throughput vs. Number of Users
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Fig. 4: Fairness vs. Number of Users
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