PERFORMANCE ANALYSIS OF SEVERAL
SCHEDULING ALGORITHMS IN
NAKAGAMI-M FADING CHANNELS
Hakkı Soy
Department of Electrical and Electronics Engineering,
Necmettin Erbakan University, Konya, Turkey

ABSTRACT
This study investigates the performances of several scheduling algorithms (Round Robin,
maximum SNR and opportunistic Round Robin) in the Medium Access Control (MAC) layer of
wireless network with cellular architecture. The spectral efficiency and fairness are two
important metrics to evaluate the performance of wireless systems. The Nakagami-m
distribution is a generalized way to model the small scale fading and it can characterize the
various wireless fading channel conditions by changing the value of m parameter. The channel
is assumed to have a Nakagami-m slow fading model and the opportunistic beamforming
scheme is used to enlarge the rate / dynamic range of channel fluctuations through the
employment of multiple antennas at the base station. The MATLAB based Monte Carlo
simulations are implemented to show the effects of the antenna number and m parameter of the
Nakagami distribution. The obtained results proved that the pure opportunistic max-SNR
algorithm has a spectral efficiency advantage over the others, even though it has a bad fairness
characteristic in high number of users. The main contribution of this study is showing that the
effects of the Nakagami-m fading parameter and opportunistic beamforming on the performance
of the well-known scheduling algorithms.
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1. INTRODUCTION
Wireless networks have been one of the fastest growing segments in the telecommunications
industry, ever since the first one was introduced in 1970. Recently, the fast evolution of wireless
technologies has enabled the high-speed data services and the demand for higher data rates is
increasing exponentially with each passing day [1]. Today, the most important challenge for
wireless systems is the limited availability of the radio frequency spectrum. Therefore, the
spectral efficiency is a primary consideration in the design of future wireless communications
systems. Over the last decades, many researchers have looked at various methods to improve the
spectral efficiency of wireless systems [2, 3].
There are two types of wireless network architectures, cellular and ad hoc. The cellular
architecture has evolved from mobile telephone systems and it has several potential advantages
for future wireless networks because of its ability to operate using small transmission powers and
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to increase the spatial reuse in the network. Besides, the ad hoc network is a non-infrastructure
architecture, in which users communicate with each other through several hops of short distance
transmissions. The ad hoc model is specifically designed to support the military and emergency
operations [4, 5].
The cellular networks are organized with a base station (BS) which is responsible for controlling
the access to the wireless channel and forwarding data to the intended user. The BS provides the
connectivity among the users to efficiently and fairly dispense the available bandwidth [6]. The
scheduling is a method that enables multiple users to share the system resources (time-slots,
transmit power, bandwidth, etc.) [7]. In BS, the scheduler makes a decision on which users it is
going to serve during the next transmission period. The scheduling algorithm is said to be
opportunistic when it takes the channel quality into consideration before it takes a scheduling
decision. High spectral efficiency of a wireless cellular network can be achieved by allocating the
system resources to the users opportunistically [8-10].
The key characteristic of the wireless channel is the fading due to the multipath propagation of
the transmitted signal, which creates replicas of the transmitted signal that arrive at the receiver
with different delays [11]. Due to the fading effect, the channel conditions of users have timevarying behaviour at a certain time and each user has different channel statistics. Therefore,
different users experience different channel gains and this effect is called as multiuser diversity
[12]. The utilization of multiuser diversity in a wireless cellular network can increase the
information theoretic capacity by allowing opportunistic usage of the channel [13].
The statistical description of the radio channels is essential for wireless communication systems.
There are several existing statistical channel models are used to in the literature describe the
statistics of the multipath signals [14]. Rayleigh fading channel is an excellent approximation in a
large number of practical scenarios when there is non-line of sight (NLOS) component present in
received signal. Rician fading is suitable for the communication environment with LOS
component. Beyond that, Nakagami-m fading offers more versatile channel model due to
advantage of greater flexibility and accuracy in matching some experimental data than the
Rayleigh and Rician channel models [15].
The multiuser diversity gains depend on the tail of the fading distribution and increases with the
dynamic range of the channel fluctuations. But, in little scattering and/or slow fading
environments, the dynamic range of channel fluctuations remains very small. In these cases, a
practical solution can be provided with the employment of multiple antennas at the BS to induce
large and fast channel fluctuations artificially in the downlink channel. Such a beamforming
scheme is called opportunistic beamforming since the BS randomly varies the amplitude and
phase values of transmitted signals from the antennas at each time slot. So, the multiuser diversity
can still be exploited in cellular wireless networks [16].
This paper focus on the spectral efficiency of wireless links and the fairness of channel access in
a cellular network by considering Nakagami-m fading as a model for the channel gains of users.
The spectral efficiency is defined as the average transmitted data rate per unit bandwidth for a
specified average transmit power and bit error rate (BER). The fairness refers to the equal
allocation of network resources among the various users. The aim is demonstration of the effect
of the different fading conditions over the spectral efficiency and fairness performances. The
MATLAB based Monte Carlo simulations are implemented to analyse the performance of
investigated scheduling algorithms.
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2. SYSTEM MODEL
The system of interest is a single cell of the cellular wireless network that consists of multiple
users. The BS has access to the downlink channel, while uplink channel is shared among users.
The downlink system model of the considered network setup is shown in Figure 1. The BS is
equipped with M antennas and serving K users whereas each user is equipped with single antenna.
The BS coordinates all data transmissions within its coverage range. The channels between the
transmit antennas and the users experience fading paths which are modelled as i.i.d. Nakagami-m
fading channels. The channel between the kth user and the BS is denoted by M × 1 vector
hk = [ hk,1 hk,2 … hk,M ]T

Figure 1. The system model of considered cellular network

The BS forms the beam by choosing the M × 1 random beamforming vector w whose distribution
is identical to the distribution of hk but normalized to keep the transmit power fixed, w ~ h / ||h||.
The pilot signal x (n) with power E [ x2 (n) ] = Pt is transmitted from the BS to the users. The
received signal yk (n) at the kth user may be written as

where zk (n) is the circularly symmetric, complex, additive white Gaussian noise (AWGN) with
distribution (0,σ2). Note that, by randomly changing the beamforming vector w at each time slot,
the observed composite channel process of the kth user ( wHhk ) changes from time-slot to timeslot due to the time-varying beamforming vector.
In order to simplify the analysis, we assume that the channel statistics of all the users are the same
and the ratio of the transmit power to the noise variance (Pt / σ2) is 1. So, without loss of
generality, the path loss together with all the other powers is lumped into the channel process.
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The quality of wireless links is usually measured by using signal-to-noise ratio (SNR) metric.
Thus, with these assumptions, the SNR of the kth user can be written as

The probability density function (P.D.F.) of the instantaneous SNR is given as [15]:

where

is the average SNR of the received signal, m called as Nakagami parameter and
∞

∫

denotes the Gamma function given by Γ(α ) = t α −1e −t dt [17].The phase of the Nakagami fading
0

is uniformly distributed over [0, 2π]. Then, the corresponding cumulative distribution function
(C.D.F.) is expressed as [15]:

β

∫

where Γ(.,.) denotes the lower incomplete gamma function as Γ(α , β ) = t α −1e− t dt [17].
0

The Nakagami-m distribution is a generalized distribution that can be used to model fading
environments by changing the value of m parameter. Rayleigh P.D.F. is obtained for m = 1 as a
special case, one-sided Gaussian P.D.F. is described by m = ½ and the non-fading situation
corresponds to m → ∞. The Nakagami fading model is also able to cover severe ( ½ ≤ m ≤ 1) and
weak (m >1) channel conditions than Rayleigh fading model [15].

3. SCHEDULING ALGORITHMS
In cellular wireless networks, the channel allocation task is organized by a scheduler runs on the
BS. The users send request to BS and the requests are processed according to medium access
control (MAC) protocol. Clearly, the MAC protocol determines the channel access strategy with
predefined scheduling algorithm [19]. Behind the fading channel, another important problem, the
spectral efficiency of the wireless channel is also influenced by the packet collision due to the
simultaneous transmissions of multiple users. In order to provide a collision-free scheduling
scheme, it is assumed that only a single node can use the channel at a certain time-slot. The most
of the existing MAC protocols use the time division multiple access (TDMA) mechanism where
the time axis is divided into equal-sized time-slots. The scheduling algorithm selects a single user
at a certain time-slot [20, 21].
In general, scheduling algorithms can be classified as opportunistic, semi-opportunistic and nonopportunistic [22]. Opportunistic algorithms maximize the spectral efficiency at the expense of
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full feedback from all the users. The BS requires the channel state information (CSI) from all
users to make a scheduling decision on which users it is going to serve during the next time-slot.
The downlink channels can be easily estimated by users via pilot signal broadcast, but uplink
channels need feedback transmissions from all users. Based on the collected CSI through
feedback channel, the BS makes notifies the all users about the assigned user which access the
channel alone. But, the excessive feedback overhead increases the delay which degrades the
performance of bandwidth-intensive and time-critical applications. Unlike, the non-opportunistic
algorithms simply assign the time-slots to users as independent from their instantaneous channel
conditions. This type strategy does not require CSI feedback, but it does not offer multiuser
diversity gain with spectral efficiency advantage. Between them, the semi-opportunistic
algorithms remove the feedback overhead with a slight loss in the spectral efficiency [23].
This study focuses on these three scheduling algorithms which have different characteristics each
other. In literature, these scheduling algorithms are named as Round Robin (RR), maximum SNR
(max-SNR) and opportunistic Round Robin (ORR). In non-opportunistic RR algorithm, the timeslots are allocated to the users in a sequential fashion regardless of their channel conditions. The
max-SNR algorithm always selects the user with the best channel quality in an opportunistic
approach [24]. Finally, in ORR algorithm, the best user among all is chosen for the first time-slot.
At the next time-slot, this user taken out of the competition and the best out of the remaining
users is selected for channel assignment. This procedure is repeated until the last time-slot in a
round, where the latter user is scheduled. The ORR algorithm ensures the constraint that the K
number of users should get exactly one time-slot each within the same round as well as the RR
algorithm [25, 26].
The spectral efficiency and fairness of wireless cellular networks are depending on the selected
scheduling algorithm in MAC layer. The spectral efficiency is a function of the average SNR of
users that access to the channel and the fairness is related with the priority of the scheduler. In RR
algorithm, the P.D.F. of assigned users is given by equation (3). So, the spectral efficiency
is expressed as follows:

In max-SNR algorithm, the spectral efficiency
can be formulated using a stochastic
framework by using the P.D.F. and C.D.F. expressions in equation (3) and (4), respectively:

In this formulation, the
quality among all users.

term denotes the SNR of selected user with maximum channel

On the other hand, in the ORR algorithm, the spectral efficiency
formulation due to its iterative form as expressed below:

has a more complex
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In this formulation, the
term denotes the SNR of selected user with maximum channel
quality among users in still competition with others. The complicated form of the spectral
efficiency formulations in equation (5), (6) and (7) makes it difficult to find a closed form
solution. These expressions can be calculated numerically and the details of the closed form
solutions are beyond the scope of this paper.
Finally, the fairness is defined by how equally the channel assignments are allocated to users. The
Jain’s fairness index (JFI) is often used to measure the fairness of scheduling algorithms in
cellular wireless networks [27]. In case of the time-slot based resource allocation, the JFI is
defined as follows:

(8)
where pk is the number of assigned time-slots to user k in a round [28].

4. SIMULATION RESULTS
In this study, the performance of mentioned scheduling algorithms is investigated in terms of
spectral efficiency and fairness over generalized Nakagami-m fading channel. The MATLAB
software is used to present the statistical (Monte Carlo) simulation results of investigated
scheduling algorithm’s performances. The obtained results are shown for both 2 × 1 and 4 × 1
antenna configurations over Nakagami-0.6, Nakagami-1 and Nakagami-3 cases separately. In
Monte Carlo simulations, the number of iterations is chosen as 1000 to achieve an acceptable
convergence and the number of time slots in an iteration is taken as the number of users in the
network. It is assumed that the channel is frequency flat, block fading and the channel vector h k
remains constant during a fixed number of time-slots called one frame and changes between
different frames independently. The average SNR is assumed to be the same for all users, while
the instantaneous SNR values of users depend on the channel fading realization in each frame.
Figure 2 shows the spectral efficiency performance of scheduling algorithms in 2 × 1 antenna
configuration. The max-SNR algorithm has the best spectral efficiency, while the RR algorithm
has the worst. In max-SNR algorithm, the spectral efficiency increases for larger numbers of
users. It is meaning that there exists a favorable user whose instantaneous channel vector matches
the beamforming vector and who can maximize the received SNR. Note that, in max-SNR
algorithm, when the value of m parameter increases, the spectral efficiency performance
decreases due to the insufficient multiuser diversity gain. But, the spectral efficiency performance
increases with the increasing m values in RR and ORR algorithms. Because, the LOS component
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plays dominant role for m > 1 and it is possible to get better signal from the BS. The spectral
efficiency of RR algorithm is independent from the number of users.

Figure 2. Spectral efficiency of scheduling algorithms in 2 × 1 antenna configuration for different m values

The fairness of scheduling algorithms in 2 × 1 antenna configuration is shown by Figure 3 for
different m values. It means that the higher value of JFI implies higher fairness in channel
assignment. The RR and ORR algorithms have the best fairness (JFI = 1) and the max-SNR
algorithm has the worst fairness performance. It is clearly shown that the fairness performance of
the max-SNR algorithm decreases with the increasing user numbers. Note also that, the
increasing the value of m parameter makes a positive effect and slightly improves the fairness
index of pure opportunistic max-SNR algorithm. According that, the max-SNR algorithm
provides better channel assignment in weaker channel conditions than Rayleigh model.

Figure 3. Fairness of scheduling algorithms in 2 × 1 antenna configuration for different m values

In order to assess the effect of adding more antennas at the BS, the spectral efficiency and
fairness comparisons are repeated for 4 × 1 antenna configuration. As shown in Figure 4,
evaluated algorithms have similar characteristics as in 2 × 1 case. It is observed that increasing
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the number of antennas at the BS has not any effect on the spectral efficiency in m=1 (Rayleigh
channel) for max-SNR algorithm. However, employment of more antennas leads to slight
increase of spectral efficiency in m=3 (weaker than Rayleigh channel), while that has an opposite
effect in m=0.6 (severe than Rayleigh channel) case. Beyond that, the ORR algorithm gives more
spectral efficiency for all values of the m parameter in 4 × 1 antenna configuration. Finally, the
spectral efficiency of RR algorithm is independent from the number of antennas.
Figure 5 shows the fairness performance of scheduling algorithms in 4 × 1 configuration. As seen
from this plot, the fairness performance of max-SNR algorithm can be improved by using more
antennas at the BS for all m values. As predicted, the employment of more antennas at the BS
does not vary the fairness index for RR and ORR algorithms.

Figure 4. Spectral efficiency of scheduling algorithms in 4 × 1 antenna configuration for different m values

Figure 5. Fairness of scheduling algorithms in 4 × 1 antenna configuration for different m values

Computer Science & Information Technology (CS & IT)

31

5. CONCLUSION
This study presents a detailed performance analysis of well-known scheduling algorithms for
cellular wireless networks in a Nakagami-m fading channel conditions. It was shown that the
max-SNR scheduling algorithm provides a better spectral efficiency performance at the cost of
unfairness among the users, while the RR and ORR algorithms guarantees the maximum user
fairness at the cost of the performance loss in term of spectral efficiency. The Nakagami-m fading
parameter has an effect on the spectral efficiency of max-SNR, ORR and RR algorithms. But, in
max-SNR algorithm, this effect varies (positive/negative) depending on the m parameter.
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