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Abstract In this paper we investigate throughputs of
Slotted-ALOHA code division multiple access systems
with differential detection upon L-branch antenna by
means of maximum ratio combining (MRC) diversity
technique. We investigate the effects of co-channel inter-
ference by employing two different fading models (i.e.
between the desired signals and its interferences.) We
consider systems under Nakagami/Nakagami and Rician/
Nakagami fading environments. The purpose of employing
MRC diversity and differential phase shift keying with L-
branch antenna is to overcome multipath fading interfer-
ence in order to enhance the performance of the systems.
Our research indicates that the implementation of L-branch
antenna in the receiver have reasonably increased the
throughputs of the systems. Furthermore, we also investi-
gate the inverse relation between interference signal and
the throughputs of the systems. We further point out that
the value of Nakagami fading parameter M and Rician
factor K are proportional to the achievable throughputs of
the systems.

Keywords Slotted-ALOHA code division multiple
access systems - Maximum ratio combining - Differential
phase shift keying - Nakagami and Rician fading models
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1 Introduction

Multipath fading and interference adversely affects data
packet being transmitted via wireless communication
channels. Not only can they suppress the quality of the
received signal but they also can cause interference due to
the implementation of the frequency reuse within cellular
communication systems. In mobile communication sys-
tems, co-channel interference due to the use of frequency
reuse is a real disturbance. Given the nature of adverse
fading environment, the desired signals and its interference
may have different fading characteristics [1].

The performance of S-ALOHA systems over fading
channel is well- studied. Interested readers can refer to the
prior researches due to Sheikh et al. [2]. The performance
analysis of S-ALOHA over Rayleigh fading channels was
conducted by Roberts and Healy [3] and Anbark and Van
Blitterswijk [4]. Similarly, the performance of S-ALOHA
systems over Nakagami/Nakagami fading channels with
the same value of parameters for test and interfering
packets was investigated by Al-semari and Mohsen Gui-
zani [5]. Furthermore, bit error rate (BER) calculation
could be performed on CDMA systems by taking various
models of channels i.e. Rayleigh-based fading model that
already takes Rician and Nakagami into account. Also,
Hafez and Alagoz [6] analysed the up/down link CDMA
receiver using maximum ratio combining (MRC) diversity
technique with coherent detection and differential detection
affected by multiple access interference (MAI). Mean-
while, in [7], the desired signal and the interference were
conditioned under Rayleigh fading. Also, [8] modelled the
desired signal using Rician fading model and interference
signal employing Rayleigh fading condition.

In order to overcome co-channel interference, Yao and
Sheik [9] proposed the use of diversity technique selection
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and represented the channel condition using Nakagami/
Nakagami model. Damar proposed the use of single MRC
diversity antenna technique and employed Nakagami/
Nakagami fading model [10]. Meanwhile, Gunawan
applied diversity technique MRC upon L-branch antenna
and employed Nakagami/Nakagami and Rician/Nakagami
models to represent the condition of the channel [11].
Our main contribution in this paper, extending our pre-
vious work in [12, 13], is to investigate the throughputs of
differential MRC-based CDMA ALOHA systems over two
fading models under Nakagami/Nakagami and Rician/
Nakagami fading channels. We believe our approach is the
first in the literature that is easy to compute and feasible for
practical implementation. We further proceed as follows.
While Sect. 2 depicts the model of the system, our discussion
in Sect. 3 delineates our mathematical model and analysis.
Lastly, conclusions will be subsequently drawn in Sect. 4.

2 Mathematical Mobels of the Systems
2.1 Model of the Transmitter

To model the dynamics of the transmitter, we consider the
following scenario. Each user shall transmit the average
power P (1 <k < K), on the carrier frequency f. =5*
with data rate R, = 7- and chip rate R. = . Every user is
also assigned a unique spreading code sequence, ai; €
{—1,+1} with waveform code given by:

o0

a(t) = Y aypr (i —jT.) (1)

==

The mathematical expression of kth data user signal that
carry data element by; € {—1,+1} is given by:

b)) = > b (1 —JTh), @)

j=—00
in which,p(¢) is a unit rectangular pulse within the duration
of T, the chip duration is denoted by T, and bit duration is
denoted by T, while n = % is the processing gain.

Furthermore, the transmitted signal by kth user is given
by:

Si(1) = /2Prai (1)bi(t) cos(wet + By), (3)

in which phase angle @, is assumed to be uniformly dis-
tributed within [0,27]. St (t) is the sum of all existing
signals over k user in the system and can be mathematically
represented by:

Sr(t) = ZSk(t). (4)
k=1

j(-ia

yary
NV

Fig. 1 Differential detection based MRC receiver [5]

2.2 Model of the Channel

In our research, fading is represented by a linear filter
where the characteristic of kth user in regards to a complex-
valued low-pass equivalent impulse response is given by:

Lg—1

() = ) e %o(r - l) (5)
=0

where ﬁiis the attenuation factor, 7} is the delay, Hi is the
phase angle, Ly is the path of kth user channel, J(.)is the
dirac delta function.

2.3 Model of the Receiver

We employ differential detection-based receiver as illus-
trated in Fig. 1. The output signal is calculated by a time
convolution between S(t) and h(t) it and can be mathe-
matically depicted as follows:

r(t) = Z kz:: Bir/2Pray (t — ) bi(t — <) ©)

cos(wct + @f) +n(f)

where n(t) is the AWGN with zero mean and has two sided
power spectral density Ng/2.

Given L-branch antenna, the total SNR of MRC due to
the co-channel interference signal can be mathematically
expressed by [14]:

L
o
pz::l / X X o
r = = = —
! 1+Y
o @
q=1

@ Springer



156

Int J Wireless Inf Networks (2014) 21:154-160

where Qf represents average SNR of the jth desired signal

in the pth branch, Q7 indicates average rth INR rata—rata in

L
the gth branch, X = ) Qf shows total SNR of the desired
p=1

I
signal and Y = > Q7 is the total INR interference signal in
q=1
each branch of the antenna.
Moreover, the positive definite function (pdf) of signal-
to-interference-plus-noise ratio (SINR) of MRC is given by
[14]:

fi(r) = / (0 + Dfi((@ + Drfy ()do (8)
0

2.4 Bit Error Rate (BER) of Dual Fading Models

In order to measure the performance of the system, the
mathematical expression of BER will be derived by means
of dual fading models. It turns out that the desired signal
and the interferences have different fading conditions.

L
Given X = ) QJP is the total SNR of the desired signal, ©;
p=1

is the average SNR of each branch of the antenna, and I'(.)
is the gamma function, the pdf of the desired Rayleigh
distributed signal expressed by [15] can be represented by:

©)

fo 1

(@) rw)

e

B+

Jx(x) =

The pdf of the desired signal which follows Nakagami
model can be obtained as follows [15]:

miL  miL—1 m;

mi\ T X" —py

X) = — e I
fX( ) (9}) F(mjL)

(10)

where m; is the Nakagami parameter of the desired signal.
The Ricianly-distributed pdf of the desired signal can be
mathematically given as follows [15]:

L—1

Ki+1) (x(K+1)\ * (x5

) = ¢ Jg )(x;,;Q)) (et ),Lf1
J R

LG 1)
X (2 T}C .

where Kj is the Rician of the desired signal and I,(.) is the

nth order modified Bessel function.
!
Moreover, ¥ = > Q7 represents the total INR of the
q=1
interference signal, Q,denotes the average interference-to-
noise ratio (INR) of the interference signal, and I'(.) is the
gamma function. Accordingly, the pdf of the interference

signal which is Rayleigly distributed is expressed by [15]:

(11)

@ Springer

(12)

Also, the pdf of the interference signal which is Nak-
agamily distributed given m; is the Nakagami parameter of
the interference signal can be expressed by [15]:

md -1
= (Z) L 13
fY(y) (-Qz> I—v(mll)e ( )

Given K, is the Rician factor of the interference signal,
and I,,(.) is the nth order of modified Bessel function, the
pdf of the interference signal which is Ricianly distributed
can be mathematically expressed by:

I-1

K +1 K +1)\ 7 Ki+D)

( tfj— : (y(K tI+Q )) (K1)
t t-4-net

y <2 K,.M.(K, + 1)y>
Q,

Furthermore, the general equation to compute BER is
given by [6]:

fr(y) =

(14)

Pe= [ fr(r)P(r)dr (15)
/

where f,(r) is the pdf of SINR, P(r) is the bit error prob-
ability from the detection scheme on AWGN channel.

Subsequently, the mathematical expression of the
receiver employing the differential detection differential
phase shift keying (DPSK) over AWGN channel its
mathematical expression is given by:

2% L
P(r) = <) e”Zbkrk (16)
2 =0
in which,
LISk ro
b= > ( . ) (17)
j=0 /

2.4.1 Rayleigh/Rayleigh Model

In order to compute the BER of Rayleigh/Rayleigh model,
we firstly determine the pdf of SINR of Rayleigh/Rayleigh
model i.e. by substituting (9) and (12) to (8) and (16) such
that the following equation is obtained:

1 1 2L—1L—1
" eyrwrn ) 2 b4k
Y —L—k
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2.4.2 Rayleigh/Nakagami Model

The pdf of SINR under Rayleigh/Nakagami fading model
can be calculated by substituting the Eqgs. (9) and (13) to
Egs. (8) and (16), such that [16], [17] are obtained.

1 1 2L—1L1L—1
(5) > bI(L+ k)
k=0

(@) (L) (m1)
%xi + 1) -

v v
t miI—1 [ \m

XE il —x+ 1) X" — 41 19

i1W<mtx+ )XI Q " 19)

7

Pe =

Equation (19) is the BER equation of the system over
Rayleigh/Nakagami model. Moreover, given m, = I the sys-
tems will be transformed into Rayleigh/Rayleigh fading model
(18).

2.4.3 Nakagami/Rayleigh

The pdf of SINR under Nakagami/Rayleigh can be
obtained by substituting (10) and (12) into (8) and (16) as
follows:

m m;L 1 1 2L—1 L—1
N ) [ .
r=(3) rormla)  nrenrd

k=0
N —m;L—k
. (Qux; + 1 I
S Qo+ 1) <mf<;;+>+ 1)
i=1 ]

(20)

Equation (20) represents the BER of the system over
Nakagami/Rayleigh channel.

2.4.4 Nakagami/Nakagami

Furthermore, the Pdf of SINR under Nakagami/Nakagami
condition can be computed by substituting (10) and (13)
into (8) and (16), as follows

m;L 1 1 2L—1 L—1
Pe= |- —| = b’ (m;L+k
¢ (Q,) [ (mL) T (m,I) <2> k; (L miL+)
%Xi N 1) —m;L—k

N m;L .
z Q i [ My (
t

i=1 7

+1

(21)

Equation (21) is the mathematical representation of the
BER of the system over Nakagami/Nakagami fading channel.

2.4.5 Rician/Rayleigh

The pdf of SINR under Rician/Rayleigh can be computed
by combining Eqs. (11) and (12) into Egs. (8) and (16) to
arrive the following equation:

Po— ((Kj; U)iﬂ“ﬁ (%) ! Zz_;ibkl"(L+k)

al Ki+1)(Qu+1 ok
Y wi(Quxi+ 1) ! (( hs ){(2 it )—H)
i=1 7
KL(K+1)(Qux;+1
X]F] L+k,L7 ] (]+ )( tx+ ) (22)
(1 + .Qj + th,' + I(thxi)

where, 1Fi(a;b;z) is the Kummer confluent hyper-geo-
metric function [8]. Equation (22) is the BER of the system
under Rician/Rayleigh fading models. If we set K; = 0, the
system will be fully transformed into Rayleigh/Rayleigh
fading model (18).

2.4.6 Rician/Nakagami

The pdf of SINR under Rician/Nakagami fading model can
be calculated by substituting (11) and (13) into (8) and (16)
as follows:

Por ((Kg: 1))Lr(mt11)F(L)eK,4L G) ! Zz:ébkF(L+k)

Lk
(Kj—Fl)(&xH-l) -

Xi . % +1 t m—1 m
2 i\ M) N Q

]

+1

KiL(K;+1) (,%’tx,-—kl)
(1+Q+2u4-K0)

xFy | L+k,L, (23)

Equation (23) is the BER of Rician/Nakagami. Given
the value of K; = 0, and m, = 1 the systems will be sim-
plified into Rayleigh/Rayleigh fading model (18).

2.5 Throughputs of S-ALOHA DS-CDMA

Accordingly, the throughput of S-ALOHA CDMA over
multipath fading channel due to [4], [5] and [6] can be
represented by Eq. (24):

5= c(fjmn)) (=P,

in which, L, is the length of the packet, the probability of
the frames obtained within a particular time frame on S-
ALOHA can be modelled using Poisson distribution:

G'e ¢

n!

(24)

Py(n) (25)
2.6 Analysis and Results

Figure 2 indicates the throughputs of S-ALOHA CDMA
system under Rayleigh/Rayleigh fading channel for various
number of receiving antennas (L = 1, 2, 4, 6, 8, 10). The
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S [Packets/Slot]

0 10 20 3n 40
G [Packets/Slot]

Fig. 2 Throughputs S-ALOHA CDMA for rayleigh/rayleigh fading
channels with average SNR = 10 dB and average INR = 2 dB

calculation was performed under average INR = 1 dB. As
can be seen, the throughputs of S-ALOHA CDMA systems
can be substantially improved by employing more antennas
in the receiver L. The more antennas employed in the
system; the higher the throughputs and the less noise exists
in the systems. The number of antennas employed shall
affect the performance of the system as it reflects the
quality of the desired signals. Those signals will be com-
bined using MRC diversity technique such that the optimal
throughput is obtained.

Figure 3 indicates the throughputs of S-ALOHA CDMA
on Nakagami/Rayleigh fading channel with variation in the
number of receiver’s antenna. Calculation was performed
using Nakagami-m = 2, average SNR = 4 dB and average
INR = 1 dB. Figure 3 depicts the effects of employing L-
branch antenna on the throughput of the system. Although

15 T T

|
o,
I
NN
T
|

i) iy \

Z Y/ e

- o - \‘1\

g f:::‘rf(. I T ‘: ,

: ’,f J / - \\ '\'\.‘Q\ — I_/=4

=) & & R

i &

st N N\
",
h,

G [Packets/Slot]

Fig. 3 Throughputs of S-ALOHA CDMA on Nakagami/Rayleigh
channel with m; = 2, average SNR = 4 dB and average INR = 1 dB
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Fig. 4 Throughputs of S-ALOHA CDMA for Rayleigh/Nakagami
fading channel with average INR =2 dB,/=2and L =6

Fig. 3 looks superficially similar to Fig. 2, in Fig. 3 the
desired fading signal was depicted using Nakagami model
while Rayleigh model was employed to depict the inter-
ference signal.

Figure 4 depicts the throughputs of S-ALOHA CDMA
system on Rayleigh/Nakagami channel given variation in
the number of antennas in the receiver. Calculation was
performed using Nakagami-m = 2, average SNR = 4 dB
and average INR = 1 dB. Figure 4 depicts the effect of the
L-branch antenna with respect to the throughput of the
system. As can be seen, the more antennas we used as
reflected by the value of L, the more throughputs were
obtained. Because of the interference, the change of the
throughputs of the system under Rayleigh/Nakagami model
was less significant.

Moreover, Fig. 5 depicts the throughputs of S-ALOHA
CDMA for Nakagami/Nakagami fading channel under
various interference signals m,. It is shown that the higher
the value of the Nakagami’s parameter, the higher the
value of the throughputs. This fact is in line to the theory
that state the bigger the value of Nakagami fading channel,
the smaller the existing fading signal in the systems.
Meanwhile, if the value of m, continuously increases until
it reaches infinity, we can assume that the channel is a
typical non-fading one.

Figure 6 indicates the throughput of S-ALOHA CDMA
for Rician/Nakagami fading channel. Calculation was
performed using average INR = 2 dB, the number of the
antenna in the receiver L = 6, the number of the interfer-
ence signal / = 2, and the Nakagami fading model of the
interference signal m, = 2. Furthermore it also depicts the
effect of fading on the throughputs of the system. The
higher the Rician factor (K;), the more LOS signals exist,
thus, the higher the throughputs of the system.
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Fig. 5 Throughputs of S-ALOHA CDMA for Nakagami/Nakagami
fading channel with INR = 1 dB, SNR = 10 dB, m, = 2, and L = 2
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Fig. 6 Throughputs of S-ALOHA CDMA for Rician/Nakagami
fading channel with INR average =2 dB,L=6,/=2and m, =2

This fact is understandable because the bigger the value
of K, the less amount of fading exists in the channel. If we
keep increasing the value of Kj until it reaches infinity then
we will end up with non-fading channel. In this condition,
the increase of Rician factor (K;) will no longer affect the
performance of the system.

3 Concluding Remarks

The performance of S-ALOHA CDMA systems (using
MRC diversity and differential detection by means of two
models of fading channels) has been analysed. To model
the adverse fading environments, we employed Nakagami/
Nakagami and Rician/Nakagami fading models. Our

research indicates that the throughputs of the systems
proportionally increase to the number of the antennas in the
receiver. Moreover, higher value of fading parameters
(Nakagami and Rician) will lead to increased value of the
throughputs of the systems.

Acknowledgments The author gratefully acknowledges the contri-
bution from the anonymous referees whose efforts greatly improved
the presentation of this manuscript.

References

1. M. S. Do, Y. J. Park, J. Y. Lee, The effect of spreading gain
control on a CDMA slotted ALOHA system, IEEE Transactions
on Computers Communication, Vol. 26, pp 996-1006.

2. A. Sheikh, Y.-D. Yao and X. WU, The ALOHA system in
shadowed mobile radio channel with slow or fast fading, /EEE
Transactions on Vehicular Technology, Vol. 39, No. 4,
pp. 286-289, 1990.

3. J. A. Roberts and T. J. Healy, Packet radio performance over slow
rayleigh fading channel, /IEEE Transaction on Vehicular Tech-
nology, Vol. COM-28, No. 2, pp. 279-286, 1980.

4. J. C. Anbark and W. Van Blitterswijk, Capacity of slotted
ALOHA in rayleigh fading channel, IEEE Journal on Selected
Areas in Communication, Vol. SAC-5, No. 2, pp. 261-265, 1987.

5. A. S. Al-Semari and M. Guizani, Channel throughput of slotted
ALOHA in Nakagami fading environment, /[EEE Transaction on
Communications, 1997.

6. M. Abdel Hafez and F. Alagoz, A generalized performance study
of DS-CDMA uplink/downlink receivers in Nakagami wideband
fading channel, IEICE Transactions on Communications, Vol.
E88-B, No.l, pp. 333-344, January 2005.

7. K. W. Sowerby and A. G. Williamson, Outage probability cal-
culations for a mobile radio system having multiple rayleigh
interferes, Electronics Letters, Vol. 23, pp. 600-601, 1987.

8. Y. D. Yao and A. U. H. Sheik, Outage probability analysis for
micro-cell mobile radio systems with co-channel interferers in
Rician/rayleigh fading environment, Electronics Letters, Vol. 26,
pp. 864-866, 1990.

9. Y. D. Yao and A. U. H. Sheik, Investigations into co-channel
interference in microcellular mobile radio systems, IEEE Trans-
actions on Vehicular Technology, Vol. 41, No. 2, pp. 114-123,
1992.

10. D. Wijaya and G. Wibisono, BER analysis of CDMA using dual
model path gain model, In: Proceeding the 6th seminar on
intelligent technology and its applications (SITIA 2005), Institute
Teknologi Sepuluh November, Surabaya, 2 May 2005.

11. G. Wibisono and A. Prakoso, Performance analysis of CDMA
using MRC on dual fading model, In: Proceeding EECCIS 2006,
Brawijaya University Malang, Part 1, C-135, May 16, 2006.

12. H. Saragih and F. Santoso, Throughput analysis of adaptive
slotted-ALOHA CDMA over a multipath fading channel with
capture effects, IJWIN, Vol. 16, No. 4, pp. 217-224, 2009.

13. H. Saragih, F. Santoso, Capture delay analysis on the throughputs
of direct-sequence code division multiple access (DS-CDMA)
with slotted-ALOHA (S-ALOH.A) systems over Nakagami/
Nakagami fading channels IJWIN 18(3): 186-192 (2011).

14. C. Chayawan and V. A. Aalo, Average symbol error rate of
maximal ratio combining scheme in the multiple co-channel
interferers, ECTI Transactions on Electrical Engineering, Elec-
tronics and Communications, Vol. 1, No. 1, pp. 38-46, 2003.

15. H. C. Yang and M. S. Alouini, Closed-form Formulas for The
Outage Probability of Wireless Communication System with a

@ Springer



160

Int J Wireless Inf Networks (2014) 21:154-160

Minimum Signal Power Constraint, University of Minnesota-
Minneapolis, 2002.

16. I. Gradshteyn and I. Ryzhik, Tables of Integrals, Series and
Product, AcademicNew York, 1980.

17. M. Abramowitz and I. A. Stegun, Handbook of Mathematical
Functions, Dover, 1970.

H. Saragih received his Ph.D.
in electrical telecommunication
engineering from the Depart-
ment of Electrical and Engi-
neering, University of
Indonesia, in 2008. He was born
in Bandung, Indonesia on
August 1976. He completed his
Master of Electrical Telecom-
munication Engineering from
the Department of Electrical
Engineering,  University  of
Indonesia, in 2001. He received
his Bachelor of Engineering
degree in electrical engineering
from Christian Krida Wacana University in 1998. His research

@ Springer

interest has been primarily in the area of mobile communications,
with special emphasis on ALOHA, CDMA.

F. Santoso earned his PhD from
The University of New South
Wales, Australia. He received
his Master of Electrical and
Computer Systems Engineering
from Monash University, Mel-
bourne, VIC, Australia in 2007.
He was the holder of several
highly competitive research
scholarships i.e., Australian
Development Scholarship in
2004 from the Australian Gov-
ernment as well as a University
International Postgraduate
Award (UIPA) in 2008 from the

University of New South Wales. His research interests encompass
broad spectrum areas of signal processing, communication and con-



	Jurnal Hoga Saragih 2014.pdf
	Differential Maximum Ratio Combining (MRC)-Based Throughput Analysis on Dual-Fading Models of Slotted-Aloha CDMA Systems
	Abstract
	Introduction
	Mathematical Mobels of the Systems
	Model of the Transmitter
	Model of the Channel
	Model of the Receiver
	Bit Error Rate (BER) of Dual Fading Models
	Rayleigh/Rayleigh Model
	Rayleigh/Nakagami Model
	Nakagami/Rayleigh
	Nakagami/Nakagami
	Rician/Rayleigh
	Rician/Nakagami

	Throughputs of S-ALOHA DS-CDMA
	Analysis and Results

	Concluding Remarks
	Acknowledgments
	References



