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Abstract

In this paper an exact closed-form expression for the performance of the orthogonal
frequency-division multiplexing (OFDM) system over LEO satellite channel is derived
where each subcarrier is modulated by M-QAM. The effect of two channel parameters,
namely the mean delay spread and maximum Doppler shift, on the system performance
is investigated for a realistic wireless channel environment model.

1. Introduction

Satellite mobile communication has gained enormous attentions in the wake of third-
generation (3G) and fourth-generation (4G) wireless communications systems. The
central features of the future fourth-generation mobile communication systems are the
provisioning of high-speed data transmissions (up to 1 Gb/s) and interactive multimedia
services. Because of its resistively to intersymbol interference (ISI), the OFDM system
is a strong candidate for high-data-rate. OFDM system is used in many recent standards,
such as IEEE 802.11, IEEE 802.16, and DVB-T. Moreover, the OFDM system is used
in satellite mobile communication as a modulation scheme.

Satellite communication systems, especially non-geostationary satellite systems are the
best candidates for providing communication services globally in a cost effective
manner which will be used in 4G. Non-geostationary satellite systems will form a
mobile telephony and data transmission network that would work without the need for
complex ground-based infrastructures. Therefore, the cost of the installation is fixed
with no relationship between cost and distance. For example, linking every home to
internet with fiber links costs 300 billion dollars while via satellite it costs only 9 billion
dollars [1]By using Low Earth Orbital (LEO) Satellite Systems the power requirements
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in either on-board and on the ground, can be reduced. This results in lightweight low
power radio telephones with small low profile antennas. Nonetheless, low altitude
means minimized transmission delay to nearly equals that of the land-based networks. A
more detailed description of Mobile Satellite Communication Systems can be found in
[2].

A careful literature survey reveals the papers [3], [4], [5] and [6] which studied the
performance of OFDM over LEO satellite channel. In [3], a comparison studies of the
uplink performance of wideband code division multiple access (W-CDMA) and OFDM
systems is presented for mobile multimedia communications via LEO satellites. In [4],
the characteristics of interchannel interference (ICI) distortions are studied under fast
fading LEO satellite channel as well as the effect of Doppler frequency shift on ICI. A
theoretical analysis for a 4-QAM modulation based CDMA system in the presence of a
nonlinear distortion over satellite mobile channel is studied in [5]. An average error
probability for M-QAM modulation over a Rayleigh fading LEO satellite
communication system is evaluated in [6] using finite state Markov channel.

In this paper, the performance of the OFDM-QAM system in LEO Satellite channel is
investigated. The performance measure is the average probability of error. The effect of
the number of the subcarrier, the guard interval, and the Doppler frequency on the
performance is also studied. The paper is organized as follows. In section 2, the system
model is described. a closed form of the expression of the probability of error of the
OFDM-QAM system is derived in section 3. In section 4, simulations are carried out to
validate the theoretical expression. Conclusions will be figured out in section 5.

2. System Model

The baseband equivalent discrete-time complex-valued model of the considered system
is depicted in Fig 1. The source generates a sequence of serial data which is modulated
with 4-QAM complex symbols with duration T. These symbols are fed to a serial-to-
parallel converter to be converted to blocks of data with length NT. The set of symbols
in each block, , is  modulated by N-point IFFT onto N symbols of
the i-th block, where each point n in IFFT represents the index of the carrier of OFDM
system, and N is the total number of carrier. The IFFT saves the time of calculation and
hardware implementation size. The cyclic prefix block adds the guard interval to reduce
the ISI between blocks. This can be done by copying the first G elements and add them
in the rare of the block. The final stage in transmitter is the parallel-to-serial
converter before transmitting the data over a LEO satellite channel.
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In the receiver, the serial data is converted to parallel again using the serial-to-parallel
converter. Following this, the guard interval is removed and the symbols are fed to N-
point FFT block. The output from the FFT block is demodulated using 4-QAM
demodulator and the data is converted from parallel to serial.

The LEO satellite channel, is classified as a wide-sense-stationary uncorrelated
scattering (WSSUS) frequency selective Rayleigh fading channel. It is modeled as a
tapped delay line model with time-varying coefficients and fixed tap spacing
where  is the sampling time. One of the advantages of the OFDM system is that it
treats the frequency selective channel as a flat fading. The details of this fact are
explained in [3]. In flat fading, the received instantaneous signal power is attenuated by

, where  is the fading amplitude.

3. Performance Analysis of the System

In this section, the performance of the OFDM over LEO satellite channel is evaluated in
terms of the average probability of error as a function of the instantaneous SNR per bit

.  First we start by deriving  and then the average BEP.

A. Derivation of average SNR per bit .

The output symbols from modulator (MQAM) are assumed to be independent and
identically distributed (i.i.d.), which is modulated by IFFT. The transmitted signal of the
system before adding the guard interval can be written as:

where k represents the index of the discrete time, after a guard interval is appended to
reduce the ISI between blocks, the transmitted sequence of the  block can be written
as

If (k) is assumed to be zero for then:
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The received signal is distorted by the AWGN and the fading channel. Then, after
removing the guarded interval, it can be written as

where  is the tap coefficient of the channel, m represents the delay index caused
by the imperial channel, and  is the maximum index of the delay spread time caused
by the channel. In the following, we assume the worst case where the delay is longer
than the guard interval, that is  and also we assume that there exist ISI
between,   and (  -1) block , therefore  equation (4) can be rewritten as:

after demodulation by  FFT,    or
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The FFT output (7) can be separated into the signal component with multiplicative
noise, interferences, and AWGN, as

       (8)

where Ni(l) is the AWGN of the l-th sub channel,  is the fading term over the l-th
sub channel and it is given by

This fading term has a zero-mean complex Gaussian random variable, i.e., each
subchannel is a Rayleigh fading channel.  is the interference from the adjacent
blocks (ISI), and it is given by

The ICI term, Ci(l), can be written as
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The terms Ci (l) and Si(l) are modeled as Gaussian random variables.

Under the isotropic scattering assumption, the autocorrelation of the tap coefficients is
 [6] where  is maximum Doppler

frequency which related to the velocity of the user v and the carrier frequency , the
variance of Ci(l) can then be derived as , The variances of Hi(l) and
Si(l) can similarly be calculated, then the average signal-to-noise ratio (SNR) is

(12)

where  , is the one-sided power spectral density of the AWGN,  is the variance of
ICI, and  is the variance of fading term Hi(l).

B. Derivation of the average probability of Error

Now, the average probability of error of the M-QAM OFDM system is derived. First let
us define some expressions: The Gaussian function Q can be written in the form

[Eq(4.2),7]

and   [Eq(4.9),7],
The power density function (pdf) of the instantaneous SNR per bit for Rayleigh fading
channel is given by

To compute the average error probability it should evaluate an integral whose integrand
consist of the product of Q-function and fading pdf
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Since the moment generating function (MGF) of  is the Laplace transform of  with
the exponent reversed in sign [8] i.e,

So (14) could be written as

The Laplace transfer of the Rayleigh PDF can be evaluated in closed form as

By substitution of (17) into (16) we have

Similarly when , we have

For M-QAM the symbol error probability (SEP) over the AWGN is the SEP for -
AM, since a QAM modulation is composed of the quadrate combination of two -
AM modulation, each with half the total power. So the probability of correct symbol
decision for QAM can be expressed
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and the probability of error is

Then, the SEP for symmetrical M-AM is given by

By substitution of (23) into (22) we have

By replacing  , we have

Finally, using (18), (19), (25) and (26), the average probability of error is given by
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 Where

4. Numerical Results

In this section the performance of the system is evaluated for a 4-QAM OFDM system.
The parameters which are used in the numerical evaluation of the system are:

,  and the mean delay  is . The average signal to noise ratio
as a function of the Doppler frequency ( ) is shown in Fig.2 for various values of .
This figure shows that, when =  the ISI from the adjacent block is eliminated
completely and only the ICI remains. In such a case, the average SNR decreases rapidly
with .

The BER for the 4-QAM OFDM system is shown in Fig, 3 and Fig. 4 for various values
of N.  Fig. 3 is plotted for SNR=  and Fig. 4 is plotted for SNR=15 dB. The results of
these figures are obtained for a carrier frequency of 910 MHz, resulting in maximum
Doppler frequencies of 5 Hz and 90 Hz for a person walking at 6 km/h and a vehicle
moving at 100 km/h, respectively. In these figures, two extreme cases are considered.
The first one when no guard interval is added  and the second one when the
guard interval is used. The figures show that the guard interval eliminates the ISI
perfectly ).

 5. Conclusion
In this paper, an exact method for calculating the BER of an M-QAM OFDM system
over LEO satellite channels has been developed which led to a closed-form BER
expression. The exact BER expression was used to analyze the system performance
under several wireless channel configurations. The simulation results of the derived
closed-form expression are consistent with the published results in [8]As expected, the
results show that the Doppler frequency causes the significant performance degradation.
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Fig.1. the baseband equivalent discrete-time system model

0 10 20 30 40 50 60 70 80 90 100
15

20

25

30

35

40

45

50

55

fD (Doppler frequency)

avera ge SNR

Tg=0
Tg=5 usec
Tg=10 usec
Tg=15 usec
Tg=20 usec
Tg=25 usec

Fig. 2. Average SNR versus fD when N=64 with different values of guard interval Tg

ai(0) si(0)

Parallel to
serialAdd cyclic

prefix
N-point IFFTSerial to

parallel
M-QAM

mod.
Source of

data

original data M-QAM
demod.

Parallel to
serial

N-point FFT remove cyclic
prefix

Serial to
parallel

LEO Satellite
Channel

ai(N-1) si(N-1)

Ri(0)

Ri(N-1)

ri(0)

ri(N-1)



Proceedings of the 6th ICEENG Conference, 27-29 May, 2008 EE190 - 11

3 4 5 6 7 8 9
10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

n (power of 2)

probabilit y of error

fD=5 and Tg=25 usec
fD=5 and  Tg=0
fD=90 and Tg=25 usec
fD=90 and Tg=0

.Fig. 3. BER versus N when Eb/No

3 4 5 6 7 8 9
10-2

10-1

100

n (power of 2)

Probabilit y of error

fD=5 and Tg=25 usec
fD=5 and Tg=0
N=64 and fD=90 usec
N=32 and fD=90

Fig. 4. BER versus N when Eb/No=15



Proceedings of the 6th ICEENG Conference, 27-29 May, 2008 EE190 - 12

References
[1] A. halim zaim, Derya yiltas “performance analysis and routing techniques in LOE
satellite systems” journal of electrical & electronics engineering, volum5 number2, year
2005.

[2] M.Ibnkahla, (M), IEEE, Q.Mehbubar(M), IEEE,A.Iyanda (M), IEEE,“high-speed
satellite mobile communications: technologies and challenges” proceedings of the
IEEE, vol. 92, no. 2, february 2004.

[3] A. Papathanassiou, A. K. Salkintzis, and P. T. Mathiopoulos,
” A Comparison Study of the Uplink Performance of W-CDMA and
OFDM for Mobile Multimedia Communications via LEO Satellites”
IEEE Personal Communications . June 2001.

[4] Lei Wan and V. K. Dubey ” Performance of Frequency and Time Domain Coded
OFDM over Fast Fading LEO Channels”2000.

[5] Q. M. Rahman and M. Ibnkahla “4QAM-cdma transmission over satellite mobilec
hannels in the presence of nonlineadr istortioannsd rayleigh fading” CCECE 2003 -
CCGEI 2003, Montd, May/mai 2003.

[6] Lahcène Hadj Abderrahmane, Mohammed Benyettou“An average error probability
evaluation in a fading environment using finite state Markov channel for LEO satellite
communication system” Int. J.Electron. Commun.page 418 – 422 (AEU) 61 (2007).

[7] “Digital Communication over Fading Channels” 2nd Edition, Marvin K. Simon
Mohamed-Slim Alouini

[8] Yun Hee Kim, Iickho Song” Performance Analysis of a Coded OFDM System
inTime-Varying Multipath Rayleigh Fading Channels” IEEE transactions on vehicular
technology, vol. 48, no. 5, september 1999.




