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ABSTRACT

Orthogonal Frequency Division Multiplexing (OFDM) is a widely known modulation
scheme used for high speed data transmission (like video) on multipath fading
channels. The multipath components of these channels cause a frequency selective
fading that seriously degrade the OFDM transmission, due to the erroneous exist on
the received data. Time guard-interval is used to reduce intersymbol interference
(IS1) and Intercarrier interference (ICl). Convolutional coding protects digital data
from errors by selectively introducing redundancies in the transmitted data.

In this paper a study of a combined use of Convolutional coding and OFDM
technique is presented. The effect of coding rates and constraint lengths of the
Convolutional code and the time guard interval of the OFDM symbols are studied
under frequency selective environment through computer simulation.
Recommendations for design issues are also discussed.
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l. INTRODUCTION

With the rapid growth of digital wireless (video, voice and data) communications in
recent years, the need of high speed mobile data transmission has increased. The
channel impulse response can extend over many symbol periods at high bit rates,
which leads to intersymbol interference (ISI). Orthogonal frequency division
multiplexing (OFDM) has been found to be one of the most effective techniques in
combating ISI [1, 2].

The OFDM is a bandwidth efficient multicarrier transmission scheme for digital
communications that was first proposed by Chang in 1966 [3]. It has gained a lot of
popularity among the broadband community in the last few years due to its high
spectral efficiency, and multipath delay spread tolerance. The main idea of the
OFDM is to split a high-rate data stream into a number of lower rate streams that are
transmitted simultaneously over a number of spectrally overlapping orthogonal sub-
carriers, which can be accomplished perfectly utilizing the Discrete Fourier Transform
(DFT) as first described by Darlington in 1970 [4]. With the recent evolution of digital
signal processing (DSP) chips, OFDM has become practical to implement. So the
modulation of these sub-carriers can be represented as Inverse Fast Fourier
Transform (IFFT). Both the ISI and the ICI can be completely eliminated using OFDM
by adding time guard interval (Gl) between symbols. The length of the Gl is made
equal to or greater than the time spread of the channel [1,5].

The applications that use OFDM technology have been increased over the last few
years, including the European Digital Audio Broadcasting (DAB), Digital Video
Broadcasting (DVB), standardized by the European Telecommunication Institute
(ETSI) in 1995, and 1997 respectively, wireless local area networks (WLANS)
(802.11a) in 1998 [6], and Japanese integrated services digital broadcasting (ISDB)
[7]. Using guard interval is limited by bandwidth efficiency. In this paper we consider
the benefits of using a convolutional coding strategy in conjunction with OFDM
modulation for different parameters values, such as coding rate and constraint
length of the convolutional coding, and the time guard interval of the OFDM signaling
to achieve the desired performance.

This paper is organized as follow. Section Il presents a brief overview for OFDM
signaling and convolutional coding. Section Il includes the description of the system
model used and system model validation. Section IV Simulation results are
presented. Section VI summarizes the paper.

Il. BACKGROUND OVERVIEW

II. 1 Orthogonal Frequency Division Multiplexing (OFDM)

OFDM uses the Inverse Fast Fourier Transform (IFFT) to modulate a serially
transmitted signal into parallel orthogonal signals. At the receiver, the demodulation
is achieved by the Fast Fourier transform (FFT). Due to the low complexity of the
IFFT and the FFT, OFDM is an attractive modulation scheme for many wireless and
wireline communications applications.

OFDM transmission scheme consists of modulator, serial to parallel converter, IFFT,
guard interval insertion and parallel to serial converter.
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The receiver consists of serial to parallel converter, guard interval removal, FFT,
parallel to serial converter and demodulator. The scheme of an OFDM system is

shown in Fig. 1
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Fig.1. A Transmission and reception scheme based on OFDM.

The binary information is first grouped and mapped according to the modulation
used, then converted to a parallel form. The IFFT block is used to transform the data
sequence X(k) into time domain sequence x(n) expressed as [8]:

x(n)=IFFT {X (k)}

j(2mkn IN)

1
n=012..N -1 (1)

k=0

where N is the FFT length. The length of the guard interval is chosen to be larger
than the expected delay spread to prevent the intersymbol interference (ISI). This
guard time includes the cyclically extended part of the OFDM symbol in order to
eliminate Intercarrier interference (ICl).

The received signal through a frequency selective time varying fading channel with
additive noise is given by:

y'(n) = x"(n)® h(n)+w(n) (2)
where w(n) is the Additive White Gaussian noise (AWGN) and h(n) is the channel
impulse response, and the prime denotes a cyclically extended signal.

At the receiver, the guard interval is removed giving y(n), and a reverse process is
performed through a FFT block to yield [8]:

Y (k) =

FFT v (n)j}

_ Lgly(n)e—j(ZUkn/N)

N =0

k =

0,1,2..,

N

-1
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I1.2 Convolutional Codes

Channel coding protects digital data from errors by selectively introducing
redundancies in the transmitted data. Coding involves adding extra bits to the data
stream so that the decoder can reduce or correct errors at the output of the receiver.
Channel coding techniques can be divided into three categories; block codes,
convolutional codes, and concatenated codes.

Convolutional codes are powerful coding schemes for wireless mobile
communication systems. It can achieve a larger coding gain than a block coding with
the same complexity. A convolutional code is generated by passing the information
sequence to be transmitted through a linear finite state shift register. The
convolutional code rate is defined as r=k/n, where n is the number of coded symbols
produced when k information bits are shifted to the convolutional encoder. The
parameter K is called the constraint length of the convolutional code [9].

’—> Output 1

o N
N

Input T T

'\Ij/—> Output 2

Fig. 2. Configuration of the convolutional encoder with 1/2 code rate and K =.3.

Fig. 2 shows the configuration of the convolutional encoder with a coding rate of 1/2
with constraint length (K) of 3. The convolutional encoder consists of (K-1 = 2) shift
registers and two modulo-2 adders connected to some of the shift registers. The
input data sequence is fed to the shift registers, and two output data are calculated
using the contents of the shift registers. Two coded bits are produced when a single
source bit is input. The generator polynomials determine the encoding process, and
they are more conveniently expressed in the octal form. Let us consider the binary
convolutional encoder shown in Fig. 2, the first function generator g+, the upper one,
is [101], and the second function generator g,, the lower one, is [111], which are
represented in the octal form by 5 and 7 respectively. The list of best known
generator codes, based on free distance criteria, of rate 1/2 for K = 3 to 9, and rate
1/3 for K = 3 to 8, was reported in [9]. There are a number of techniques for decoding
convolutional codes [9]; Viterbi decoding algorithm, Fano’s sequential decoding, the
stack algorithm, and feedback decoding. The most important of these methods is the
Viterbi algorithm which performs maximum likelihood decoding of convolutional
codes.
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1. SYSTEM MODEL

Fig. 3 illustrates the proposed system under study. As shown, Convolutional coding
is integrated into the OFDM system to enhance the performance improvements in
multipath fading channels. The binary input information is first encoded using
convolution coding at code rate r, and then OFDM modulation at transmission. On
the receiver side, the OFDM signal is demodulated and decoded.
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Fig. 3. The OFDM proposed system under study

The transmitted signal x’(n) will pass through the frequency selective time varying
fading channel with additive noise. In this study we apply two path faded channel
model. The channel impulse response can be represented as [10]:

h(t): LLnilef(em+2nfDmt)6(t_Tm) (4)

Where L is the number of reflected multipaths, 1, is the delay, 6, is the phase
rotation and fp,, is the Doppler frequency offset of the m™ path. At the receiver, the
output of the k™ sub-channel for the n block can be written as two terms:

Y ok = Xn,k + /n,k (9)

Where X, « represents the direct path term, while I, represents the interfering term
due to the echo of the preceding blocks. If the guard-interval time is less than the
maximum delay spread on the channel, the orthogonality conditions do not hold any
more. The interfering term will be:
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Where X, is the data sequence being transmitted on the [ sub-channel in the n™
block, A is the attenuation, fp is the Doppler frequency, T, is the effective OFDM
block duration (i.e. T,=NTs, where T is the period of each symbol). The addition of a
guard interval T,, gives a new total block duration T, expressed as:

Th=Tpr+Tg (7)

Ak and y;, determine the level of dependence between the sub-channel fading
effects on the N-Carriers, which have been found to be given as [10]:

[T—TgJejZWk(Tb-—T)/Tb for | =k ®)
A ()= To [ ]

jm [2’(T p=T )T p+ (- k) sm (0 - k)(r _ )/Tb otherwise

e m(l - )

(Tb_TT—JrTgJeJZTTk(TT )T b for |=k
By )= ’ ©)
: e I [*Z’T IT o (k)T )/T ]sm [ - k()(r _ ) )/Tb] otherwise

m(/

For the multipath channel model considered here, the received signal is:

Mk k NZL Uy g N=T Ak
Ynk= X X X > X
nk = \/— nk I \/— nl I Ol¢k\/_ n-1,/

0,/#k

for k=012..N-1 (10)

where, where X, « is the data sequence being transmitted on the K" sub-channel in
the n" block, and

Ak = 2 H» Ak (T) (11)
TE(Tm>Tg)
i . (12)
/’l I,k [E(z_zm>_|_|_|g) m ,Ll Ik( )

U, - SH.e "+ YH.u, @ (13)
‘ (Fo<T .1, ’
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and the channel coefficients for each reflected path H,, are given by:
H =gt T (14)
and each sub-carrier frequency fx is given by:

fk=fc+%-b for k =012... N -1 (15)

where, f;is the carrier frequency [10].
V. SIMULATION RESULTS

Simulation studies have been performed using convolutional coding with OFDM
systems considered before. The main operating parameters of the system modeled
are: carrier frequency f.=1.6GHz, Doppler frequency f;=200Hz, with sub-channel
carriers N=4, 16 QAM modulation, and a block of time length T, =160us. The channel
is represented by 3-path fading with one direct path and two reflected paths, with
delays (1n) equal 75us and 30us. The parameters of the convolution coding are code
rate (r) equal 1/2 and 1/3 with constraint lengths (K) equal 3 and 7 for each of them.
For rate 1/2 the function generators are [6,7] for constraint length 3 and [133,171] for
the constraint length 7, while for rate 1/3 are [6,7,7] for the constraint length 3, and
[133,145,175] for the constraint length 7. All these generator vectors are represented
in octal form. To validate the developed model, Fig.4 illustrates the performance of the
OFDM model without coding for different values of guard interval T, compared with
the analytical bound of 76 QAM with Doppler frequency fp=0. It can be noted that, as
expected, the performance enhanced as T, increases, especially with the values close
to the maximum value of delay spread as shown in the two cases of T,=710% of T,
represented by solid line with plus sign, and 20% of T, that exceed the value of the
maximum delay spread on the channel, coincide with the analytical bound,
represented by solid line with circle. While for relatively small guard intervals the
degradation in performance is dominated as shown in the two cases of T,=7% of T,
and 5% of Tp, represented by solid line with square, and solid line with star
respectively.

Fig. 5 illustrates the performance obtained by convolutional coding OFDM as a
function of the ratio S/N at different code rates 71/2 and 1/3, and different constraint
lengths k=3 and 7 for each case at T4=70% of Ty, and Doppler frequency fp=200Hz. It
also shows the performance of the uncoded OFDM, depicted by solid line with dots. It
can be noted that, at S/N<8dB for rate 7/2 and at S/N<6dB for rate 1/3, lower
constraint length (k=3), is better than higher constraint length (k=7). At higher signal-
to-noise ratios, the performance of the convolutional code is mainly related to the free
distance of the code dsee. As the free distance of the code increases, the performance
is enhanced. As shown from the figure, the performance at higher signal-to-noise
ratios is better for the cases with higher free distance, which corresponds to constraint
length k=7 for rate 1/3 (dree=15), and rate 1/2 (dsee=10), represented by solid line with
plus sign, and solid line with circle, compared with k=3 for rate 1/3 (ds.e=8), and rate
1/2 (dree=5), represented by solid line with star and solid line with square respectively.
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This should be taken into account when designing the system at the operating S/N
required.

Fig. 6 illustrates the performance of the convolutional coding OFDM at the same code
rates, constraint lengths, and Doppler frequency. In this case the value of guard
interval T,=20% of T. It can be noted that at S/N<6.2dB for rate 1/2 and at S/N<4.8dB
for rate 1/3, lower constraint length (k=3), is better than higher constraint length (k=7).
As shown from Fig.5 and Fig.6 at T4=20% of T, the performance improvement is
shifted to occur at lower S/N than the case of T;=10% of T,. One can notice that at
high S/N the performance of the coded OFDM in the case of rate 1/2 with k=7 is very
close to the case of rate 1/3 with k=3.
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Fig. 4. Effects of T4 on the performance of uncoded OFDM.
and a comparison between simulation and theoretical bound.
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Fig.5. BER performance of the r=1/2, 1/3 and k=3, 7 and a comparison between
uncoded and coded OFDM at T, = (10/100)* Tp.
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Fig.6. BER performance of the r=1/2, 1/3 and k=3, 7 and a comparison between
uncoded and coded OFDM at T, = (20/100)* T}
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V. CONCLUSIONS

In this paper a study of cascading of Convolutional code and orthogonal frequency
division multiplexing (OFDM) is presented. Specifically studying and analyzing the
effect of code rate, constraint length and time guard-interval on the bit error rate
(BER) performance of a convolutional coded OFDM modulation scheme used over a
multipath fading channel. Validatation of the model has been done by comparing the
simulation results with the analytical bound without applying the coding stage.
Discussions of the results show that, as the time guard interval, code rate, and
constraint length increase the performance is improved. For different regions of
signal-to-noise ratio recommendations for design issues were presented.
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