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Abstract

In this paper, we first analyze the influence of interference
due to the time variation and delay spread of the mobile
channel on an orthogonal frequency division multiplexing
(OFDM) systemn. With the resuit, we obtain the bit error
rate performance of the 16-QAM OFDM system. Second,
we investigate the performance of the Reed-Solemon (RS)
coded 16-QAM OFDM system when the number of sub-
carriers varies. In the investigation, we assume that the
information transmission rate and the total bandwidth ex-
pansion due to coding, guard interval, and the number of
subcarriers are fixed. Under this condition, it is observed
that there are optimum numbers of subcarriers that min-
imize the post decoding symbol error prebability of RS
code for various channel states.

1 Introduction

In current and future mobile communications systems,
high bit rate data transmission is required for many ser-
vices such as video, high quality audio, and mobile ISDN.
Many mobile radio channels are characterized as time-
varying multipath Rayleigh fading channels. When high
bit rate data are transmitted over such a channel, the chan-
nel impulse response can extend over many symbol periods
and this leads to intersymbol interference (ISI).

OFDM is an effective techinique to mitigate ISI. The
main idea is to send data in parallel over a number of sub-
channels which are spectrally overlapping yet orthogonal
in time. Several aspects of potential systems using OFDM
have been studied in [1)-[6]. The method to reduce the ISI
in OFDM is to increase the number of subcarriers: The
ISI can be also effectively eliminated by adding a guard
interval. However, the time variation of the channel re-
sults in more interchannel interference (ICI) caused by a
loss of orthogonality among the subchannels as the num-
ber of subcarriers increase, The 1CI of OFDM system in a
time-varying multipath fading channel was analyzed under
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the assumption that the guard interval eliminates the ISI
perfectly [5].

In this paper, we first analyze the OFDM system when
the guard interval does not eliminate the ISI perfectly in
time-varying multipath Rayleigh fading channel. We use
the same discrete-time OFDM model as in [5]. With the
result, the performance of the 16-QAM OFDM is analyzed.

Second, we investigate the tradeoff between the code rate
and the bandwidth expansion due to the guard interval
with the number of subcarriers for the RS coded 16-QAM
OFDM system. In the investigation, the available trans-
mission bapdwidth and information transmission rate are
fixed. Under this condition, we compare the post decoding
symbol error probability (SER) of RS code as the number
of subcarriers varies. [t is shown there exist optimum num-
bers of subcarriers for various channel states.

The discrete time lowpass equivalent OFDM system
model and channel model is defined in Section 2. In Sec-
tion 3, the performance of the OFDM system is analyzed.
Then with this result, the performance of the RS coded
16-QAM OFDM system Is investigated for various num-
bers of subcarries in Section 4. We make some concluding
remarks in Section 5.

2 System Model

The lowpass equivalent discrete-time complex-vahied
model considered in this paper is depicted in Fig. 1.

2.1 Transmitter

Input data streams are coded at the code rate r and
mapped to one of the symbols by the symbol generator.
The symbol generator outputs the complex symbol whose
duration is T. The serial-to-paralle! converter buffers a
block of symbols for the N-point IDFT to modulate them
onto the N subchannels with orthogonal subcarriers in
baseband. The set {ai{n), 0 < n < N ~ 1} is the set of
symbols to be modulated in the i-th block interval. These
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Fig. 1: The lowpass equivalent discrete-time system model

symbols are assumed to be independent and identically
distributed {i.i.d.).

To reduce the ISI between the blocks, the guard interval
of length G can be appended to the beginning of the block
[7]. The transmitted sequence with guard interval of the
i-th block is written as

N-1

Za,’(n)ejlw . ~G<k<N-1,

n=0

(1)

1
k) = —
I‘(k)'*\/ﬁ

which corresponds to the samples Ty of an OFDM modu-
lated signal, where (N +G)T, = NT. The first G elements of
(1) constitute the guard samples. When guard samples are
added, the sampling rate should be increased by the fac-
tor of £4C1 to transmit (N + G) samples during one block
pericd. Therefore, the bandwidth of the system increases
to L = (&E<) L. If 2¥(k) is assumed zero for k < -G and
k > N, the total transmitted (baseband} sequence may be

written as
o

(k)= D #flk—iN+G))

=00

(2)

Since ceding at the code rate r expands a system band-
width by 1/r, the total bandwidth expansion ratio is

1 &4
F“:@+ﬁ)

(3)

We will fix the value of F to some constant so that the
information transmission rate and the bandwidth of the
system may not vary for different N values. Therefore, as
N increases, r decreases and the error correction capability
of code increases,

2.2 Channel Model

The channel model used in this system Is a time-varying
diffuse multipath model. This model can be represented
as a tapped delay line model with time varying coefficients
and fixed tap spacings T, if the transmitted signal is band-
limited as 1/7, [7]. If the multipath delay spread T.. does
not exceed MT,, the channel output with additive white
Gaussian noise (AWGN) is written as

M—1

r(B) = Y halk)a(k = m) + n(k).

m=0

(4)
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The channel is assumed as a wide-sense stattonary uncor-

related scattering (WSSUS), Rayleigh fading channel.

2.3 Receiver

We assume that the channel impulse response does not
extend over more than one block, e, M < N4+ G. The
multipath delay spread 7., can be larger than the guard
interval Tg = GT,, then the i-th block can have interference
from the (1~ 1)-th block. Here, we assume that 0 < G < M -
1: if G = 0, no guard interval is appended, and f G = M -1,
the guard interval eliminates the ISI from the adjaceut
block perfectly. After removing the guard samples, the
received sequence is written as

( K+ G
Z: kn i (k)23 {k ~ m)
m=0

M -1

+ 3 hmak)el (N4 G—m 4 k) +nilk)
(k)= mz=kt G+ 1 .
= if o<k<M-G~1

Mo~

3 ke lk)zi(k —m) + ni(k)

m=0

L f M-G<k<N-1,
(5)
where hAm (k) = km{i{N + G) + k).
The demodulator performs DFT with {r;(k),0 <k <N~
1} and the output of DFT becomes

N-1 M~G-~1k+G

R= 2 3 aitn) | 3 Y hm (ke RS
n=9 — -
N—-1 M-
¥ Z ihm.-‘(k)e'f“ﬁ“‘gﬂg;:ﬂ
k=M-—G m=0

M~G—1 M~-1

Nt
+§J— Z a"“(")z Z hm,.‘(k)e”wjg:ﬂez 2mia=)

n=0 k=0m=k4+G+1

L N—1
L (ke -1
+m§_:om(k)e = al 0<I<N 1 (6)

Here, Ri(i) represents the transmitted signal through the
i-th subchannel (I-th subcarrier) during the i-th block in-
terval. From R;(i), the symbol detector makes a deci-
sion about which symbol is transmitted, then the detector
ouputs are decoded through the decoder.

3 Performance Analysis of the
OFDM System

The DFT output (6) can be separated into the signal part
with multiplicative noise, interferences, and AWGN as

Ri(l) = H:{(Ja )+ C:l) + S+ N, o<t N—1, (D)
where
" N-1 M-l
Hill)= = SN hitke i
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L N M-G-1 M1 seaig=m) jarkpaen
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(10)
and
N-1
N = -\/% Z nik)e=? 2 foro<i< N—1.(11)
In (8)-(11), Hi(l) is the fading term on the i-th subchannel,

and Ni(l) is AWGN of the I-th subchannel. The term ¢; (1}
is the interference from the other subchannels of the same
block and 5;(!) is the interference from the adjacent block.
We will call Ci(l) and S;(!) the ICI and ISI, respectively.

With WSSUS Rayleigh fading assumptions, the tap co-
efficients hm(k) are independent zero mean complex Gaus-
sian random processes. Therefore, the fading term H;(D
becomes a zero mean complex Gaussian random variable,
i.e., each subchannel is a Rayleigh fading channel. The
noise Ni(l) is also white Gaussian noise because it is the
sum of white Gaussian variables. The random variables
Ci(t) and Si(l) are not easy to analyze exactly because they
are sums of many interferences which are not independent.
Interferences are, however, at least uncorrelated and the
mean of C;(I) and S;{l) is zero, because random symbols
ai(n) are 1.1.d. and have zero mean with variance E., We
will thus model ¢;(/) and S:(!) as Gaussian random vari-
ables to obtain the performance bound : of all additive
noise processes with fixed variance and mean, independent
Gaussian noise results in the smaliest capacity. With WS-
SUS and isotropic scattering assumption, the erosscorrela-
tion of channel tap coefficients is

Ef{hm,i(k)hy i(4)} = bmoadJo(2nfpTs(k - w)),  (12)

where J5(-) is the zero order Bessel function.
The variance of Ci(1) can thus be derived as

0,2:; = E{Cx(l)c:(l)}

Nwl M-i
Y| X X chdtmiohk - w)e HERE
n#El

ku=M-C m=0
N—-1 M~-G-1k+G

+ Z Z ZOfnJo(ZﬁfDTa(k_u))ej_g_ﬂt:#b__Q

_Ea
=5

uz=M—-G k=0 m=0

N-l M-G-1k4G
F Y Y ok - we s RO
u=M~—~G k=0 m=D

MGy min(u,k)+G

PP

k,u=0 m=0

o2 Jo(2r fpTelk — u))e=? ESCEmIE)

57

E M~1 M-G-1k4+G
=% [N(N-M—G)Ea?,.w 354
m=0 kw0 m=0
N-—=1 N~1 M~1
- ST Y ehnensnoTats - w)
k=M ~-Gu=M-—G m=0
N=1 M~G-1k4+G
—2 Z }: }: o2 Jo (27 fpTalk — u))
u=M=G m=0
-G =] MGl min(u,k)+G

-3 S Y AnGrpTk-w)), (13)
k=0 u=0 m=0
where we use the property
NoLo y
Ze-f‘-‘"wu—l' "R = Ny - 1. (14)

n=0

agl

The variance of H;(!) and 5;({) can similatly be calculated
and are written as

M—G~1

BSOS

k=0 mzk4 G4l

(15)

2
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k,u=0 m=0
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o do (27 fpTs(u — k))

The variance of AWGN does not change after DFT and is
given by

N-i N—1i

7\1{. 3N B{nithing ()} = No,

k=Q u=0

E{N;()N (D)} = (17)

where N, is the one sided power spectral density of AWGN.

If we assume that H;() is estimated perfectly, SER or
bit error probability (BER) of several modulation schemes
can be derived with the average SNR which is written as

E,a%.

T (18)

r”'f
The average SNR without AWGN is plotted in Fig. 2
when N=864. We assume that the multipath intensity
profile has the exponential profile that well character-
izes a mobile radio channel [8]. Therefore, the vari-
ance of channel tap coefficients can be written as o2, =
Aexp(~mTsf7), for 0 <m < M -1, where A is the constant
that normalizes the sum of variances such that "% =12, =
1. It is assumed in these figures that T,=5 us, the mean
delay spread ro is Ts, and the multipath delay spread T
is 57, (25 us). When the guard interval is not added, i.e.,



Te =0 s (G =0}, the average SNR is very small due to the
ISI. As we increases the guard interval, the average SNR
increases. When Tg = Tm=25 us (G = 5), the ISI from the
adjacent block is eliminated completely and only 1CI re-
mains. In such a case, the average SNR decreases rapidly
with the maximum Doppler frequency.

Using the average SNR, let us investigate the perfor-
mance of the 16-QAM OFDM systemn (the symbol genera-
tor generates 16-QAM symbols). The BER averaged over
Rayleigh fading [7] for gray-mapped 16-QAM is

[ D) 1o (V) -] et

Py

= ‘E 1- i +l 1= %
8 T+ 10 4 9y + 10
1 5%
2y - 1
8( 5¥+2 (9)

Some results of the BER for the 16-QAM OFDM sys-
tem are shown in Figs. 3 - §, for various N and channel
states. Two extreme cases, when TG = 0 and 75 = Th, are
examined. It is assumed in these figures that T,=5 us and
Tm= 25 ps. To accelerate the stmnulation, FFT and IFFT
are used instead of DFT and IDFT.

Figs. 3 and 4 show the BER of the 16-QAM OFDM sys-
tem without guard interval, Tg = 0, for various N when
Ey/N, = oo and E,/N, =15 dB, respectively. The results
show that the analytically found BER upper-bounds the
BER from simulation, and both of them show similar per-
formance tendency. As N increases, the ISI decreases, how-
ever, the IC] due to the time variation of the channel in-
creases. Therefore, we can see there are optimum numbers
of subcarriers which minimize the BER of the system.

Figs. 5 and 6 show the BER of the 16-QAM OFDM with
guard interval | T = T, for various N when E,/N, = oo
and B, /No=15 dB. As N increases, the peformance becomes
worse, it should be noted, however, that the required band-
width decreases as N increases, which can be used for er-
ror correction coding to compensate for the performance
degradatin. In next section, we will compare the perfor-
mance after decoding for various V.

4 Performance of the RS Coded
16-QAM OFDM System

For the (n, k) RS code, RS SER after decoding is given by
(7

n

)’

=gk
where Pg is the RS SER before decoding. If we use the RS
code of 255 block size, one RS symbol is mapped to two
16-QAM symbols. If we assume that 16-QAM symbols
are perfectly interleaved, the RS SER before decoding is
written as

Pi(1 - PR)" Y, (20)

Fap=

Pr=1-(1-P,q), (21)

58

where P, 5 1s the 16-QAM SER and

Pﬂ,Q »’?’,4P5’Q (2?)

for gray mapped 16-QAM symbols.

When F = 2 and E,/N.= 15dB, Py is plotted for var-
ious N and guard interval at some Doppler frequencies in
Figs. 7 and 8. We can thus see that there exist optimuin
numbers of subcarriers and guard interval that minimize
the RS SER for fixed total available bandwidth. An obser-
vation from these figures is that, when the tatal available
bandwidth is fixed, we should give first priority to guard
interval. The number of subcarriers effects a great change
of the performace when Doppler frequency is high. A care-
ful choice of the number of subcarriers is thus demanded
for high Doppler frequency.

5 Conclusion

In this paper, we first analyzed the performance of OFDM
system in time-varying multipath Rayleigh fading chan-
nel. With the result, we compared the performance of the
16-QAM OFDM system when the number of subcarriers
varies. In the no guard interval case, the ISI decreased and
the ICI increased as the number of subcarriers increased.
It was observed that there were optimum numbers of sub-
carriers for various channel states. In the case of perfect ISI
elimination with the guard interval, the performance be-
came worse as the number of subcarriers increased. How-
ever, the bandwidth expansion due to the guard interval
was small for large number of subcarriers.

Second, we investigated the performance of the RS coded
16-QAM OFDM systemn when the number of subcarriers
varied. In the investigation, we assumed that the informa-
tion transmission rate and the total bandwidth expansion
due to coding, guard interval, and the number of subcarri-
ers were fixed. Under this condition, it was observed there
were optimum numbers of subcarriers for various channel
states. As the time variation of a channel increases, a
proper choice of the number of subcarriers is demanded.
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