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1 Introduction ~ 

fading channel has been obtained. However, the complexity of 
this receiver was prohibitively high. Therefore, a sub-optimal, yet 
low-complexity decision feedback receiver was proposed. The de- 
cision feedback receiver used the Kalman filter to obtain MMSE 
estimates of the channel states for the sub-channels. These esti- 
mates were used to cancel out the random phase shifts prior to 
detection. 

The objective of this paper is to consider a coherent, diversity 
receiver for OFDM signals. The receiver has L diversity branches. 
Each branch receives the transmission from L independently fad- 
ing channels and has a Kalman filter which adaptively tracks the 
channel state (i.e. amplitude gain and phase) as it changes over 
time. The channel estimates and the signals are combined using 
maximal ratio combining [5] to obtain a decision variable for each 
sub-channel. Here we outline the structure of the diversity receiver 
and obtain performance bounds. The performance of the receiver 
is compared to the performance when the channel state is known 
perfectly at the receiver. 

The rest of the paper is organized as follows : In section 2 we 
give a brief overview of OFDM in a fading channel. In section 
3 we describe how Kalman filtering, together with decision feed- 
back, can be used to estimate the channel state. In section 4 we 
consider the proposed diversity receiver. Section 5 analyses the 
performance of this receiver and presents a numerical example. In 
section 6, we summarize our work. 

2 OFDM in a fading channel 
The OFDM system we consider has K sub-channels. The kth 
sub-channel (IC = 1,. . . , K )  has a sub-carrier frequency f k  = 
f c  + kA f where A f is the frequency separation between the 
sub-carriers. The reference frequency f c  is much larger than the 
frequency separation Af and can be considered as the effective 
carrier signal for the system. The orthogonality between the sub- 
channels is maintained by selecting the frequency separation to be 
A f = where T is the duration of a transmitted symbol [ 2 ] .  In 
this work, we consider binary PSK so that the transmitted signal 
can be represented in complex baseband as 

M K  

where b k ( m )  E { -1,l) is the mth  transmitted symbol in the 
kth sub-channel and p ( t )  is the symbol waveform with support in 
t E [O,T). 
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We assume that the symbol duration T has been selected so 
that T >> CTT, where OT is the delay spread of the channel. As 
a consequence, we may consider the following statements to be 
valid. 

n G =  

1. The fading in each sub-channel is frequency non-selective. 

- - 
OK 
OK 

; , H ' ( B ( ~ ) )  ~ & B ( ~ ) G I ,  
OK 

- I K  

2. The effect of inter-symbol interference is negligible. 

We further assume that the fading is slow compared to the sig- 
naling rate (Le., ~ D T  << I, where f D  is the maximum Doppler 
shift), so that the channel state does not change over the duration 
of a symbol period, but changes from symbol to symbol. As a 
result, matched filtering and sampling at the symbol rate can be 
performed at the receiver without any loss of information [6]. The 
output of the sampler for the kth sub-channel and the mth symbol 
is 

(2) 

where c k  (m) is the complex, multiplicative noise introduced by 
the fading channel (i.e., channel state), E is the average received 
energy per symbol and nk(m) is complex low pass noise with 
variance NO. The multiplicative noise has zero mean and unit 
variance. Furthermore, the real and imaginary parts of Ck (m) are 
independent, stationary and Gaussian distributed. It follows that 
the amplitude of this noise process is Rayleigh distributed and the 
phase is uniform over [0,27r). Using matrix notation, the sampler 
outputs for all K sub-channels can be represented as 

y(m) = @B(m)c(m) + n(m) , m = 1,. . . , M 

m(m) = JEh(m)cl,(m) + m(m) ,  

(3) 

where 

and n(m) is a zero mean, complex Gaussian noise vector with 
covariance matrix NOI. 

3 Channel estimation through Kalman 
filtering 

If the sub-carrier frequencies are sufficiently far apart, the fad- 
ing among the sub-channels can be considered to be indepen- 
dent. However, in general, the fading will be correlated across 
frequency as well as across time. Using the model proposed in [7, 
pages 45-54], these correlations can be obtained as 

E { ~ ( n ) ~ ; ( n  - m)}  = Rz,k(m) 

2n(Z - k )  

Since ck(m)  is Gaussian distributed, {c(m)} can be considered 
as a vector Gaussian process with auto-correlation matrix R,(m), 
where the (1, entry of the matrix is given by (4). It is known 
that such processes are well approximated by auto-regressive 

I I  I /  

Figure 1: The state space model for OFDM signals 

(AR) processes [8]. Selecting a pth order model, we represent 
{c(m)}  as 

P 
c(m) = - A[i]c[m - i] + u[m]. 

i=l 

Here A[1], . . . , A b ]  are K x K matrices and u[m] is white 
noise with covariance matrix Q. The unknown model parameters 
A[l], . . . ,Ab] ,  and Q are obtained by solving the Yule-Walker 
equations. 

Once the AR model is obtained, a state space model for the 
outputs of the sampler can be directly written down as 

x(m + 1) = F x ( m )  + Gw(m), ( 5 )  

y(m) = H ' ( B ( ~ ) ) x ( ~ )  + n(m). (6) 

where the state vector x(m) is defined as 

n x(m) = [c'(m - p + l), . . . , c'(m)]' 

and w(m) is a white noise process with covariance matrix Q. The 
matrices F, G, and H'(B(m)) are defined as 

I K  . . .  OK 
I K  

OK 

FeI : l 9  
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(7) 
m = I , .  . . , M - 1(8) y(m) = 
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) 

__ 
Kalman 
filter 

Based on this, the Kalmar 
vector at the Mth  instance, 
equations are given in [9]. 
F, G and H are time-inxriant. 
covariance matrix approaches 
lution to the steady state 

% = F[% - %H(H'siH 

with a corresponding Kalnian 

K = 

Therefore, the prediction 

filter can be used to estimate the state 
x(M). The well known recursive 

However, we note that the matrices 
As a result, the prediction error 

a limiting value 9 given by the so- 
Ricati equation 

+ LV&I-~H'%]F' + GQG' (9) 

gain matrix 

FCH(H'9H + N o I ) - ' .  (10) 

slep can be performed simply as 

Kalman 
filter 

When the estimate of the 
timate of the multiplicative 
G ' ? M / M - ~ .  Then the 
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the complex conjugates of 
The final step is 

= sgn 

Assuming that the decisions 
symbol period are correct, 
carried over to the M + It'' 

Matched filtering 
and sampling 

sa te  vector X M l M - 1  is obtained, an es- 
noise t ( M )  is obtained as t ( M )  = 

rz.ndom phase in the received symbols 
be cancelled out by multiplying with 
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{ W ( Y k ( M ) W m  ' (12) 

for all the sub-channels in the M t h  
the estimation and detection can be 
period and to the next and so forth. 

Figure 2: Two-branch diversity receiver 

4 Diversity recefver 
In this section we consider 
with an associated Kalman 
mation. The following stan 
[SI are made. 

1 .  The L branches receives 
channels. The fading 
are mutually independent 

2. The additive noise 
are mutually independent 

At the receiver, after matched filtering and sampling, we obtain 

Yk , l  = JEbk(m)ck , l (m)  + %,l(m) 

for the IC th  sub-channel and the lth branch. Assume that the 
Kalman filter produces an estimate of e k , l ( m )  for the channel 
state. Then maximal ratio combining [5]  is used to decide on the 
transmitted bit as 

a diversity receiver with L branches, 
filter for each branch for channel esti- 
jard assumptions on diversity channels 

the transmission from L diversity 
processes among the diversity channels 

and identically distributed. 

prxesses among the diversity channels 
and identically distributed. 

The decisions are then fed back into the Kalman filters of the L 
branches so that the estimation and detection can be carried over 
to the next symbol period. 

A two-branch diversity receiver is shown in Fig. 2. 

5 Performance of the diversity receiver 
The performance of the diversity receiver can be evaluated using 
the technique highlighted by Kam [lo]. The decision variable for 
the IC th  sub-channel and the mth symbol is 

We first consider the probability of error conditioned on the chan- 
nel estimates and the transmitted bit. Assume that &,l (m) = xi 
for I = 1, . . . , L and bk(m) = 1. Then the conditional probability 
of error can be written as 

Pr(ek I E k , l  = 51, .  . . , & , L  = zL, b k ( m )  = I) = 

Pr(Uk(m) < 0 1 C k , l  = 51,. . . ,&,L  = ZL, b k ( m )  = 1).(13) 

Conditioned on the channel estimates and the symbol, the decision 
variable Uk (m) is Gaussian. The conditional mean and variance 
can bederivedas azk, 15~1~ and i(Ea;+No) E,"=, 12~1~ re- 
spectively, where ci is the Kalman filter estimation error variance, 
&{Ic~;(m) -&.(m)12}. Then the conditionalerror probability (13) 
is 
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whereQ(s) = s," & exp(-t2/2)dt. Fromthepropertiesofthe 
Kalman filter, we have that the estimate & (m) = 21 is Gaussian 
withmeanE{zl} = 0 andvariance&{(z1(2} = 1-a:. Therefore, 
El"=, 1x1 l 2  has chi-square distribution with 2L degrees of freedom 
[5]. Averaging (14) over this distribution yields 

.~ 

Maximum Doppler shift f~ 80 Hz 
AR model order p 3 

Pr(ek 1 b k ( m )  = I) = 

J 

- 

where 

(1 - gi )E/No 
1+E/No  ' 

(cf. [5]). Since the transmitted symbols are equally likely to be 
+1, the probability of error for the kth sub-channel, Pr(ek), is the 
same as (15). The overall probability of error is the average over 
the sub-channels, i.e., Pr(e) = & zkzl Pr(ek). K 

5.1 Numerical example 

In order to obtain numerical values, we consider an OFDM 
scheme with the parameters given in Table 1. Note that OT/T = 

I1 Effective carrier frecluencv f, I 900 IV 

1 1  Delay spread OT I 25 I.Ls 7 

Table 1 : System parameters of the OFDM system 

0.04, f D T  = 0.05 and therefore, the OFDM system satisfy the 
assumptions made in section 2. The Doppler shift of 80 Hz at 
900 MHz corresponds to approximately 60 mph relative speed be- 
tween the receiver and the transmitter. 

The error rates predicted by (15) are shown in figure 3. The 
steady state error variances, as given by the solution to steady 
state Ricati equation, in the absence of feedback errors, have been 
used in computing these values. The dashed line shows the per- 
formance when the channel state is perfectly known. This is the 
best performance that can be achieved in a Rayleigh fading chan- 
nel without using coding. The advantage of using two indepen- 
dently fading signals in the decision making is clearly evident in 
this graph. Moreover, we see that the performance of the receiver 
is within a few dB of the best possible performance. 

6 Summary 

In this work we have considered an adaptive diversity receiver 
for OFDM signals in a multipath, fading channel. The proposed 
receiver has L branches with a Kalman filter for each branch to 
adaptively track the channel state. Maximum ratio combining is 

Prob of error for the diversity receive1 
i o  I 

1 o-2 

i o-6 

t ' ' 1  
I I I 

10 15 20 25 30 
4 0-7 I 

EINO 

Figure 3: Probability of error for the diversity receiver. The solid 
lines show the probability of error when the number of diversity 
branches are 1 ( L  = 1) and 2 ( L  = 2). The dashed lines show 
the corresponding probability of error when the channel state is 
perfectly known at the receiver. 

used to combine the channel states and the signals. We have an- 
alyzed the performance of the receiver and provided a numerical 
example. 
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