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ABSTRACT The paper proposes a pilot symbol-aided 
technique to reduce the effects of multipath fading on digital 
signals in mobile radio environments. A pilot symbol from a 
known sequence is multiplexed into the data symbols at regular 
intervals to form frames of symbols for transmission. Using the 
pilot symbols in two consecutive frames, the receiver is able to 
estimate and correct the fading distortion. The proposed 
technique uses a linear extrapolation approach that requires no 
storage of previous data symbols and introduces virtually zero 
delay to the received message. A series of computer-simulation 
tests has been carried out to assess the performance of the 
proposed technique on different signal constellations, including 
the 8PSK, 16PSK, 16QAM and star-16QAM signals, in the 
Rayleigh fading channels. The results have shown that significant 
improvements in bit-error rate performances of the systems can 
be achieved by the proposed technique. 

I. Introduction 
In the transmission of digital signals in a mobile radio 

environment, a serious problem encountered is the fading 
distortion introduced into the signals by the mobile channel. For 
a coherent receiver, this will result in losing lock of the phase- 
locked loop. The normal approach to the problem is to use 
differential (non-coherent) detection at the receiver, such that a 
correct carrier phase is not required for data detection. 

In the past years, considerable work has been carried out on 
using different techniques to improve the performances of digital 
signals in multipath environments. Recently, the pilot tone- and 
the pilot symbol-aided transmission schemes have been proposed 
and attracted much attentions [I-61. In a pilot tone-aided system, 
the receiver is provided with an explicit amplitude and phase 
reference through a pilot tone signal for data detection [l-41. 
While in a pilot symbol-aided system, the data-symbol sequence 
is divided into frames of symbols for transmission. A known 
pilot symbol is inserted at the beginning of each frame. At the 
receiver, these pilot symbols are used for the fading 
compensation. However, in previous studies [5-61, the receivers 
are required to store up data symbols before fading correction is 
applied. As a result, a significant delay may be introduced to the 
received message by the correction process. 

The paper first proposes a simplified pilot symbol-aided 
technique that uses a linear extrapolation approach and 
introduces zero delay to the received message. The algorithm 
only requires two pilot symbols (one in the present frame and the 
other in the previous frame) to estimate the fading distortion and 
makes the appropriate correction to the faded signal in the 
following frame. The implementation of this algorithm is straight 
forward and requires no storage for the data symbols. The 
performance of the algorithm in a Gaussian channel is also 
analyzed in this paper. A series of computer-simulation tests has 
been carried out to assess the performance of the proposed 
technique on different signal constellations, including the 8PSK, 
16PSK, 16QAM and star-16QAM [7] signals. The results have 
shown that the proposed technique can significantly improve the 
bit-error rate performances of these systems, relative to those 
obtained by differential detection. 

2. Model of System 
The baseband equivalent model of the data-transmission 

system considered in the study is shown in Fig. 1. 
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Figure 1 Model of System 

The information to be transmitted is carried by the binary 
digits {ui}. When the encoder has received ui, ui+l,.., u i + ~ - l  at 
time t = iT seconds, it maps these signals into the appropriate 
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M-ary data symbols di according to one of the constellations 
shown in Fig. 2. For every (L-1)-data symbols, a pilot symbol 
from {pi) is inserted to form an L-symbol frame. The pilot 
symbols, {pi}, are pseudo random and each symbol has the same 
possible values as the { ui}. The receiver, of course, has the prior 
knowledge of {pi}, and so it is able to estimate the fading 
distortion introduced in the transmission path and makes the 
appropriate correction to the received data signal. The proposed 
algorithm for the multipath fading compensation is described in 
section 3. At time t = iT, the data signal symbol is used to form 
the impulse q$(t - iT), where qi is either a data symbol or a pilot 
symbol, which is fed to the pre-modulation filter with an impulse 
response a(t). The signal at the output of the filter is 
Ciqia(t - iT) which will linearly modulated, up-converted to 
900 MHz and fed to an antenna for transmission. 
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Figure 2 Signal Constellations. ( a )  8PSK, (b) 16PSK, 
(c)  Square-16QAM and ( d )  Star-16QAM 

The transmission path in Fig. 1 is a time-varying linear 
baseband channel that introduces Rayleigh fading to the 
transmitted signal and is modeled as in Fig. 3 [8]. 
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Figure 3 Model of Rayleigh Fading 

The lowpass filters shown in Fig. 3 have the normalized 
characteristic of 

lo elsewhere 

The quantity f d  determines the maximum Doppler spread of 
the faded signal and is given by 

f d  =: 

where v is the traveling speed of the vehicle and A 
wavelength of the transmitted carrier frequency. 

In Fig. 3, the input signal is multiplied by a complex-valued 
signal y( t )  to give the output faded signal & qia(t-iT)y(r). 
Stationary additive white Gaussian noise is assumed to be added 
at the input of the receiver. 

At the receiver, the 900MHz signal from the antenna is 
down-converted, demodulated and then filtered by a post- 
demodulation filter. The latter is taken to have the same impulse 
response a(t) as the pre-modulation filter to give the 
corresponding baseband signal 

is the 

where * denotes the convolution process, y( t )  represents the 
distortion introduced into the data signal by the transmission 
path, and w(t) is the additive white Gaussian noise with one- 
sided power spectral density of No. Both y(r) and w(t) are 
complex valued. 

If the fading rate is slow compared to the symbol rate, the 
intersymbol interference (ISI) caused by the filtering process can 
be neglected. The baseband signal r(t) is sampled at the time 
instants { iT). For convenience, assume a(t)*a(t) = 1 at time 
t = 0. The sample signal at time t = iT is 

c=qiy i+wi  

where yi = y( iT)  and wi = w(iT). 
(4) 

Assume that frame synchronism has been achieved. Since 
the sequence of the pilot symbols is known at the receiver, yi can 
be estimated from the pilot symbols and used to correct the 
changes in the received data symbols. The threshold detector 
(Fig. 1) then operates on the resultant data symbols to produce 
the binary data { u'i} at the output. 

3. Pilot Symbol-Aided Technique 
Ideal symbol- and frame-synchronization are assumed here. 

The position of the pilot symbol within the frame has an 
insignificant effect on bit-error rate performance [ 5 ] .  For 
simplicity, the pilot symbol is assumed to be inserted at the 
beginning of each frame to form L-symbol frames as shown in 
Fig. 4. 
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Figure 4 Frame Structure of Transmitted Symbol Sequence 

The sample signal in the i-th position of the k-th frame can 
be written as (from Eqn. 4) 

(5 )  R,i = qk , iYk , i  + Wk, i  

where qk , i  is either a pilot symbol or a data symbol. 

For a pilot symbol, i = 0, and the sample signal is 

(6)  R,O = Pk,OYk,O + Wk,O 

where p k , ~  is the pilot symbol in the k-th frame. 

For a data symbol, i = 1, 2, ..., L-1, and the sample signal is 

(7) R , i  = d k , i Y k . i  + Wk,i  

where dk , ;  are the data symbols in the k-th frame. 

In Eqn. 6, Pk.0 is known at the receiver. At high signal-to- 
noise ratios ( i . e . , p k , o y k , o  >> w k , o  and Pk-1,OYk-l,O >> w k - l , o ) ,  

good estimates of yk,O andyk-l,O in the present and previous 
pilot symbols can be obtained as 

If the fading process is sufficiently slow, linear extrapolation 
technique can be used to estimate y k , ]  toyk,L-I from 
j k , ~  and j k - i . 0  using the relationship 

(9) 

for i=  1,2, ..., L-1. 

The faded signal sample rk,i (Eqn. 7) in i-th position of the 
k-th frame can then be corrected to produce an estimate of the 
data symbol 

.+ r k i - W k i  R , i  

j k , i  i k , i  
rk,i=-=- 

Due to the noise terms Wk,O and Wk.l,O, perfect estimation is 
not possible. However, in a slowly faded channel and at high 
signal-to-noise ratios (a.0 > wk.0  and rk-i,o > w k - i , o ) ,  good 
estimates of the changes introduced in the transmission path can 
still be obtained. 

One of the main advantages of the proposed algorithm is 
that it uses a linear extrapolation and so introduces no delay to 
the received message. However, since the pilot symbols carry no 
data information, the information rate of the system is reduced. 
To maintain the same throughput of the system, the data rate 
must be increased by a factor of W ( L - 1 ) .  In addition, since a 
portion of the transmitted signal power is used for transmitting 
the pilot symbols, for a given transmitted power of the system, 
the energy per data symbol is reduced by factor of 
10 x log [ L/( L - I)] dB. 

4. Degradation in Gaussian Channel 
From Eqns. 8 and 6, Eqn. 9 can be written as 

In a Gaussian channel, Y k , i  = 1 for all k and i, thus the 
estimate of yk,i is 

Y k , j =  * ( I+- + ( - i ,  ( W k , O  W k - L O )  

Pk,O Pk-1.0 

To simplify the analysis, assume the same symbol is used for 
all the pilot symbol transmission, i.e.,pk,O = p k - l , o  = p k  , 
Eqn. 12 becomes 

where w k , o  and w k - i , o  have zero mean and fixed variance of 02. 

The variance of j k , i  is given by 

From Eqn. 7, with y k , i  = 1, the received data signal is 

&,I = d k , i  + Wk,i  

Substituting Eqns. 13 and 15 into Eqn. 10, the received data 
symbol after fading correction is 

If IWk,;12 < < I ,  then Eqn. 16 can be approximated by a 
Taylor series 

(17) Ti(,; = d k , ;  + W( k, i) 

where w ( k , i )  = w k , ;  - d k , i y ( k , i )  and has the variance given by 

(18) ow2 = o2 +o(j2q2 
with o d 2  the average signal power per symbol. 
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Thus, in a Gaussian channel, the proposed pilot symbol- 
aided scheme causes the system a degradation in performance of 

lOlog [ l+- od>'2)dB 

5. Simulation Results and Discussions 
5. I Basic Assumptions 

A series of computer-simulation tests has been carried out to 
evaluate the performance of the system shown in Fig. 1, using the 
pilot symbol-aided technique described in section 3. Different 
types of signals, including the 8PSK, 16PSK, 16QAM and star- 
16QAM signals with the signal constellations shown in Fig. 2, 
have been investigated. The transmission rates used are 24 kb/s 
for 8PSK and 32 kb/s for the rest of the signals. The vehicle is 
assumed to be traveling at the speeds of 15 km/h and 100 km/h, 
and the transmitter is operating at 900 MHz, leading to the 
Doppler spreads ( f d T )  of about 1 . 5 ~ 1 0 - ~  and 1 . 0 ~ 1 0 - ~  of the 
symbol rate respectively. 

In all tests, baseband equivalent models of the systems have 
been used. The pre-modulation filter in the transmitter and the 
post-demodulation filter in the receiver are the same. The 
resultant transfer function of the filters in cascade has a 
sinusoidal rolloff of 100%. The signal-to-noise ratio is taken as 

SNR = 10 log - dB [ (31 
where Eb is the average transmitted energy per bit at the output 
of the transmitter of Fig. 1 and No is the one-sided power 
spectral density of the additive white Gaussian noise measured at 
the same point. 

5.2 Discussion of Results 

The bit-error rate performances of the 8PSK, 16PSK, 
16QAM and star-16QAM signals are shown in Figs.5-8. The 
pilot symbol-aided technique described in section 3, with L = 4, 
8 and 16, has been employed in the receivers to correct the faded 
signals. The performances of the systems using differential 
detection and coherent detection (i.e., assuming perfect-carrier 
recovery) are also shown in the corresponding figures for 
comparison. It is evident that coherent detection is not suitable in 
Rayleigh fading environments for all these signals. 

When the proposed technique is used, these results show 
that the smaller the value of L, the better are the performances of 
the systems, as might be expected. This is particular true in fast 
fading conditions because the estimates of the changes in the 
signals needed to be updated more often. With the vehicle 
traveling at 15 kndh, the pilot symbol-aided technique is inferior 
to the differential detection at low signal-to-noise ratios. This is 
because the estimates of the changes are unlikely to be very 
accurate at low signal-to-noise ratios. Under these conditions, the 
proposed technique is not recommended. 

With L = 4 (i.e., the estimate of y i  is updated every three 
data symbol), for 8PSK and star-l6QAM, the technique begins 
to gain advantages on performance over differential detection at 
error rates below about IO4. It also can be seen that there is no 
much difference in performances between L = 4 and L = 8 at the 
error rates tested. 

When the vehicle is traveling at a higher speed of 100 km/h, 
these results show that the performances of all the signals tested 
become worse. With L = 8, the technique cannot give better 
performances than those with differential detection. However, if 
L is reduced to 4 and at high signal-to-noise ratios, substantial 
improvements in performances (about one order of magnitude) 
can be obtained by employing the proposed technique. This is 
due to the fact that fading is now changing more rapidly and so 
the estimates of the changes in the signals should be applied to 
the data signals more often if better performances are to be 
achieved. 

The comparison on the performances of the 16PSK, 16QAM 
and star-16QAM signals, with L = 4 in Figs. 6-8 indicate that all 
signals have about the same performance, with star-16QAM 
being slightly better than the other two. 

6. Conclusions 
A pilot symbol-aided scheme used for reducing the effects 

of multipath fading on digital signals in mobile radio 
environments has been analyzed. The scheme uses a simple 
linear extrapolation technique that requires no storage of data 
symbols and introduces virtually zero delay to the received 
message. The effects of the scheme on the performance of 8PSK, 
16PSK, 16QAM and star-l6QAM have been investigated by 
means of computer simulation. Simulation results have shown 
that, at high signal-to-noise ratios, significant improvements in 
the bit-error rate performances of the systems can be obtained by 
the proposed technique, relative to those obtained using 
differential detection. 
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Figure 5 Performance of Pilot Symbol-Aided 
8PSK in Rayleigh Channels 
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Figure 6 Performance ofpilot  Symbol-Aided 
I6PSK in Rayleigh Channels 
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Figure 7 Performance of Pilot Symbol-Aided 
Square 16QAM in Rayleigh Channels 
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Figure 8 Performance of Pilot Symbol-Aided 
Star-16QAM in Rayleigh Channels 
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