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Model of a Differential BPSK Decoder with Matched Fil-
ter Included, Providing a Minimal ISI 

Georgi V. Stanchev1 and Marin S. Marinov2  
 

Abstract– This paper sets out a model of a differential BPSK 
decoder which includes a matched filter in order to provide a 
minimal inter-symbol interference and maximal signal to noise 
ratio at its output. This model is designed to reject the phase 
difference between the received carrier and the recovered one, 
too. The influence of the roll-off factor and impulse response 
limiting over system performance is indicated. 

Keywords– differential BPSK decoder, minimal inter-symbol 
interference, matched filter, phase difference rejection.    

I. INTRODUCTION 
The digital methods for information exchange have estab-

lished themselves in the field of communications because of 
their decisive superiority to analogue ones. Besides building 
of LAN and WAN wire networks, these methods are increas-
ingly employed in mobile and satellite communications [1]. 
One of the main criteria of information transfer quality is the 
error probability, and values of this criterion depend on 
transmitted information – voice; images; video and data [4]. 
Because of increasing requirements to quality of the commu-
nications services it is necessary appropriate methods for digi-
tal signal processing to be researched. Attention should be 
paid to the special features of propagation medium as well as 
to the enforced limits on the frequency resources. Some useful 
methods are differential encoding/decoding and matched fil-
tering. To obtain good results the models of transmitter and 
receiver should be designed and considered together [5]. 

II. TRANSMITTER MODEL 
The diagram shown in Fig.1 describes frequency band lim-

iting of the transmitted digital signals in conditions of limited 
frequency resources. 

Fig.1. Band limiting of transmitted digital signals 
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The following notations are used in Fig.1: KT(jω) and hT(t) 
are respectively the frequency and the impulse responses of 
the shaping filter in the transmitter; KCh(jω) and hCh(t) are 
respectively the frequency and the impulse responses of the 
channel; KR(jω) and hR(t) are respectively the frequency and 
the impulse responses of the matched filter in the receiver. 

The lack of inter-symbol interference (ISI) can be obtained 
if the impulse response of whole system is [3, 4]: 
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where ρ is the roll-off factor with values from 0 to 1, and TC is 
the period of the impulse sequence. This impulse response 
corresponds to the raised-cosine frequency response of whole 
system: 
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where RC is the rate of the impulse sequence and 
 

)f(K)f(K)f(K)f(K RChT= .  (3) 
 

If KCh(f) is much wider than KT(f) and KR(f) the following 
approximation takes place: 
 

)f(K)f(K)f(K RT≈ .       (4) 
 

The matched filtering in the receiver requires that: 
 

)f(KK)f(K);f(KK)f(K 0R0R0T0T == , (5) 
and 

)t(hK)t(h);t(hK)t(h 0R0R0T0T == . (6) 
 
Without loss of any generality it can be assumed that 

1KK R0T0 ==  and consequently )f(K =(f)K 0 . The im-
pulse response, as it is shown in [2], can be derived by means 
of Fourier transform and Eq.7 and Fig.2 describe it: 
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Fig.2. Impulse responses of the shaping and matched filters. 
 
It is important to keep the joint phase characteristic of the 

shaping and matched filters linear. 
These filters are not realizable because their impulse re-

sponses are infinite and they are not causal. An window-
function w(t) is used in order to limit the impulse response: 
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and impulse response of a realizable filter is given by: 
 

)t(w)t(h)t(H 0= .    (9) 
 

The particular impulse response that every single impulse 
bn causes on the shaping filter output is: 
 

,...3,2,1,0n,b)nTt(w)nTt(h)t(H nCC0n ±=−−=     (10) 
 
The block-diagram, where the general processes in the 

transmitter are described, is shown in Fig. 3. The transmitter 
includes a differential encoder, a shaping filter with impulse 
response H(t) and a modulator.  
 

 
Fig.3. Model of the transmitter. 

 
The total impulse response at the shaping filter output is: 
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At the modulator output, where the signal is up-converted 

to the carrier frequency, the output signal is: 
 

)tcos()t(R)t(r 0ω= .  (12) 
 

For the time being a single path Gaussian channel is pre-
supposed.  

III. RECEIVER MODEL 
The examined model of the receiver includes the following 

processes: band converting; matched filtering; sampling and 
differential decoding. Because of non-coherent band convert-
ing, two channels of signal processing, an in-phase I-channel 
and a quadrature Q-channel, are used – Fig. 4. The carrier is 
recovered at accuracy to phase. 
 

).tsin(2)t(r);tcos(2)t(r 0Q0I ψ+ω=ψ+ω=  (13) 
 
After down converting of the received signal r(t) into base-

band signal it becomes RI(t) and RQ(t) respectively in the in-
phase and quadrature channels: 
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The matched filters have the same limited impulse response 

as the shaping filter in the transmitter. The signals at the filter 
outputs are: 
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In essence the matched filter is low-pass filter and compo-

nents with doubled carrier frequency are not presented at its 
output. In fact the roll-off factor of 0 is corresponding to an 
ideal low-pass filter. It is taken for granted that the synchroni-
zation system is working in an ideal manner. Moreover the 
symmetric impulse response of the applied filters, i.e. 
H(t)=H(-t), is taken into consideration. Then the signal of the 
model output, at the moments of interest, is: 
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Fig.4. Model of the receiver. 
 
In this way the rising to the second power of the signals in 

the channels, in order to reject the random phase difference 
between the received and recovered carrier, and the differen-
tial decoding are combined in one and the same process. 

IV RESEARCHES 
In order to study the models, described above, two com-

puter programs were created. Walsh sequences were used as a 
kind of impulse sequence and the influence of the roll-off fac-
tor and “windowing” to system performances was examined. 

Some of the results are presented in the following figures. 
In the Fig. 5 the magnitude of output signal is shown, when 

the volume of the Walsh functions is 8, the roll-off factor is 
0.5 and the relative window width is 6. Every element of the 
sequence is evaluated separately. Minimal, maximal and aver-
age magnitudes of the output signal are calculated, too. 
 

 
Fig.5. Magnitude of the output signal. 

 
The program interface allows other values of the Walsh 

functions volume, the roll-off factor and the relative window 
width to be examined. The studies showed that the magnitude 
of the output signal depends on the values of the roll-off factor 
and the window width. For example if only the roll-off factor 
is changed to 0, the minimal magnitude becomes 0.4124, 

maximal magnitude becomes 1.5 and the average magnitude 
becomes 1.012. 

The magnitude of the output signal for all possible numbers 
of Walsh functions at the determinate volume of 32 was ex-
amined and the results are shown on following figures. 

In Fig. 6 the results for minimal magnitude of the output 
signal as a function of the roll-off factor and the relative win-
dow width are presented. Program interface shows the mini-
mal and maximal values of all minimal magnitudes and the 
calculated average magnitude, too. The minimal magnitude is 
the most important one because it is closely related to the risk 
the output signal to be wrong. 

 
 

 
Fig.6. Minimal magnitude of the output signal. 

 
The results show that the minimal magnitude is the lowest 

when the roll-off factor is zero. The value of the minimal 
magnitude increases when the roll-off factor grows in value. 

The changes of minimal magnitude with the window width 
changing are due to the rejection of the impulse response tails. 
Because of finite time duration of the impulse response the 
perfect conditions are not satisfied and there is a residual in-
ter-symbol interference. The studies show that at values of the 
roll-off factor greater than 0.2 the changes of the minimal 
magnitude are too small. The minimal, maximal and average 
values of minimal magnitude at other volumes of the Walsh 
functions slightly differ from these above.  
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In Fig.7 the results for maximal magnitude of the output 
signal as a function of the roll-off factor and the relative win-
dow width are presented. The studies show that alterations of 
maximal magnitude are more significant at the lowest values 
of the roll-off factor. 

 
 

 
Fig.7. Maximal magnitude of the output signal. 

 
It is obvious that the values of maximal magnitude are 

smaller for relative window widths from 7 to 9, when the roll-
off factor is below 0.3. The minimal, maximal and average 
values of maximal magnitude at other volumes of Walsh func-
tions slightly differ from these shown in Fig.7. 

In Fig.8 the results for average magnitude of the output sig-
nal as a function of the roll-off factor and the relative window 
width are presented.  

 
 

 
Fig.8. Average magnitude of the output signal. 

 
The studies show that when the roll-off factor is below 0.3 

there is a significant decreasing of the average magnitude at 
relative window widths from 7 to 9. Some decreasing of aver-
age magnitude occurs at all window widths if the roll-off fac-
tor is below 0.1. 

In Fig.9 the lines of the worst and the best cases of the av-
erage magnitude are shown. It is clearly seen that the worst 
case should be taken in account when the roll-off factor is less 
than 0.3, because when it is greater than 0.3 the values of the 

average magnitude in the worst case differ very slightly from 
the other ones. The best case is always when the window 
width is minimal, but this means maximal frequency band-
width of the signal which is not often acceptable. 

 
 

 
Fig.9. Worst and best case lines. 

 
The results from Fig.9 prove once again that it is better to 

use roll-off factor greater than 0.3 if it is possible. 

V. CONCLUSION 
The attained results prove that the proposed model of de-

coder can be used successfully for decoding of differential 
binary phase shift keying signals. It combines the advantages 
of matched forming and filtering of signals, providing a 
maximal signal to noise ratio. 

The shaping filter and matched filter possess finite impulse 
responses and consequently these filters can always be made 
realizable. The limiting of the impulse responses in time do-
main makes the decoder performance worse, but by proper 
choice of the roll-off factor and relative window width a per-
formance slightly different from the perfect one can be 
achieved. 

The results show that the roll-off factor should always be 
chosen to be more than 0.1. When this factor is between 0.1 
and 0.3 the relative window width should not be between 7 
and 9.  

Because both the roll-off factor and the relative window 
width influence on the frequency bandwidth of the emitted 
signals they should match the channel bandwidth require-
ments. 
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