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Introduction 

 
BPSK modulation is often used at mobile satellite 

communications [1], as well as at diversity mobile systems 
[2–5]. In most of the papers, during the analysis of BPSK 
signal reception performance, an ideal reference carrier 
synchronization is assumed. If the reference carrier 
synchronization is not ideal, there is a performance drop, 
as it was considered in [3], and [6]. 

In this paper we propose a new BPSK signal receiver 
where the frequency offset between the input signal and 
the fixed frequency reference carrier in the receiver does 
not degrade the performance compared to the ideal 
coherent BPSK signal reception. The receiver is based on a 
complex adaptive transversal filter with the introduction of 
signal remodulation at each filter branch, with the LMS 
algorithm for weights adaptation. The performance of the 
proposed receiver are close to the performance of the 
receiver with an ideal extraction of the reference carrier for 
a wide range of frequency offsets of practical importance 
between the input signal, and the locally generated carrier 
in the receiver. 

 
System model 

 
Block diagram of the proposed BPSK signal receiver 

is shown in Fig. 1.  
Signal at the input of the receiver is 

 )()()( tntstr  , (1) 

where s(t) is the useful BPSK signal 

 ttmts c̂cos)()(  , (2)  

where m(t) is independent information stream with bit 
interval Tb,   cc

ˆ  is the carrier frequency, c is 

the locally generated fixed reference carrier frequency, 
  is the frequency offset, and n(t) is white Gaussian 

noise with power spectrum density N0. 
The input signal is multiplied by the fixed frequency 

reference carrier and passed through the integrate and 

dump circuit. Signals at in-phase and quadrature branches 
are: 
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where k is discrete time at which there is output of the 
integrate and dump circuit. 
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Fig. 1. Block diagram of the  proposed BPSK signal receiver 
 

The complex baseband signal at the input of the 
adaptive filter, can be expressed as 

 )()()( kjXkXkX QI  . (4) 

Signal X(k) is processed by the first part of the 
proposed structure, denoted as M-ATF. The block diagram 
of M-ATF structure is shown in Fig. 2. 

It is a one-sided complex transversal filter of length 
L, having remodulation weights LlRl ,...,1},1,1{  . 

M-ATF operates with the algorithm consisting of the 
following steps: 

1. It is supposed the the remodulation weight )(1 kR  is 
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equal to 1; 
2. Preliminary estimate of the input signal is performed: 
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3. Within the block Remodulation detection, we 
estimate )(1 kR  
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4. Using )(1 kR  we estimate the input signal 

 )()(ˆ)( 1 kRkYkY  . (7) 

 In this way, we correct a possible mistake made in 
step 1; 

5. LMS algorithm error signal is calculated as 

 )()()( kYkXkE  ; (8) 

6. Besides the remodulation weights, M-ATF also has 
LlkWl ...1),(   weights which are being adjusted by LMS 

algorithm [7] 
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where  is the adaptation factor; 
7. Remodulation weights for the next sampling interval 

are calculated with the following recursive relation 

 LlkRkRkR ll ,...,2),()()1( 11   , (10) 

which represents shifting and sign correction. 
Weight )(1 kR  represents the estimated difference 

between kth and (k  1)th information bit. Therefore, we 
need to perform the differential decoding 

 )()1()( 1 kRkmkm  . (11) 
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Fig. 2. M-ATF block diagram 
 
Numerical results 
 

Performance evaluation of the considered BPSK 
receiver is performed using Monte-Carlo simulation. 

System parameters are fc = c / 2 = 900 MHz, and 
1 / Tb = 100 kHz. 

The performance of the proposed receiver is 
compared to the performance of the BPSK signal receiver 
using second order remodulation PLL (R-PLL) [8] for the 
reference carrier extraction. The operation of the receiver 
with R-PLL is modelled as: 
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where XI(k), XQ(k) are defined in (3); d(k) is the detected 
signal, e1(k) is the signal at the input, and e2(k) is the signal 
at the output of R-PLL low pass filter, defined by 
parameter A. Frequency correction is calculated as 

 )(2 ke
T

K

b

 , (13) 

where K is the loop gain. 
Finally, R-PLL frequency is 

 .
2


 cPLL ff  (14) 

Error probability as a function of transversal filter 
length, with LMS algorithm adaptation factor  as a 
parameter, is shown in Fig. 3. 
 

5 10 15 20
10-3

10-2

10-1

  = 0.002
  = 0.02
  = 0.2

f = 30 kHz

Pe

L

f = 0 Hz

 
 

Fig. 3. Error probability as a function of carrier frequency offset 
 

The figure shows that the error probability improves 
with the filter length L, and that there is some threshold 
value of   L,  after   which   the error  probability  does   not  
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improve anymore. Also, the lower  the lower error 
probability is. The same conclusion stands in both cases of 
presence or absence of frequency offset, with the 
difference that the threshold value for L is higher in case of 
higher frequency offset. 

Fig. 4 shows the error probability as a function of the 
energy per bit to noise power spectral density ratio 
(Eb / N0). M-ATF filter parameters are 02.0 , 100L . 

This figure also shows previously described advantages of 
R-ATF over R-PLL. This figure also illustrates additional 
problems regarding R-PLL parameters (K and A) choice 
trade-off. In fact, in case of of non-zero carrier frequency 
offset, all R-PLL performance curves (g, e, i, and k) show 
that there is a range of Eb / N0 where performance of such a 
system significantly drop, and that is not the case with the 
proposed receiver (curves a,b, and c). 
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Fig. 4. Error probability as a function of signal to noise ratio 
 

Error probability as a function of local carrier 
frequency offset f is shown in Fig. 5 for different values 
of LMS algorithm adaptation factor  and filter length L, 
as well as for different R-PLL parameters A and K; Eb / N0 
is equal to 6 dB. 

The proposed receiver with R-ATF ensures operation 
of the system with much higher carrier frequency offsets 
compared to the system using R-PLL (curves e, and f have 
the narrowest working range). 

Carrier frequency offset range at x-axis of Fig. 5 is 
equal to the half of the considered system bandwidth 
( B / 2 = 50 kHz). Of particular interest are offsets that do 
not cause a significant performance degradation. For the 
considered case it is a range f =  20 kHz. Within this 
offset range the perfromance of the proposed receiver with 

R-ATF just slightly vary for a wide range of filter length L 
and adaptation factor . 
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Fig. 5. Error probability as a function of carrier frequency offset 
 

Fig. 5 also shows that in case of zero offset, for 
certain values of parameters L and , performance of the 
system with the prorposed structure is slightly better than 
that of R-PLL (curves d and e). System with R-PLL may 
achieve the same performance as R-ATF system in case of 
f = 0 Hz, for a combination of parameters K and A, but 
such a system can operate with a very narrow frequency 
offsets range (curve f). In case of all other frequency 
offsets (f > 0 Hz) there is a significant advantage of the 
proposed R-ATF structure. 
 
Conclusions 
 

This paper proposes a BPSK signal receiver where 
the reception is performed using a new complex adaptive 
structure with remodulation. The performance of the 
proposed receiver are close to the performance of the 
BPSK receiver with an ideal extraction of the reference 
carrier (f = 0 Hz) for a wide range of frequency offsets of 
practical importance between the input signal and the fixed 
frequency reference carrier in the receiver. 
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