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Abstract — The symbol error probability of M-ary
differential phase shift keying (MDPSK) receiver, in the
presence of carrier frequency offset, is analysed in this paper.
The paper proposes a novel multiple symbol differential
detection (MSDD) receiver. The influence of various
receiver’s parameters on the error probability is analysed.
The theoretical symbol error probability is derived and
compared to the Monte-Carlo simulation results, for an
AWGN channel. The analysis shows a good agreement
between the theoretical and simulation results. The influence
of the frequency offset in the Rician fading channel, using
Monte-Carlo simulation, is also considered for the same
receiver’s parameters as in the AWGN channel. Simulation
results show good system performances in the case of Rician
fading channel, also.
Keywords — Adaptive signal processing; Differential phase
shift keying; Frequency offset; Multiple-symbol differential
detection, Rician fading channel.

I. INTRODUCTION
T is well known that phase-shift keying (PSK) signals
can be differentially or coherently demodulated. A
coherent receiver, during operation, requires phase
compliance with the transmitter, which is not easily
solved. Differential detection uses the phase and frequency
of the carrier corresponding to the previous transmitted
data symbol as a demodulation reference. Hence, no phase
tracking synchronization loop is necessary thus avoiding
the difficulties of acquiring such a loop and maintaining it
locked in a highly degraded environment. Nevertheless,
coherent PSK has a slightly better performance than the
differential PSK, but the coherent detection process is
complicated because the synchronization of the receiver
with the transmitter requires the knowledge of channel
coefficients.
As indicated, a differential approach needs higher
signal-to-noise power ratios (SNR) than coherent detection
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to achieve the same average bit error rate (BER) [1]. An
attractive approach to mitigate this SNR loss is multiplesymbol differential detection (MSDD), which can be
performed using a maximum likelihood sequence
estimation [2], [3]. This detection technique is a general
case of the conventional differential detection that uses
more than two consecutive received samples to detect the
information symbols. In [2] it is shown that by increasing
the number of received samples in the MSDD algorithm, a
receiver`s performance can be very similar to a coherent
receiver performance, leading to large architectural
complexity [4]. Because of this, several authors proposed
algorithms with the same performance as MSDD, but with
less complexity [5], [6].
The MSDD receiver proposed in [2] assumes that the
frequency offset is equal to zero. In the case of nonzero
frequency offset, the conventional MSDD technique must
take the frequency offset into account; otherwise, when
increasing the number of received samples which
contribute in the receiver’s metric, the performance of the
receiver degrades very quickly [7,8]. In order to overcome
this difficulty a double DPSK (DDPSK) modulation
scheme has been proposed [911]. However, even under
the most optimistic conditions, i.e. an infinite number of
received samples and SNR → ∞, the proposed receiver in
[9] still needs a 3 dB higher SNR to achieve the same BER
as the optimum coherent detector with DPSK modulation
[9].
In this paper we propose a novel, modified MSDD
receiver, which will be referred to as M-MSDD, for the
reception of MDPSK signal. The influence of the
frequency offset on the performance of the proposed
receiver will be considered. There are both theoretical and
simulation results. The results show good agreement
between the theoretical and simulation results for the case
of AWGN channel. Also, the results show good
performance of the proposed algorithm in both AWGN
and Rician fading channel.
II. SYSTEM MODEL
A block diagram of the proposed MDPSK signal
receiver used in this paper is shown in Fig. 1. Signal at the
input of the receiver is:
r (t )  s(t )  n(t )
(1)
where s(t) is the useful MDPSK signal:
s (t )  Ae j (t ) e j c t
ˆ

 (t )   (t  Ts ) 

2  d (t )
M

(2)
(3)
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where symbol d(t) has one of the following M values:
d (t )  0,1,2,..., M  1, pTs  t  ( p  1)Ts , p  1,2... (4)
Ts is the symbol interval, and ˆ c  c   is the carrier
frequency at the input of the receiver, c is the locally
generated fixed reference carrier frequency,  is the
frequency offset, and n(t) is the white Gaussian noise with
variance 2.
( k 1)Ts

 (  )dt

xI(k)

kTs

r(t)

cos( c t )

Signal
processing
( k 1)Ts

 (  )dt

dˆ (k )

xQ(k)

sin( c t )
Fig. 1 Block diagram of the proposed
M-DPSK signal receiver.
The input signal is multiplied by the fixed frequency
reference carrier and passed through the integrate and
dump circuit. The complex baseband signal at the input of
the Signal processing block can be expressed as
X (k )  xI (k )  jxQ (k )
(5)
Signals at in-phase and quadrature branches are

 r (t ) cos( t )dt
c

kTs

To mitigate the effect of noise, S(k,nh) keeps low pass
filtered Rmax(k, nh) values:
S (k , nh )  S (k  1, nh )(1  A)  A  Rmax (k , nh ) (11)
where A is the filter parameter. The next step is to find nh
that maximizes S(k,nh):
nh max (k )  arg max S (k , nh )
(12)
c

Using nh max ( k ) it is possible to find i that maximizes
Ri(k,nh)

imax (k )  arg max Ri (k , nh max (k ))

 r (t ) sin( t )dt
c

kTs

where k is a discrete time corresponding to the output of
the integrate and dump circuit.
Signal estimation and detection is performed within the
Signal processing block, and the estimated symbol dˆ (k )
is determined by the proposed M-MSDD algorithm that
will be described in the following text. The proposed
algorithm is based on the MSDD algorithm with the
introduction of a mechanism for the estimation of the
frequency offset. The algorithm is checking Nc frequency
offsets around zero offset and chooses the one that is the
most likely.
Based on [11, Eq. (9)], we set N H  2 N S 1 hypotheses
using variable Ri(k, nh) as
 L N  2 N 1
Ri (k , nh )  Re
X (k  m, l ) X  (k  n, l ) 
 l 1 m  0 n  m 1

 
S

n 1
 
 
 exp  j  (m  n) H (nh )   i (k , p )  
(7)
 

pm
 
 
i  0,1,..., N H  1
where NS is the number of symbols in multiple symbol
detection,
 i

(8)
i (k , p)   p mod M 
2




(13)

i

2

(6)

( k 1)Ts

S

( N H  3) s / 2TS , ( N H  1) s / 2TS . The best assumption
(out of given Nc) will give the estimated frequency offset.
In ordinary MSDD algorithm, NH would be equal to
NH = 1, and  H (nh )  0 .
Now, we first find the maximum value of Ri(k,nh) with
respect to i
Rmax (k , nh )  max Ri (k , nh )
(10)

The detected symbol is equal to
i (k )
dˆ (k )  maxN B 1 mod 2

( k 1)Ts

xQ (k ) 

( N H  1) s
, nh  0,..., N H  1 (9)
2
where NH is the number of channels that M-MSDD
algorithm is operating with, and  s is the algorithm
parameter that represents a phase step. The idea is to try to
detect a symbol with the assumption that the frequency
offset is equal to ( N H  1) s / 2TS , ( N c  3) s / 2T , …,

 H ( nh )  nh  s 

i

kTs

xI ( k ) 

89

(14)

2

III. THEORETICAL ANALYSIS
The proposed receiver estimates the carrier frequency
offset. Therefore, after the estimation, the frequency offset
is changed and likely smaller than the original frequency
offset . The effective frequency offset after the estimation
will be referred to as eff.
Considering that the low frequency filter is applied (11),
detection variable averaging is performed for each
hypothesis. Thus, we can consider that detection is
sufficiently reliable. The optimal nh , nh ,is determined as:

nh  arg min(   H (nh ))

(15)

nh

The effective frequency offset is equal to
 eff     H (nh )

(16)

The BER for the binary differential phase shift keying
(BDPSK) modulation is defined with the following
equation
1  cos 2 ( 2 eff ) SNR
(17)
Pe  e
2
where SNR represents a signal to noise power ratio given
as
A2
(18)
SNR  S2

and AS is the signal amplitude.
For M-ary differential phase shift keying, where
modulation level M  4 , based on [12, Eq. (25)] SER
approximation formula is given with
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Pe  Q 2 sin 2 
 2 eff  SNR  


M




1

IV. NUMERICAL RESULTS
The results shown in this section are obtained by the
Monte-Carlo simulation with 2·106 symbols. Also, there
are theoretical results, based on the previous analysis.
System parameters are: carrier frequency fc = 2400 MHz,
symbol rate 1 / TS = 100 kSym/s.
Fig. 2 shows the influence of the number of symbols
(NS) in M-MSDD algorithm on the symbol error
probability, for a zero frequency offset, in the AWGN
channel. There are three groups of curves for BDPSK,
4DPSK and 8DPSK modulation format. It may be noticed
that NS has a much higher influence on SER for 4DPSK
and 8DPSK modulations than for BDPSK. Also, when NS
is high, increasing the number of hypotheses NH has no
effect on system performances. There is also good
agreement between theoretical and simulation results,
except for 4DPSK. This is so because approximation (19)
stands for M  4 , and is the least accurate for M = 4.
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Fig. 3. Symbol error probability as a function of frequency
offset for BDPSK modulation in AWGN channel,
SNR = 7dB.
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Fig. 4. Symbol error probability as a function of frequency
offset for 4DPSK modulation in AWGN channel,
SNR = 12dB.
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 Q 2 sin 2 
 2 eff  SNR 
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where Q(x) is the Gaussian Q-function, and SNR
represents the equivalent signal to noise ratio for
differential detection. It can be shown that
SNR 2
SNR 
,
(20)
2SNR  1
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Fig. 2. Symbol error probability as a function of Eb/N0
for f  0 Hz and MBDD.
Symbol error probability as a function of frequency
offset for BDPSK modulation is shown in Fig. 3. With
increasing of parameter NS, the error probability error
decreases for a zero frequency offset, but the system is
more sensitive to the frequency offset. This is in
accordance with the nature of MSDD algorithm. By
increasing the number of hypotheses, the system becomes
more resistant to the frequency offset. Again, as in Fig. 2,
there is a good agreement between theoretical and
simulation results.

Figs. 4 and 5 present the symbol error probability of the
proposed system for 4DPSK and 8DPSK modulation,
respectively. The conclusions are similar as for Fig. 3,
except for a slight disagreement between theoretical and
simulation results for 4DPSK, because of the already
mentioned reasons.
Since the presented scheme is intended for the mobile
and wireless systems where a fading channel is assumed,
in the following figures the performance analysis is
performed in the Rician fading channel with the Rician
factor K = 10 dB. The values of SNR, for BDPSK, 4DPSK
and 8DPSK modulation, are the same as in the AWGN
channel.
Symbol error probability is shown in Fig. 6 as a
function of frequency offset for BDPSK modulation in the
Rician fading channel. As in the case of AWGN channel,
with the increase of parameter NS the error probability
decreases for a zero frequency offset. However, for a
larger NS, the system is more sensitive to the frequency
offset. This sensitivity may be reduced by increasing the
number of hypotheses.

Stošović et al.: Frequency Offset Influence on MDPSK Signal Reception in Fading Channel

Fig. 7 presents the symbol error probability of the
proposed system in the Rician fading channel for 4DPSK
modulation. The conclusions are similar as for Fig. 6.
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Fig. 5. Symbol error probability as a function of frequency
offset for 8DPSK modulation in AWGN channel,
SNR = 18dB.
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V. CONCLUSION
In this paper we have proposed a modified MSDD
receiver for the reception of MDPSK signal. The influence
of the frequency offset on the performance of the proposed
receiver, in the AWGN channel and Rician fading channel,
is considered using Monte-Carlo simulation. For both
channels, the analysis in case of zero frequency offset
shows that NS has a much higher influence on SER for
4DPSK and 8DPSK modulations than for BDPSK, and
when NS is high, the increase of the number of hypotheses
NH has no effect on the system performance. With the
increase of parameter NS, error probability decreases for a
zero frequency offset, but the system is more sensitive to
the frequency offset. By increasing the number of
hypotheses, the system becomes more resistant to the
frequency offset. There is also good agreement between
theoretical and simulation results for the AWGN channel.
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