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Abstract- A theoretical analysis for evaluating the performance of 
a lincoded continuous phase optical frequency shift keying 
(CPFSK) optical transmission system with delay line 
demodulation receiver is presented. It accounts for the combined 
effects of signal phase distortion due to polarization mode 
dispersion (PMD) and group velocity dispersion (GVD) in a 
single mode fiber. The analysis is carried out for three different 
linecoding schemes, i.e., alternate mark inversion, order-1 and 
delay modulation coding, to investigate the efficacy of the 
linecoding in counteracting the effect of PMD in CPFSK optical 
transmission system. The average bit error rate (BER) 
performance results are evaluated  with line codes and compared  
with NRZ-CPFSK system at a bit rate of 10  Gb/s considering 
Maxwellian probability  distribution for the  mean differential 
group delay (DGD) due to PMD. The results show that the 
penalty improvement of line coded systems is within 0.5 dB to 
1.95 dB with respect to NRZ data at a BER of 10-9.

I.  INTRODUCTION 

The use of heterodyne or homodyne CPFSK optical 
communication systems offer the promise of significant 
improvement in receiver sensitivity compared with intensity 
modulation direct detection systems [1]. However, 
polarization mode dispersion (PMD) is considered to be one of 
the main obstacles for deploying high-speed optical 
communication systems operating at 10 Gb/s per channel or 
higher. A single mode fiber is actually a two mode fiber, 
because it can support two orthogonally polarized eigenmodes. 
Due to imperfection in fiber manufacture and deployment, the 
propagation constants of the two modes in a single mode fiber 
are generally different and mode coupling occurs as light 
propagates through a fiber. The different propagation speed 
results in PMD that leads to bit pattern corruption, higher 
bandwidth requirement, and eventually contributes to BER 
deterioration, performance variation or system fading even at 
moderate bit rates [2-3]. 

With the ever increasing bit rate in optical transmission 
systems, much effort has been spent on understanding PMD 
impairments and developing PMD mitigation techniques [4-8]. 
Due to the stochastic nature of PMD and the fact that all the 
orders of PMD are bound together, it is not trivial to evaluate 
PMD penalties and compensate for PMD impairments. PMD 

may be mitigated in three ways, i.e., passive technique [9], 
electronic compensation [10] and optical compensation [11-
12]. Passive PMD mitigation techniques do not require any 
dynamically adjusted components and are bit rate independent. 
It includes use of more PMD robust line coded signal and 
soliton transmission, allocating more margin to PMD 
distortions, forward error correction (FEC) coding, channel 
switching and polarization scrambling. For DWDM systems, 
Sarkimukka et al [13] proposed a system by moving traffic 
from PMD-impaired channels onto spare channels that are not 
experiencing PMD degradation. It has been shown that with 
this approach five times as much as PMD can be tolerated 
compared to the suggested ITU limit (G.691).  

In this paper, several linecoding schemes are applied to 
optical CPFSK transmission system with a delay line 
demodulation receiver in presence of PMD and GVD in a 
single mode fiber. We determine the average BER for 
different mean values of DGD, considering the Maxwellian 
probability density function for the DGD. The effectiveness of 
linecoded systems are evaluated in terms of reduction in 
power penalty due to PMD. 

II.  SYSTEM MODEL 

The model of a heterodyne optical CPFSK system with 
delay line demodulation receiver is shown in Fig.1. At the 
transmitter side, the random NRZ data process representing 
the information signal is passed through a linecoder to shape 
the information signal spectrum. Three different line coding 
techniques, i.e., DM, AMI and order-1 coding are considered 
in this work. The linecoded data is used to modulate the DBF 
laser to generate the CPFSK signal.  

The received optical signal is combined with the optical 
signal output from the local oscillator and the two signals are 
detected by a photo-detector and feed to an IF filter. The 
output of the filter is then demodulated using a delay line 
discriminator. The output of the discriminator is then filtered 
by a low-pass filter and fed to a sampler followed by a 
comparator. The threshold voltage of the comparator is set to 
zero value. If the output voltage is greater than zero than a 
binary ‘1’ is detected, otherwise a binary ‘0’ is detected.  
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(b) 

Fig. 1: Model of a heterodyne CPFSK system (a) transmitter,   (b) delay line demodulation receiver 

III. THEORETICAL ANALYSIS 

The complex electric field at the output of the continuous 
phase FSK (CPFSK) transmitter and input to the fiber is 
represented as

].)][(2exp[2)( 111 ectjtfjPtE scT φπ +=                       (1) 

].)][(2exp[2)( 222 ectjtfjPtE scT φπ +=                        (2) 
where,  cf  is the carrier frequency, TP  is the transmitted 
optical power and the CPFSK modulating phase  )(tsφ  is given 
by 

)()(2)( tdttIft
t
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∞−
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where, )(tI  is the modulating signal containing the bit 
sequence,    f∆  , is the peak frequency deviation and )(tnφ  is 
the phase noise of the transmitting laser. Here, 21, cc  represent 
unit vectors and 21, ee represent the two principal states of 
polarization (PSPs) respectively. 

The electric field output of the fiber is then given by 
)(].)][(2exp[2)( 11101 thectjtfjPtE scT ⊗+= φπ             (4) 

)(].)][(2exp[2)( 22202 thectjtfjPtE scT ⊗+= φπ           (5) 
where ⊗  denotes convolution, )(1 th  and )(2 th  are the inverse 
Fourier transform of the low pass equivalent transfer function  of 
a non-dispersion  shifted lossless fiber )(1 fH  and )(2 fH
respectively, which include the effect of PMD and group 
velocity dispersion and are given by 
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where α  is the PMD power splitting ratio, τ∆  represents the 
DGD between the two PSPs  and γ  is chromatic dispersion 
index. Here, we assume that there is a negligible amount of 
polarization dependent loss. 

Now, assuming linear phase approximation, the output electric 
fields for two polarization states can be given as  

      ].)][(2exp[2)( 110101 ectjtfjPtE cs φπ +=                   (8) 
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The signal at the output of the IF filter is given by 
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where )(tin  represents the total noise current consisting of shot 
noise and receiver thermal noise, dR  is the responsivity of the 
photodetector, sP  is the output power at the fiber end, LoP  is the 
local oscillator power, IFf  is the IF frequency. The phases 

)(01 tφ ′  and )(02 tφ ′  are given by 

           dtkTtgaft
t
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where  )]()()(Re[)( 11 ththtptg IF⊗⊗=                
              )]()()(Re[)( 22 ththtptg IF⊗⊗=              
where )(thIF  is the impulse response of the IF filter. The IF 
signal current is then given by, 

)()](2cos[)(cos2)( 000 tittftPPRti nIFLosd +′+′′= φπφ        (15)                 
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The output of the IF filter can be expressed as 
)()](2cos[)(2)( 00 tnttftaPPRtv IFLosd +′+= φπ          (16)                

where, )(cos)( 0 tta φ ′′= , which is the amplitude fluctuations due to 
PMD and GVD, )(tn  is the receiver shot noise with variance 

IFLon BPPse )(22 +=σ , IFB  being the IF filter bandwidth.  
Following the delay line demodulation (delay time ) and low 

pass filtering (wide enough to pass the signal undistorted), the 
low pass filter (LPF) output is given by 

    )(tvout )],(cos[)( 0 τφ ttA ∆=                                       (17)     

where )(tA )(cos2 0 tPPR Losd φ ′′= ;    )(tA is the amplitude and 

the differential output phase of )(tvout   of the LPF can be 
expressed as 
     ),(),(2),( 0 τθτφτπτφ ttft nIF ∆+′∆+=∆                    (18) 

A.  CPFSK with NRZ data 
For a CPFSK system with NRZ data, the driving signal of the 

transmitted laser is given by 

            
∞

−∞=

−=
k

k kTtpatI )()(                                      (19) 

with  1±=ka  is the kth bit of  information bit, )(tp  is the 
elementary pulse shape of the individual data bit with the of 
duration T seconds. 

In delay line demodulation receiver the data decisions are 
based on the polarity of )(tvout . Assuming a ‘mark’ is 
transmitted (say, 10 =a ) and under ideal CPFSK demodulation 

condition, 
2

)12(2 πτπ += nf IF ; n is an integer and   

2
2 πτπ =∆f  for NRZ  data. Now, applying the above 

conditions, the phase of )(tvout  at the sampling instant t0 can be 
written as 
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Where  
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=
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t
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Note that the first two terms in (20) provide the expected phase 
change during the demodulation interval  corresponding to the 
ideal situation, the next three terms, in fact, represent the 
undesired contribution to the phase due to PMD and GVD and 
the last term, ),( 0 τθ tn∆  represents the phase distortion due to 
receiver noise. 

Denoting the phase distortion of the signal only due to PMD 
and GVD as 

     )(
2

)(
22 0

0
0 kTtqatq

k
k −++−=

≠

πππη                      (21) 

         ξτα +∆= ),(t                                                          (22) 
where  ),( τα t∆   is the mean output phase error and    ξ   is 
random output phase fluctuation due to ISI for random bit 
pattern caused by PMD and GVD. 

We define the IF SNR as 2

2
0

2 n

V
σ

ρ = .   For a given IF SNR, 

the conditional bit error probability, )|( ξeP  conditioned on a 
given value of ξ  and differential group delay τ∆ , can be 
obtained following Ref. [15]. 
For a given value of instantaneous differential group delay 
(DGD), τ∆   the conditional BER can be expressed as 

                ξξξτ ξ dPePBER )()|()(
∞

∞−

=∆                      (23) 

where, )(ξξP  is the probability density function (pdf) ofξ  and 
can be found by following Ref. [14]. 

The statistical properties of PMD have been experimentally 
and theoretically studied and found that the evolution of DGD at 
particular frequency over time yields a Maxwellian probability 
density function given by [16] 

0,2
24exp32

232)( >∆
∆
∆−

∆
∆=∆∆ τ

τπ
τ

τπ
τττP     (24) 

where  ∆τ   is the quadratic mean of   instantaneous DGD, τ∆
The average bit error probability can now be evaluated as 

    ( ) )()()( ττττ τ ∆∆∆=∆
∞

∞−
∆ dPBERBER                 (25) 

B.  CPFSK with linecoding 
Our main objective is to study the relative effectiveness of the 

above linecodes in overcoming the pulse dispersion performance 
degradation caused by PMD. The linecoder shown in Fig. 1(a) 
can be viewed as a linear time-invariant filter that acts on the 
input data signal of (19) to generate an output sequence of data 
given by       

                )()( kTtrbtI
k

k −=′
∞

−∞=

                                    (26) 

 where kb ’s are independent and identically distributed (iid) 
random variable taking values 1±  and  )()()( tctptr ⊗= .
Fourier transform of  )(tr   can be written as 
                   )().()( fPfCfR =                                       (27) 
where, 

               )2exp()(
1

0

kfTjcfC
K

k
k π−=

−

=

                            (28) 

is the transfer function of the encoder and where 
)]([)( 1 fGFtc −=  is pulse shaping due to  linecoding. The 

sequence of symbols { }kb  is generated to avoid error 
propagation by a precoder defined by 
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The K code coefficients 1210 ........,, −Kcccc  are usually integers 
and can be properly chosen to generate a specific linecoding 
scheme. 

Therefore, it is possible to apply the same procedure for 
average BER performance evaluation of CPFSK system with 
NRZ data in Section A to the present situation with lincoded 
data by merely replacing )(1 tg  and )(2 tg  in the previous case 
by 

)]()()()(Re[)( 11 ththtctptg IF⊗⊗⊗=                              (30) 
)]()()()(Re[)( 22 ththtctptg IF⊗⊗⊗=                            (31) 

IV.   RESULTS AND DISCUSSION 

To assess the performance of the lincodes discussed in the 
preceding sections, a 10 Gb/s scenario was used with delay line 
demodulation receiver for several values of mean DGD. We 
assume the worst-case value of power splitting between the two 
principal states of polarization’s, i.e.,  50.0=α in (6) and (7). 
The plots of average BER versus optical received power for 
AMI, order-1 and DM linecoding are shown in Fig. 2, Fig. 3 and 
Fig.4 respectively at modulation index of 0.50 and 1.00.  The 
results show that the BER performance is more affected at 
higher values of mean DGD and higher modulation index. 

It is found from Fig. 2 and 3 that the amount of power penalty 
due to PMD suffered by   CPFSK transmission system up to 30 
ps mean DGD is relatively small. It is approximately 0.85dB and 
0.30 dB  for AMI-CPFSK and order-1-CPFSK respectively at 
BER 10-9. For delay demodulation (Fig.4) linecoding, it is about 
1.5 dB at the same BER and 30 ps mean DGD.

For small power penalties PMD follows the following 
expression [17] 

          )1()(
2

αατε −∆=
MT

AdBin                           (32) 

Where,  TM  is the symbol duration A is a dimensionless 
parameter determined by the pulse shape. In our case, M=1 and 
the value of  A is about 39, 22, 19 and 16  corresponding to 
NRZ, DM, AMI and order-1  codes respectively. 

It is also noticed that BER floors occur at about 10-4 (at DGD 
70 ps),  3.5x10-5 ( at DGD 60 ps) and  5x10-5    (at DGD  60 ps) 
for AMI, order-1 and  delay modulation linecoding respectively. 
Above these values of mean DGD, the BER can not be lowered 
by further increasing the signal power. The assumptions used in 
computing the BER performance results are shown in Table 1. 

Fig. 3: Plot of average BER versus received power, Ps  with Order-1 
linecoding (Modulation index h=0.50 and h= 1.0) 

Fig. 4: Plot of average BER versus received power, Ps  with DM 
linecoding (Modulation index h=0.50 and h= 1.0) 

Fig. 2: Plot of average BER versus received power, Ps  with Alternate mark 
inversion (AMI) linecoding (Modulation index h=0.50 and h= 1.0)
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Fig. 5 shows the 10-9 BER power penalty of NRZ- , AMI- , 
order-1- and DM-CPFSK, versus the ratio of mean DGD to bit 
duration T/∆τ   at a modulation index of 0.50. The 
performance limitations of an optical heterodyne NRZ-CPFSK 
transmission system affected by PMD is reported in Ref. [14]. 
As seen in Fig.5, for weak PMD the effect of linecoding more 
pronounced and order-1 linecoding is more superior to AMI and 
DM. For example, the power penalty improvements are about 
0.5 dB, 1.15 dB and 1.95 dB corresponding to DM, AMI and 
order-1 respectively at mean DGD of 30 ps with respect to NRZ-
CPFSK.  

Table 1: Assumptions 
Parameter Values unit 
Temperature (T) 300 K 
Bandwidth (B) 10 GHz 
Receiver load (RL) 50 Ohm 
Receiver responsivity (Rd) 1 A/W 
Wavelength ( ) 1550 nm 
Operating frequency (f) 1.93355x1014 Hz 
Scaling factor ( ) 0.50 Unitless 
Dispersion index ( ) 15 ps/nm.km 
Power splitting ratio ( ) 0.50 Unitless 
Fiber length ( L) 100 km 

From Fig.5, it is also observed that the power penalty 
improvements above 30 ps mean DGD is almost constant for all 
linecodes and the amounts are about 0.30 dB, 0.80 dB and 1.65 
dB corresponding to DM, AMI and order-1 respectively.  This is 
to be expected, because in NRZ, the symbol duration is twice as 
long as for three linecoding schemes. As these linecodes use 
shorter pulse duration and exhibit much greater PMD tolerance 
than their NRZ counterparts. It is also observed that order-1 
linecoding gives nearly twice   the maximum allowable value of  

T/∆τ   than NRZ data. 

IV. COCLUSION 
In this paper, an analytical technique without and with 

linecoding is provided for the performance evaluation of a 
heterodyne CPFSK system impaired by PMD. The effectiveness 
of several linecoding schemes, ie,  AMI, order-1 and  DM, in 
alleviating the performance degradation due to the PMD are 
quantitatively assessed.  We found that among the   linecoding 
schemes considered order-1 coding exhibits superior 
performance in the presence of GVD and PMD over that of AMI 
and DM coding due its compact spectrum. 

REFERENCES 
[1]  Ozan K. Tonguz and Richard E. Wagner, “Equivalence between 

preamplified direct detection and heterodyne receivers”, IEEE photonics 
Technology Letters, vol. 1, no. 9, pp. 835-837, November 1991. 

[2]  J. P. Gordon and H. K. Kogelnik, “PMD fundamentals: Polarization mode 
dispersion in optical fibers”, PNAS, vol. 97, no. 9,  pp. 4541-4550, April 
2000. 

[3]  S. J. Savory and F. P. Payne, “Pulse propagation in fibers with polarization 
mode dispersion”, Journal of Lightwave Technology, vol. 19, no. 3 , pp. 
350-359, March 2001. 

[4]  Ping Lu, Liang Chen and Xiaoyi Bao, “Polarization mode dispersion and 
polarization dependent loss for a pulse in single-mode fibers”, Journal of 
Lightwave Technology, vol. 19, no. 6,  pp.856-860, June 2001. 

[5]  Jianke Yang, William L. Kath and Curtis R. Menyuk , “Polarization mode 
dispersion probability distribution for arbitrary distances”, Optics Letters,
vol. 26, no. 19,  pp.1472-1474, October 2001. 

[6] Magnus Karlsson, Jonas Brentel and Peter A. Andrekson, “Long-term 
measurement of PMD and Polarization Drift in installed fibers”, Journal of 
Lightwave Technology, vol. 18, no. 7, pp. 941-951, July 2003. 

[7]  C. Xie, L. Moller, “Evaluation and mitigation of polarization mode 
dispersion impairments in high-speed transmission systems”, APOC 2006,
Proc. of  SPIE  Vol. 6353 635310-8, Korea,  2006 

[8] Teruhiko Kudou, Midori Iguchi, Masaru Masuda and Takeshi Ozeki, 
“Theoretical basis of polarization mode dispersion equalization up to the 
second order”, Journal of Lightwave Technology, vol. 18, no. 4,  pp. 614-
617, April 2000. 

[9]  W. . Kaiser, W. Otte, T. Wuth and W. Rosenkranz, “Experimental 
verification of reduced sensitivity of optical duobinary modulation to 
higher order PMD”, OFC 2002, Anaheim, CA, Tu15, pp. 53-54, 2002. 

[10]  H. Bulow, G. Thielecke, “ Electronic PMD mitigation – from linear 
equalization to maximum-likelihood detection,” Proceedings OFC’2001,
Los Angles, CA, Paper QAA3, 2001. 

[11] H. F. Haunstein, W. Sauer-Greff, A. Dittrich , K. Sticht and R. Urbansky, “ 
Principles for electronic equalization of polarization-mode dispersion”, 
Journal of Lightwave Technology, vol. 22, no. 4,  pp. 1169-1181, April 
2004. 

[12]  P. C. Chou, J. M. Fini and H. A. Haus, “Demonstration of feed-forward 
PMD compensation technique”, IEEE Photonic Technology Letters, vol. 
14, no. 2,  pp. 161-163, 2002. 

[13]  S. Sarkimukka, A. Djupsjobacka, A. Gavler and G. Gacobsen, “Mitigation 
of polarization mode dispersion in optical multichannel systems”, Journal 
of Lightwave Technology, vol. 18, no.10,  pp.1374-1380, October 2000. 

[14]  M. S. Islam and S. P. Majumder, “Performance limitations of an optical 
heterodyne continuous phase frequency shift keying transmission system 
affected by polarization mode dispersion in a single mode fiber.”, accepted 
for publication (January 2007) in the Optical Engineering, SPIE, 2007. 

[15] S. P. Majumder, R. Gangopadhaya, E. Forestieri and G. Prati, “Sensitivity 
penalty for AMI coded CPFSK in heterodyne delay demodulation 
receiver,” IEEE Photonics  Technology Letters, vol. 7, pp. 1207-1209, 
1995

[16]  C. De Angelis, A. Galtarossa, G. Gianello, F. Matera and M. Schiano, “ 
Time evolution of polarization mode dispersion in long terrestrial links,”  
IEEE Journal of Lightwave Technology, vol. 10, no. 5 pp. 552-555, May 
1995

[17]  C. D. Poole and J. Nagel, “Polarization effects in lightwave systems,” 
Chapter 6, Optical Fiber Telecommunications, volume III A, Edited by I. 
P. Kaminow and T. L. Koch, Academic press, San Diego, CA, 1997.

Fig.5: PMD-induced power penalty as a function of DGD/bit duration 
(( T/>∆< τ ) for NRZ, DM, AMI and Order-1 linecoding of a CPFSK 
system (modulation index =0.50)

1930-529X/07/$25.00 © 2007 IEEE
This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE GLOBECOM 2007 proceedings.

2400

Authorized licensed use limited to: IEEE Xplore. Downloaded on November 28, 2008 at 05:04 from IEEE Xplore.  Restrictions apply.


