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Effect of Polarization Mode Dispersion on a 
Coherent Optical System with Pilot Carrier 

Ming-Seng Kao and Jinshown Wu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Abstruct- The effect of fiber polarization mode dispersion 

(PMD) on a coherent optical system with pilot carrier is twofold. 
First, the PMD causes state of polarization (SOP) mismatch 
between the message signal and pilot carrier. Second, the degrees 
of polarization (DOP) of the message signal and pilot carrier 
are degraded by PMD. Because coherrnt reception relies both 
on the SOP’S and DOP’s of the waves, system performance is 
degraded by PMD. The effect of SOP mismatch causes interme- 
diate frequency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(IF) signal amplitude degradation whereas DOP 
variation not only results in IF signal amplitude degradation but 
further induces IF noises. Here we derive analytical expressions 
to evaluate the performance degradation. It is shown that there 
is no performance degradation if only one principle state of 
polarization is excited and maximum degradation occurs when 
both principle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstates of polarization are equally excited. We 
also find that significant degradation may happen when large 
differential group delay exists. 

I. INTRODUCTION 

OHERENT optical communications attracted worldwide C research interests in the past decade. The increased 
receiver sensitivity and tuning capability are two salient fea- 
tures of coherent systems over intensity modulation systems. 
However, because zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the need of a local oscillator (LO) 
whose SOP must match that of the incoming message signal, 
a coherent receiver is inevitably complicated and is difficult 
to implement. Approaches to release this difficulty has been 
proposed. For example, we can use the carrier amplification 
technique to eliminate the need of LO laser, [l], [2 ] .  By 
selectively amplifying the carrier at the receiving end, the 
carrier can play the same role as an LO so that simple reception 
is achievable. On the other hand, it is realized that a high- 
power LO laser indeed can be shared by many receivers and 
therefore it can be placed at a distribution center [3] or at a 
remote hub [4] and distributed with the message signal to many 
receivers. As the LO carrier already presents in the distribution 
fiber, the LO laser and its associated circuitry in an usual 
coherent receiver are eliminated and direct detection receiver 
can be used to receive coherent signal. In the above coherent 
systems, the LO signal is not locally generated at the receiver 
but coming with the message signal through the distribution 
fiber. The LO signal now behaves like a pilot carrier associated 
with the message signal which eases coherent detection. 
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An ordinary single-mode optical fiber is actually a two- 
mode fiber because two orthogonally polarized eigenmodes 
can simultaneously propagate. Usually the two eigenmodes 
do have different propagation constants due to imperfection 
in fiber manufacture and deployment which results in PMD 
Therefore, a linearly polarized wave launched at the fiber 
input will in general become elliptically polarized at the 
output because of PMD [ 5 ] .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAlso the DOP of a lightwave, 
defined as the ratio of the intensity of the completely polarized 
component to the total intensity, will be affected by PMD as 
the wave propagates along a fiber [6] .  Thus the PMD changes 
both SOP and DOP of a propagating wave. 

In a coherent optical system with a pilot carrier, for example 
the LO pilot carrier mentioned above, we match the SOP of the 
pilot carrier with that of the message signal at the transmitting 
end and distribute them through single-mode fiber to receivers. 
Because of PMD in the distribution fiber, the SOP’S and DOP’s 
of the received message signal and pilot carrier are changed. 
Because coherent reception relies on both SOP’s and DOP’s 
of the message signal and pilot carrier, system performance is 
expected to be degraded by PMD. A worst-case study which 
considered the degradation due to SOP only was carried out 
in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[7]. Here a complete treatment of the problem is performed 
by considering both the effects of SOP and DOP and general 
results are provided to evaluate the performance degradation. 

11. ANALYSIS 

To study the effect of PMD on system performance, 
we adopt the formulation of principal states of polarization 
(PSP’s)[S]. The model provides a simple way to describe PMD 
without knowing the details along the fiber which is useful 
in practical applications. It is shown that there exists two 
orthogonal input PSP’s whose corresponding output SOP’s are 
invariant with frequency to first-order only if there is negligible 
polarization-dependent loss. In the following the effect of SOP 
is studied first, then we consider the effect of DOP degradation, 
and finally both effects are combined to evaluate the total 
impact of PMD on system performance. 

A. Effect of SOP 

An incident optical wave in a fiber will in general excite 
two P_SP’s ayd its optical power is carried by the two PSP’s. 
Let E, and E, denote the fields of the message signal and the 
pilot carrier, respectively, which are linearly polarized along 
the same direction and are incident on a single-mode fiber. 
In general, the waves will each excite two PSP’s and their 
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optical powers are carried by the PSP’s. Let the two PSP’s be where R is the photodetector responsivity and ‘*’ denotes 
specified by two unit vectors zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa+ and a-, respectively, then complex conjugate. Using the unitary and orthogonal 
& and @- can be expressed as properties of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb* and neglecting the dc terms, the IF current 

&(t) = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA,ej(”ct+dJ,)[c+&+(w,) + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc-&-(wc)] (2) 

where A,,,, tus,+ and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4,,, denote the amplitudes, angular 
frequencies, and phases of the two waves, respectively. Here 
the phase information m(t) is carried by the two PSP’s of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2,. c* stand for the expansion coefficients along the two 
PSP’s. Since the two waves are linearly polarized along the 
same direction, we assume that they have the same expansion 
coefficients along the two PSP’s. We further normalize c* 
such that 

c2+ +c? = 1. (3) 

With negligible polarization-dependent loss, the received fields 
can be formulated as [9] 

l?,(t) = A ,  e-“+ ,j(W,t+dJ,) 

(4) 

(9) 

where 0* = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$*(tu,) - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$*(w,). Also WIF = w, - 
wc is the intermediate frequency and A 4  = 4, - 
4 C .  

The differential group delay rp which causes time delay 
between the information m(t) and m(t - T ~ )  will degrade the 
eye opening at decision level which had been reported in [8]. 
Here for simplicity we assume T~ is small compare to a bit 
duration such that m(t - T ~ )  is taken to be the same as m(t) 
in the following analyses. We can reformulate i I F ( t )  as 

i I F ( t )  = D1 .RA,A,e-”L cos(wIFt + m(t) + A 4  + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI )  (10) 

with 

where a is the fiber loss, L is the length, and T~ is the 
differential group delay between the two PSP’s. 

denote the corresponding output SOP’S of whereas 
are the corresponding phases. Here for simplicity we 

assume the DOP’s of the pilot carrier and the message signal 
are preserved along the transmission fiber. The degradation 
caused by DOP will be discussed latter. Since the output 
PSP’s are independent of frequency to first-order and the 
frequency deviation between theAtwo waves is small, in the 
following we take b*(w,) = b*(wc). The output PSP’s 

are functions of the details of fiber birefringence and the 
perturbations through the propagation path which are difficult 
to be explicitly expressed. However, they do preserve the 
unitary and orthogonal properties [ 5 ] ,  written as 

iIF(t) = RA,A,e-“L COS (WIFt f m(t) -I- A 4  + E ’ )  (14) 

where E‘ is a constant phase delay. 
It is evident by observing (10) and (14) that the constant 

phases and E’ are irrelevant to the IF signal. The degra- 
dation caused by PMD is solely determined by the factor 
D1 which depends both on c* as well as A0. It is easy to 
show 

(15) 
0 5 D1 5 (c: + C - )  2 2  = 1 

which indicates that the PMD will in general degrade the 
IF signal amplitude. For the special case that only one 
PSP is excited (c: = 1 and c? = 0, or vice versa), 
we have D1 = 1. Also D1 = 1 when A0 = 0, is 
independent of c*. It is easy to show that the minimum 
value of D1, corresponding to the worst case degradation, 
occurs when c$ = 0.5, i.e., the two PSP’s are equally 
excited. 

The factor A0 can be estimated from the differential group 
delay between the two PSP’s. Let the phase difference between 
the two PSP’s be 

At the receiving end, the combined wave Z(t )  = Es(t) + 
&(t) is directly incident on a photodetector to produce 

i(t) = R +  then 
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The differential group delay between the two PSP's is 
related to ~ ( w )  as [9] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

dT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- -  
' - d w '  

Thus 

From the measured results rp over a small frequency range 
(few gigahertzs) is essentially constant [9], therefore A0 is 
approximately given as 

AB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN rP W I F  . (20) 

be regarded as the sum of a completely polarized wave and a 
completely depolarized wave which have uncorrelated phases 
[lo]. It is the completely polarized components of the two 
waves that contribute to the IF signal whereas the depolarized 
components, which are completely randomly polarized, will 
introduce additional noise to the IF signal. At the plane 
perpendicular to the propagation direction, the received fields 
can be expressed by the completely polarized and depolarized 
components. To simplify the analysis we assume, without loss 
of generality, the completely polarized components of the 
waves be linearly polarized and point along the same direction 
defined by a unit vector 3. Note here the completely polarized 
components of the two waves have the same SOP while the 
affect of SOP mismatch, which had been discussed previously 
is neglected. The received waves are expressed as 

D1 = cos( -) TPW1~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B. Effect of DOP 

Even though a completely polarized wave is launched at 
the transmitting end, the received wave is in general partially 
polarized due to the presence of PMD [6]. The field of a 
partially polarized wave can be formulated as 

E' = zp,, + GIep (23) 

where and E'dep are the completely polarized and depo- 
larized components of 8, respectively, and they have uncor- 
related phases [lo]. The total intensity of the wave is given 
as 

Ittot = Ipol + Idep (24) 

where Ipol and Idep are the intensities of the completely 
polarized and depolarized components, respectively. The com- 
pletely depolarized component has the same property as natu- 
ral light that its intensity in any direction perpe_ndicular to the 
propagation direction is the same. The DOP of E is defined as 

Ipol p = -  
Itot 

where P, and Pc denote the DOP's of the message signal and 
pilot carrier, respectively. The first terms on the right-hand side 
of the above two equations denote the completely polarized 
components of the waves and the second terms denote the 
depolarized components. The depolarized components are 
expressed by two orthogonal unit vectors il? and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy' with uncor- 
related phases 4,,cz and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4s,cy. The phases of the depolarized 
components are also uncorrelated with those of the polarized 
components. Because 4sz and (bsy are uncorrelated, it is 
easy20 show that the intensity of the depolarized component 
of E, along any direction at the plane perpendicular to 
the propagation direction is-the same. The intensity of the 
depolarized component of E, is the sum of the intensities 
along zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ and jj directions, obtained as 

(29) 
1 
2 

Idep = -(I - P,)A2e-"L 

and the total intensity of I?,@) is readily given as 

1 1 
2 2 

(25) Itot = -P,A:e-"L + -(1 - P,)A:e-"L = 2 

(30) which is the ratio of the intensity of the completely polarized 
component to total intensity. The intensity of the completely 
depolarized component is equal to Hence (26) is satisfied accordingly; Therefore (27) can ex- 

press the partially polarized wave E,9 (t) .  Similar argument is 
~~I - 

Idep = 1 - p). (26) applicable to &(t).  
From (27) and (28) we can obtain the IF current as 

Let the incident pilot carrier and message signal be com- 
pletely polarized waves with unit DOP. The presence of PMD 

will degrade the DOP as the waves propagate along the 
fiber, and therefore the received waves are in general partially 
polarized waves. It is shown that a partially polarized wave can 

i I ~ ( t )  = RA,Ace-"L 

. [JP,P,COS(WF~ + m(t) + A4) + ks 

h c  . cOs(W1Ft + m(t) + A# + 452) 
. cos(wr~t + m(t> + Ad - ~ c z ) ]  (31) 
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(33) 

and WIF and A+ are given as before. Here the terms result from 
the cross product of the two depolarized components, which 
should be much smaller than the other terms for reasonable 
system performance, are neglected. Note that in addition to 
the cross product of the completely polarized components, 
two noises resulting from the cross product of the polarized 
and depolarized components, are present in the IF signal. 
Consequently, the affect of DOP on the IF signal is twofold. 
First, it degrades the signal amplitude by a factor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm. 
Second, it results in IF noises due to the introduction of 
depolarized components. Because zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+,,,, are uncorrelated to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+s,c, they can be taken as random phases which are uniformly 
distributed within [0,27r]. We can reformulate Z1F (t) as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

i ~ ~ ( t )  = RA,Ace-"L . [ZCOS(WIF~ + m(t) + A+ + A)] 

(34) 

where (see equations (35) and (36) at bottom of page). 
The above equations indicate that the noises induced by the 

depolarized components result in amplitude as well as phase 
noises on the IF signal. For a >> zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk,,,, which is valid 
for reasonable performance, 2 and A can be approximated 
as [ l l ]  

Z 2 + k,cos+,, + k,cos+,, (37) 

(38) 
ICs sin q5s, - kc sin +cx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

az A 2  

It is clear that the amplitude and phase noises are non- 
Gaussian noises because the distributions of cos @,,, are non- 
Gaussian. Because of the non-Gaussian noises, it is difficult 
to compare these noises with the other receiver noises which 
are usually Gaussian distributed. The problem becomes even 
more complicated because the affect of these noises on system 
performance should be evaluated after nonlinear demodulation 
and baseband filtering. Instead of getting into these details, 
here for simplicity we calculate their variances and define a 
polarized signal to depolarized noise ratio at the IF stage. 
Using the fact that are uniformly distributed within 
[0,27r], the variances of 2 and A are obtained as 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 = -(Pa 4 + Pc - 2PsP,) 

P, + P, - 2P,Pc 

4p. Pc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU; = 

(39) 

(40) 

We further define the polarized signal to depolarized noise 
ratio for the amplitude noise, which is the polarized signal 
power to noise variance, is obtained as 

111. DISCUSSION 

We have shown that the IF signal degradation results from 
the PMD induced SOP mismatch and DOP degradation. The 
affect caused by SOP mismatch is the amplitude degradation 
of the IF signal whereas DOP causes IF signal amplitude 
degradation as well as additional IF noises. 

A statistical treatment reveals that the differential group 
delay rp is proportional to the square root of fiber length if the 
length is far larger than the correlation length of perturbations 
[12]. Let ru denote the differential group delay per unit square 
root fiber length. Then 

rp = Tu ' A. (42) 

For a completely polarized wave incident on the fiber, 
P = 1, the DOP at the receiving end is given as [6] 

P = 1 - 4c$c?(1 - lyI2) (43) 

where e* are again the expansion coefficients and the param- 
eter y is 

(44) 

where V(w) is the power spectrum of the light source and 
WO is the center frequency. From (43) we see that the DOP is 
preserved if only one PSP is excited and the minimum DOP 

occurs when both PSP's are equally excited (cf = 0.5). The 
minimum DOP is 

p = IYI (45) 

where y depends on the source spectrum V(w) and the 
differential group delay rp. 

Under the worst-case condition that both PSP's are equally 
excited, from (22) and (31) the amplitude degradation of the 
IF signal is written as 

where the first-term on the right-hand side of (46) denotes 
the amplitude degradation caused by SOP mismatch and the 

(35) 

(36) 
k,  sin dS, - kc sin +,, A = tan-' m + IC ,  cos +sx + k,  cos &, a 
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1.1 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA................................................................................... 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.7 1 

0.5 10 lo 
Fiber zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlength [km] 

Fig. 1. = 
2 r x 8  GHz, Aw, = 27r x 40 MHz, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT = 1 ns. Solid line: T~ = 1 ps/Jk7, 
dash line: rU = 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp/&, dash-dotted line: T, = 4 ps/&. 

The amplitude degradation factor versus fiber length. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW I F  

second term is due to DOP degradation. And the polarized 
signal to depolarized noise ratio is 

4lYsYcl 
IYSI + I Y C I  - 21YsY,l 

K = lOlog 

and the variance of the phase noise A is 

(47) 

Let the pilot carrier have a Lorentzian spectral distribution 
with linewidth Qw,, then the parameter y for the pilot carrier 
is given as [6] 

yC = exp(-Qw,-T,). (49) 

The spectral distribution of the message signal depends on 
the light source and the modulation which varies widely. In 
the following we consider a coherent minimum shift keying 
(MSK) signal with power spectral density [13]: 

where T is the bit duration and for simplicity we assume the 
source linewidth be small compared with the bit rate so that 
the spectrum mainly determined by the MSK modulation. The 
formulation given here can be applied to other modulation 
formats like PSK or FSK which have different power spectral 
densities and may result in different DOP degradation. With 
V(w) we can calculate the parameter ys of the message signal 
and then obtain its DOP. 

The amplitude degradation factor D as a function of fiber 
length is shown in Fig. 1 for WIF = 2n x 8 GHz. The 
degradation is little if zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT~ is small but becomes significant when 
T~ is large. We further note that D decreases about linearly 
with fiber length. To understand the relative contribution of 
SOP and DOP to the degradation factor D, we show in 
Fig. 2 the magnitude of D1 = COS(T,&WIF/~) and D2 = m, which are the amplitude degradation factors due 
to SOP mismatch and DOP degradation, respectively, and 
the combined degradation factor D = DID2 is also plotted 
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0.6 1 

O.'t 1 

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 
0.5l " " " " ' I  

Intermediate frequency [GHz] 

Fig. 3. The amplitude degradation factor versus intermediate frequency for 

L = 50 km. Solid line: T~ = 1 ps/&, dash line: r, = 2 ps/&, 

dash-dotted line: ru = 4 ps/&. 

for T, = 4ps/&. The figure reveals that the amplitude 
degradation is mainly due to D1 while D2 contributes little, 
which means that in this case the amplitude degradation is 
majorly caused by SOP mismatch but not DOP degrada- 
tion. Fig. 3 illustrates the relationship between D and the 
intermediate frequency for L = 50 km. D decreases as the 
intermediate frequency increases and significant degradation 
occurs for large ru. We further show in Fig. 4 the polarized 
signal to depolarized noise ratio as a function of fiber length. 
Again the ratio decreases with fiber length because of DOP 
degradation. The variance of A as a function of fiber length 
is shown in Fig. 5. It is seen that c i  increases with fiber 
length and the unit differential group delay. In the examples 
we see that K is large and 0: is small, consequently the 
affect of the depolarized noise is expected to be insignif- 
icant. However, if there is severe DOP degradation along 
the transmission fiber, the affect of the depolarized noises 
could be pronounced which may significantly degrade system 
performance. In this case more careful study is necessary 
to evaluate the real impact of the depolarized noises on 
the system performance after demodulation and baseband 
filtering. 
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IV. CONCLUSION 
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In summary we have evaluated the performance degradation 
due to polarization mode dispersion in a coherent optical 
system with pilot carrier. Both the PMD induced SOP and 
DOP changes are analyzed. The affect of SOP causes IF signal 
amplitude degradation which depends on the fiber length, the 
unit differential group delay, and the intermediate frequency. 
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