Chapter 4

Effect of I nterchanndl I nterference on Receiver

Performance

In the previous two chapters we have assumed our systems to be ideal without any
interchannel interference. In this chapter we analyze the effects of interchannel
interference on the performance of the receiver. The model assumed is that of rectangular
spectra with spacing of channels less than channel width so that there is some overlap. It
is shown that some overlap in the system is acceptable and the performance of the system
in terms of throughput for a given total bandwidth improves until an optimum overlap

value.

4.1. Mathematical Formulation
4.1.1. Single-Sided Interference

It is assumed in this sub-section that there is only single-sided interchannel
interference present in the system. In the next sub-section we will consider interference
from both adjacent channels.

Initialy, z(t) is assumed to be the received signal. z(t) is a zero mean Gaussian

process. Thissignal has two possibilities:

1 = datasigna + noise + interchannel interference

0 = noise + interchannel interference

z(t) can bedivided in two parts:

Z(t) =z, (1) + z,(t) (4.1)
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with z,(t) having arectangular bandwidth B,, and z, (t) having arectangular bandwidth
kB,. The parameter k is referred to as the channel overlap parameter, it represents the

overlapping percentage of an adjacent channel. It varies between 0 and 1, with O
corresponding to no overlap and 1 corresponding to complete overlap.

Figure 4.1 illustrates a scenario where one channel is interfering with another.
With the aid of this figure we can obtain the mathematical definition of k. In this figure
By is the optical bandwidth and f is the channel spacing. The overlap width is defined

as
Overlap Bandwidth = B, - f,, (4.2)

As mis defined as the product of the optical bandwidth and the bit period, we can obtain
the following expression relating the Optical Bandwidth and the channel overlap

parameter:
mk = (B, — fg)T (4.3

By isolating k and using the definition of m, we obtain the following mathematical

expression for the channel overlap parameter:

k=1--R (4.4)

The energy of the received signal is given by:
E-= 1 Z°(t)dt = 1 Z2(t)dt + T ZZ (t)dt + 2T z, (t)z, (t)dt (4.5)
T-! T a '!: b '([ a b '

With the use of the Karhunen-Loeve expansion we can transform the integrals above into

series:
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%izi(t)dt . i z + kZm z (4.6)

To expand the third element of (4.5), we need to define z, (t) and z, (t) as:

2,(t) = Z 2,0, @.7)
4023 79,0 48)

where ¢, (t)and ¢, (t) are the eigenfunctions of components a an b. For rectangular

spectra it may be assumed that there are a finite number (equal to the time bandwidth
product) of non-zero eigenvalues all of which are equal [18].
Thus the third element of (4.5) becomes

T m km km
2(z,(t)z,(t)dt =2 2,z (¢ dt=2Y z, 7, (4.9
'(I: b Z]Z C] bJI ] JZ j by
The energy of the received signal then assumes the following form:
E=NZ22+Y 2z +2Y (z.)(z,) (4.10)
3 b a /\

The above equation can be simplified into:

m

Z 2 (4.12)

i=km+1

E—km +7 )%+
_Z(Zai Zb,)

It should be noted once again that the Karhunen-Loeve expansion has an infinite
number of terms. However, replacement by a finite sum of terms, all of which have the
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same variance, is a good approximation for the rectangular spectra case as indicated
previously in Chapter 3.

The first element of (4.11) represents signal, noise and interference, and the
second element represents signal and noise. The equation is valid for both the ON and
OFF cases. For the OFF-case it should be noted again that the data signal will be absent.

The moment generating function of the received signal z(t) in the ON state can be
represented as:

2m(1-k)

Moy (S) = [1— 202 +0? +0? )kas]_erk [1— 2(0? + o2 pm(1 - k)s]_ (4.12)

Asthe variance of the interfering signal is the same as of the transmitted signal, we have

-2m(1-k)

Moy (S) = [1— 2207 + 07 )2mks]_2mk [1— 2(0? + o2 1 - k)s] (4.13)
By normalizing the equation above we get:
Moy (S) = [1— 2(0? + 07 )<s]_erk [1— 202 + 02 )1- k)s]_zm(l_k) (4.14)
For the OFF case the MGF is obtained in asimilar fashion and is given by
Mg (8) = i- 2(07 + 02 prks| "™ - 2022m1- k)| "™ (4.15)
Substituting o by ¢, and then normalizing, we get:
Mo (9) = f-2(02 + 02 ks "™ - 202 2m(1 - k)s| ™ (4.16)
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4.1.2. Double-Sided Interference

Single-sided interchannel interference is only valid for a system which has two
channels or for the extreme channels of a system. Thus, for practical systems we have to
consider the effect of the interference of both adjacent channels.

The difference from the single-sided case is that instead of including only one
interfering signal in our calculations, we have to include now two, both having the same
variance. The calculations to obtain the energy of the received signal are done in the same
manner they were done in the previous sub-section. Thus, the MGF of the received signal

in the ON-state is given by

2m(1-k)

Moy (8) = L-2(07 + 07 + 202 ks "™ [~ 202 + 02 i1 - k)] (4.17)

As the variances of the interfering signals are the same as of the transmitted signal, we
have

Moy (9) = - 2602 + o2 prks| ™ [L- 202 + o2 pma-k)s[ ™ (4.18)
In asimilar manner, the MGF for the OFF-state is obtain as
Mo (9) = f- 2(202 + o2 ks ™ |- 202 2m( - k)] "™ (4.19)
which can be transformed into
Mo (9) = f- 2202 + o2 prmks] ™ L- 2022ma- ks ™ (4.20)

4.2. Evaluation of Interchanndl Interference

Three different methods were used to evaluate the receiver performance with the

inclusion of the interchannel interference: 1) The Saddlepoint Approximation; 2) The
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Gaussian Approximation; and 3) The Chi-Square Approximation. Each of these methods
Is described next. We initially use these methods for the single-sided interference case for
purposes of illustration and then extend these results for the double-sided interference

case.

4.2.1. Saddlepoint Approximation

The MGF for the ON state is given by equation (4.14). By using (2.9) and (2.10)
which were derived in Chapter 2, we get the MGF as:

Mo (8) = [1— 2% +1)<s]'2”’k L— 2% + 1}1— k)s}zm‘“) (4.21)

By using the following auxiliary variables:

n, = -2mk

we obtain
Mgy (S) = - A,8)" @L- A,8)™ (4.22)
To apply the saddlepoint approximation, we have to use the ’phase’ function

¢on (9) [22], which is described in Appendix A and is given by (A.8). Here, its

normalized version is given by

@ (9) = In{(l— As)t(@-A,8)" }— sa -Ing (4.23)
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Thefirst derivative of (4.23) is given by

1 nA; n,A,
S =-=-a- - 4.24
Yon () s 1-As 1-A,s (4.24)
And the second derivative is given by
2 2
O LR, L (425)

s (@-As)f (@-A,sy

When applying the saddlepoint approximation, the roots of ¢, (S) are needed. Solving

for the roots we obtain a third-order polynomial equation of the type

Aon s’ +bON s* +CONS+dON =0 (4.26)
where

Aoy = _leAz

boy =AA,(-1+n, +n,)+a(A, +A,)
Con =A(A-n)+A,(1-n,)-a

doy =-1

Equation (4.26) has three roots, two positives and one negative. In order to
calculate the BER, the negative root is taken. The reason why the negative root istaken is
that this root minimizes [23] the phase’ function given by (4.23) as verified by evaluating
the second derivative.

In asimilar fashion to the ON-case, we can obtain the M GF for OFF-case as

M o (S) = [1— 2% + 1)<s]'2mk [L- 201~ ks> ® (4.27)
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By using the following auxiliary variables

n, = -2mk

n, = -2m(1-k)
Y
A, =2(1-K)

we get the normalized ‘phase’ function ¢ (S) as

Gorr () = In{(l— As) (- A,s)™ }— sa -Ing

Thefirst derivative of (4.28) is given by

1 nA; n,A,
S )=—=-a- -
Pore (9 s 1-As 1-A,s
And the second derivativeis
, 1 nA3 n, A
e (S):_z_ - 24

s (@-As) (@-A,s)

(4.28)

(4.29)

(4.30)

When calculating the roots of ¢, (S) we obtain the following polynomial equation

3 2 —
AorrS” TP 8™ +Corp St =0

where

Chapter 4. Effect of Interchannel Interference on Receiver Performance

(4.31)

55



Qorr = _aA3A4

bore = AsA,(F1+ 0 +ny) +a(A; +A,)
Corr = A1) +A,(A-ny) -2

doge =1

This polynomia also has two positive roots and one negative root. The larger positive

root is taken in order to calculate the BER as it minimizes the 'phase’ function (4.28).
For fixed BERs of 10°and 107°, the optimum values of m and the receiver

sensitivity Np were calculated for different values of the channel overlap k. The results

are shown in Figures 4.2 and 4.3.

As it can be seen from the figures, as expected the receiver sensitivity degrades as
the channel overlap increases. However, there is a performance improvement
independent of the BER when the channel overlap becomes greater than 80%. This dlight
improvement might be a result of the reduced fluctuation of the interference
compensating for the increased interference.

In a similar manner, the saddlepoint approximation was used for the double-sided
interference case. It should be noted here that channel overlap only up to 0.5 was
considered, due to the fact that with an overlap of 0.5 there would be complete overlap,
50% overlap from each adjacent channel. The results are shown in Figures 4.4 and 4.5.
As it can be seen interchannel interference degrades receiver performance more

aggressively in the double-sided interference case.

4.2.2. Gaussian Approximation

The second method used to evaluate the effect of interchannel interference on the
receiver performance is the Gaussian Approximation. This method has already been
described and used for the case of no interchannel interference (k = 0) in Chapter 2.

The MGF for the ON-case is given by (4.12). To use the Gaussian Approximation
the first and second derivatives of the MGF have to be calculated in order to obtain the
mean and standard deviation.

Thus, we have:
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Mo (8) = N, L+ A, ) L+ A,8)" + 1A, L+ A,8)* A+ As)*  (4.32)

and

Mon () =y (0, 2 1+ A,s) ™ @+ 2,8)+ 0, (n, ~DA; A+ A,8)" 7 (14 Ais)+

+2nnA A, [+ A s 1+ A,s) (433
Asthemeanisgivenby M, (0) we have
Hon =NA N4, (4.34)
The variance which isgiven by (2.34) is
o, =-nAZ —n,A (4.35)

By replacing n;,n,,A;,and A, with their definitions the following equations for the mean

and standard deviation are obtained for the ON-case:

Uoy = Amk? b am(1- k) H 11 (4.36)
[X T [X [

and

Oy = \/8mk3¥ +1§ +8mf(1- k)eﬂ1 +1§ (4.37)
x O x O

By taking a similar approach in the OFF-case, the mean and standard deviation are

obtained as

Lore = 4MK? [Bl " 1[H+ am(L- k) (4.38)
X

and
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Ocr = \/8mk3% + 1§ +8m(1-k)’ (4.39)

With the use of the parameters calculated above, the BER can be calculated
according to equations (2.27) and (2.28). To analyze the receiver performance the BER

was fixed at 10°and 10~°. The optimum values of m and the receiver sensitivity N,

were calculated for different values of the channel overlap k. These results are shown in
Figures4.6 and 4.7.

For the double-sided interference case the procedure is the same. However,
equations (4.36) to (4.39) have to be changed to include the effects of two interfering
signals and not just one. The equivaent equations are given by

Uoy = 4mk?® EARIaN am(- k) H 1 qH (4.40)
[X [ [Xx [
Oy = \/8mk3 B +1H +8m(l— k)’ e 15 (4.41)
x O x O
Lore = 4K [EE ¥ 1[H+ 4m(L-K) (4.42)
Oopr = \/8mk3§ + 1§ +8m(1— k)’ (4.43)

The results obtained with the Gaussian Approximation for the double-sided interference

case are shown in Figures 4.8 and 4.9.
4.2.3. Chi-Square Approximation

The third and final method used to evauate the effect of the interchannel

interference on the receiver performance is the chi-square approximation. The mean and
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variances, which were obtained in the previous section for the Gaussian Approximation,
were fitted into the MGF of a random variable with chi-square distribution. After
obtaining these new MGFs, the saddlepoint approximation was used to evaluate the
receiver performance. It should be noted that this case is similar to the analysisin [28] by
Arya and Jacobs with the difference being that while the Saddlepoint Approximation is
used here, Arya and Jacobs calculated the exact integrals. The agreement between the
Saddlepoint Approximation and the exact analysis has aready been shown in Chapter 2.
For the ON-case, the MGF is of the following form

Moy (8) = [1_ 20c2>N S]_zml (4.44)
where
m, = Hou_ (4.45)
202,

Uoy and gl are given by (4.36) and (4.37) respectively.
For the OFF-case, the MGF is of the form

-2
M o (S) = [1_ ZUSFF S] " (4.46)
where
= ﬂéi (4.47)
20 gFF

and o and o2 are given be equations (4.38) and (4.39) respectively.
The procedure described above is valid for both the single and double-sided

interference cases. The only difference is the use of the different values of

Uon T s Moee » ado 2. for each case.
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After obtaining these MGFs, the saddlepoint approximation was applied to obtain
an expression for the BER. For fixed BERs of 10°and 10~ the optimum values of m

and Np were calculated for different values of k. These results are shown in Figures 4.10

to 4.13. As it can be seen there are dight variations in the slope of the curves for small
values of k. This can be explained as follows: in the region where k is relatively small (for
both single and double-sided interference cases), the curve is relatively flat, thus small
inaccuracies of the saddlepoint approximation can lead to these slope variations.

Figures 4.14 to 4.19 compare the results obtained with all the three methods

described for BERs of 10°and 10°. By analyzing these figures one important
conclusion can be made, when the interchannel interference is low, i.e, small filter
overlap, the results obtained with the Chi-Square Approximation are valid. However,
when channel overlap becomes large, the Chi-Square Approximation gives results that
are too optimistic and the performance approaches that calculated using the
Gaussian Approximation. This is valid for both the single-sided and double-sided
interference cases. Another point to notice is that as expected double-sided interchannel
interference degrades the system performance much more aggressively when compared
to single-sided interchannel interference.

In the next section it will be shown how interchannel interference affects the
transmission capacity of the system, and that it is possible to operate the system while

having some interchannel interference.

4.3. Tranmission Capacity

With the results obtained in section 4.2 regarding the effect of interchannel
interference on the values of m and Np, two important questions can be answered: How
does interchannel interference affect the total system transmission capacity and is it
desirable to operate the system with a certain amount of interchannel interference?

The total transmission capacity depends on the total available bandwidth, the
optimum value of m, and the channel overlap parameter. First, the definition of m has to
be considered [28]:
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m=B.T = % (4.48)

where By isthe optical bandwidth and R, is the bit rate per channel.

The total number of channels available in the systemis

#channels = % (4.49)

R

with B being the total available bandwidth and fr the channel spacing.
By using the definition of the channel overlap parameter given by equation (4.4),

the following expression can be obtained for channel spacing:
fr =(1-k)B, (4.50)

Substituting (4.50) and (4.48) into (4.49), the number of channels is obtained as a

function of channel overlap:

#channels = B, = B (4.51)
(1-K)B, Rm(1-k)

As the transmission capacity is the product of the number of channels and the bit rate per

channel, the transmission capacity can be expressed as

—_ BC
T = mi-K) (4.52)

For atotal bandwidth of 35 nm (4.4 THz), the effect of interchannel interference
on the transmission capacity was evaluated when the system operated at the optimum m.
All three methods, the Saddlepoint Approximation, the Gaussian Approximation, and the
Chi-Square Approximation were used for fixed BERs of 10° and 10°°. We only evaluated
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the transmission capacity for the double-sided interference case as that is the one which
represents more closely a practical system. It would not have made sense if we had
evaluated the transmission capacity of a system with single-sided interference as that
system would only have two channels, which is not arealistic situation.

The results obtained are shown in Figures 4.20 and 4.21. As it can be seen the
Gaussian Approximation gives pessimistic results while the Chi-Square Approximation
gives results which are too optimistic. With the Saddlepoint Approximation for a BER of
10°, the maximum transmission capacity is approximately 135 Gb/s. For a BER of 10°
the maximum transmission capacity is approximately 220 Gb/s. Although, a higher BER
gives better results, a BER of 10°° would not be acceptable in a system where alot of data
Is transmitted. Another point to notice in these resultsis that thereis a slight improvement
in the transmission capacity when there is approximately 5% interchannel interference,
thisis clearly shown when the Saddlepoint Approximation is applied. This is due to the
fact that more channels can be put inside the total available bandwidth when there is the
influence of interchannel interference, and 5% is the optimum point for the tradeoff

between the number of channels added and system performance.
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Fig 4.12 Influence of double-sided interchannel interference on Np and m for Pe=10®

when cal culated using the Chi-Sguare Approximation
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Fig 4.13 Influence of double-sided interchannel interference on Np and m for Pe=10"°

when cal culated using the Chi-Sguare Approximation
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Fig 4.17 Comparison between Saddlepoint, Gaussian, and Chi-Square Approximation
regarding influence of channel overlap on m=BqT for Pe=10° when double-sided
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Fig 4.18 Comparison between Saddlepoint, Gaussian, and Chi-Square Approximation

regarding influence of channel overlap on Average Receiver Sensitivity for Pe=10"° when

double-sided interchanndl interferenceis considered.
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Fig 4.19 Comparison between Saddlepoint, Gaussian, and Chi-Square Approximation
regarding influence of channel overlap on m=B,T for Pe=10"° when double-sided
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Fig 4.20 Comparison between Saddlepoint, Gaussian, and Chi-Square Approximation

regarding influence of channel overlap on system throughput for Pe=10° when double-

sided interchannel interferenceis considered.
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Fig 4.21 Comparison between Saddlepoint, Gaussian, and Chi-Square Approximation

regarding influence of channel overlap on system throughput for Pe=10"° when double-

sided interchannel interferenceis considered.
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