Chapter 3

Spectrum-Sliced WDM Using OOK Transmission

This chapter presents one of the primary contributions of this dissertation: a mathematical model to
analyze and eval uate noise-like spectrum-diced systems which employ conventional PIN receivers,
or as proposed in this dissertation, optical preamplifier receivers. Asdiscussed in previous
chapters, spectrum-dicing provides alow-cost alternative to the use of multiple coherent lasers for
WDM applications by utilizing spectral slices of a single broadband noise source for creating the
multichannel system. In this chapter we analyze the performance of both PIN and optical
preamplifier recaiversfor spectrum-sliced WDM using actua noise distributions, and the results
are compared with those using the Gaussian approximation. This extends prior results of Marcuse
[44,45], for the detection of deterministic signals in the presence of optical amplifier and receiver
noise. Although the methodology is similar, the results are considerably different when the signal
isitself noise-like. For the case of noise-like signals, it is shown that when an optical preamplifier
receiver is used, there exists an optimum filter bandwidth which minimizes the detection sensitivity
for agiven error probability. Moreover the evaluated detection sensitivity, in photons/bit, represents
an order of magnitude ( >10 dB) improvement over conventional detection techniques that employ
PIN receivers. The Gaussian approximation is shown to be overly conservative when dealing with
small ratios of the receiver optical to electrical bandwidth, for both PIN and preamplifier receivers.
Finally it is shown how the use of forward error correction (FEC) coding can lead to significant
improvement in the transmission capacity of SS-WDM systems.

The chapter is organized asfollows. The motivation for thisanalysisis discussed in
Section 3.1. Section 3.2 introduces the basic concepts of the incoherent detection of noise-like

signals. An outline of the receiver structure used in the analysis and a detailed discussion of the
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mathematical formulation of the problem is contained in Section 3.3. Section 3.4 presents
analytical resultsfor the receiver sensitivity of conventional spectrum-dliced systems which employ
PIN receivers, and Section 3.5 contains the corresponding results for an optical preamplifier
receiver. Inboth cases, an exact analysis approach, for the idealized case of rectangular spectra,
using chi-squared statistics, is compared with the commonly used Gaussian approximation. The
analysis and the probability distributions employed are smilar to those of Marcuse [44,45)].
However, whereas Marcuse considered the case of deterministic signal's, we consider the case of
noise-like signals, for which the results are considerably different. The chapter is concluded with
some system considerations for a preamplifier receiver based SS-\WDM. System capacity is
calculated with channel bandwidths chosen to maximize power budget. Using the amplified

spontaneous emission noise from an optical amplifier as the wideband source, the system capacity
(for P, =107") is shown to be 23 Gh/s without coding, and 75 Gh/s with a (255,239) Reed

Solomon Code.

3.1 Introduction and Motivation

Experiments with spectrum-diced WDM (SS-WDM) systems have considered conventional PIN
or APD receivers, and performance analysis has generally assumed the Gaussian approximation.
To reduce the fluctuations in signal energy it is necessary that the optical bandwidth of the
spectrum-sliced signal ( B,) belarge compared to the bit rate (R, =1/ T). Asm= B,T ismade
large, the receiver senditivity approaches that of a system with adeterministic signa. However, if
the optical bandwidth isincreased, fewer channels can be supported by the WDM system;
moreover alarger optical bandwidth will result in adispersion penalty. On the other hand, asm is
made smaller, signa energy fluctuations result in apower penalty; indeed with the Gaussian
approximation, as shown later in this chapter, there is aminimum m necessary to achieve agiven
error probability.

The purpose of this chapter istwo-fold. First, we analyze the sensitivity of a PIN

receiver for a spectrum-sliced signal considering the actual distributions of signal and
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noise, and show that the Gaussian approximation, although adequate when m>> 1, is
grossly conservative for small values of m. Wethen consider the case of areceiver
utilizing an optical preamplifier. There are now two competing effects; asm increases
signal energy fluctuations decrease, but amplifier ASE noiseincreases. There should then
be an optimum optical bandwidth to achieve a minimum received number of photons per
bit, for a given error probability.

The results that are presented indicate that optically preamplifying the received signa prior
to photodetection offers an optimum in terms of the product of the average photons/bit and
m= B,T where B, isthe optical bandwidth per channel of the WDM systemand T isthe
reciprocal bit rate. By operating at this optimum, the system has alarger power budget, which
means longer unrepeatered distances, and uses the minimum optical bandwidth/channel, which
trandates into alarger number of WDM channelsin the given noise bandwidth of the broadband
incoherent source. Moreover, operation at the optimum ensures that the error probability

requirements are maintained.

3.2 Incoherent Detection of Noise-like Signals

The performance of conventiona optica fiber-based communication systemsis limited by the
quality of the transmitter (LED or laser) and the receiver (PIN diode or avalanche photodiode).
Ideally the only source of noisein this system is the quantum or shot noise which arises due to the
statistical nature of electron-photon conversions at the transmitter and at the receiver. Asshownin
Section 2.2, the theoretical minimum (quantum-limited) receiver sensitivity is 10 photons/bit. This
means that if the receiver were an ideal photon counter, at least 10 photons would be required, on an
average, to decide whether the received symbol isalor a0. Practica systems, however, use less
than perfect components and the thermal noise generated by the electronic circuitry in the receiver
puts alower limit on the minimum receiver power. For most practical receivers the receiver

sengitivity isat least ten times poorer than the quantum noise limit [1,5].
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For the spectrum-sliced WDM system under consideration, the signal sourceisthe
amplified spontaneous emission (ASE) noise from a broadband, incoher ent optical
amplifier. Hencein addition to the thermal noise generated at the receiver, there existsan
excess intensity noise term which arises due to the mixing of the similar frequency
spontaneous emission components of the optical amplifier source. Thisnoiseterm, referred
to as the spontaneous-spontaneous beat noise, was discussed in detail in Section 2.4. Hereit will
suffice to say that this excess noise term is dependent on the optical aswell asthe electrical
bandwidth of the receiver. For moderate data rates, for which the optical bandwidth is much larger
than the electrical bandwidth, there is negligible degradation in terms of power penalty to the system
[13]. If, however, the datarate isincreased with the same optical bandwidth, error rate floors are
observed. Thisphysicaly impliesthat the system isno longer signal power limited, and no amount
of increase in signal power (or amplifier gain) can help to reduce the bit error rate. The rapid
increase in excess beat noise, which isinversely proportiona to the optical bandwidth/channe,
places an upper limit on the signal-to-noise performance, and hence the available power budget, of

the system. For example a system operating at 1.5 pum with a0.5 nm filter will experience BER

floorsat 10" ® when the datarate is increased from 2 Mb/sto 1 Gb/s. Such error floors, however,
disappear when the optical bandwidth isincreased to 1 nm. [13].

The observation, that a high-power superluminescent source has an additional excess photon
noise component which dominates SNR performance at high signal powers, wasfirst highlighted
by Morkel et al.in 1990 [46]. Inther experiment, a 7.3 m length of erbium-doped germanosilicate
fiber was pumped at 980 nm with approximately 40 mW of pump power from an argon-ion-
pumped Styryl-13 dyelaser. The signal and noise (fluctuating components) spectra were measured
and the noise current plotted against the mean photocurrent. The results for the incoherent
broadband source were compared with asimilar experiment performed using a coherent He-Ne
laser source. The experimental results proved that the noise current from the He-Ne laser was well
predicted by the shot-noise theory, and that from the superluminescent source matched with the

excess noise theory. Moreover the measured SNR in a unit bandwidth for the coherent source
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increased linearly according to the shot noise-based expression -- SNR ={1,}/2qB,, where {l,} is
the mean signal current and B, isthe receiver electrical bandwidth; hence SNR isdirectly
proportional to ( IS) . The SNR results for the incoherent source, however, did not vary with a

change in the detector current being bound by a constant SNR = B, / B, where B, wasthe optical

bandwidth of the source given by

B, = [(‘)D(n)dnr / OP’(n)dn (3.1)
where P(n) isthe power spectral density of the optical field as afunction of frequency n.

The incoherent detection of noise-like signals of optical bandwidth B, may be
accomplished by integrating the received power over atimeinterval T, suchthat m= B,T >>1. The
signal-to-noise ratio (SNR) required for agiven error probability (BER) decreases as m increases,
however an increase in mimplies an increase in the required signa energy for achieving the same
BER. If missufficiently large, the fluctuation in the received signal will be small compared to the
fluctuations caused by the added receiver noise, and the receiver sensitivity will approach that of the

deterministic signa case -- typically severa thousand photong/bit for practica optical receivers

(such as PIN diodes or avalanche photodiodes).

3.3 Receiver Structure and Mathematical Model

The receiver structure assumed in the following analysisis shown in Fig. 3.1. It consists of an
optical bandpass filter followed by an ideal square law detector and integrator which measuresthe
energy inthe decisioninterval. For the case of OOK transmission, the energy is compared to a
threshold. The analysis of receiver sengitivity follows directly from the distribution of the energy in
a Gaussian random process; the optimum threshold which minimizes the error probability depends
on the probability distributions of the signal and noise.

Thereceived signa (in units of current) at the input of the decision circuit may be expressed
as[37]

Chapter 3: Spectrum-Sliced WDM Using OOK Transmission 60



T
=0 YO RO T O 32)

where x(t), y(t), X(t), and y(t) are independent, identically distributed (i.i.d) baseband Gaussian
processes with (optical) bandwidth B, /2 , having zero-mean, and each having avariance s 2 equal
to the photocurrent contributed by each of the two orthogonal polarizations. Note that the four
termswithin the integral correspond to two orthogonal phases and two orthogonal polarizations.
Also, |, isthethermal noise current introduced in the electrical portion of the receiver. We neglect
shot noise terms since they will be negligible compared to the inherent signa fluctuation noise, and
will also be negligible compared to the thermal noise for aPIN receiver, and to the ASE noise for
the optical preamplifier receiver.

For the PIN receiver, in the on-state, X, y, X, and y are the components of the noise-like
signal. Theseterms are absent in the off-state (i.e. perfect extinction assumed). For the optical
preamplifier receiver, inthe on-state, X, y, X, and y are the components of the noise-like signal plus
the corresponding components of the preamplifier ASE. In the off-state these are just the
components of the preamplifier ASE noise. We assume that the preamplifier gainis sufficiently
high that the electrical thermal noise may be neglected. The receiver makes the decision that a1 was
transmitted if 1 > 1, and Oif | <1,, where the optimum threshold (1;,) to minimize the error
probability is given by

R(lw) = R(ly) (33
where B and R, are the probability density functions (pdf) of | for the 1 and O states, respectively.
The problem then reduces to finding the two pdf’s.

Although it is generaly difficult to obtain the closed form expression for the distributions, it
isrelatively straight-forward to obtain their means (m and m,) and standard deviations (s, and
S)- A common approximation, as discussed in Chapter 2, isthen to assume that the distributions

are Gaussian in which case the error probability is given by [1]
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__1 - %2 » 1 - 0?
P= % QOaxp( X“12)dx \/Z_erxp( Q°/2) (3.9
where
_Mm-m
Q 5,75, (3.5

For example Q=6 for P,=10"°.

The inadequacy of the Gaussian approximation has been treated by Mar cuse for
the case of deter ministic signals. One of the objectives of this chapter isto extend these
resultsto the case of noise-like signals. To obtain the actual distribution of | we need to specify
the autocorrelation function (or equivalently the power spectrum) of the baseband Gaussian
processes appearing in Egn. (3.2). For simplicity we assume that these processes have rectangular
spectra of bandwidth B, /2 , and that the integralsin (3.2) may be approximated by sumsin which

case
|:i4ér_n[x?+y.2+>”<|?+yz] (3.6)
2mi:1 | | 1 *

with m= BT, and where the termsin the summation are independent. Thus the summation isthe

sum of the squares of 4m independent Gaussian variates and is thus chi-square distributed with 4m

degrees of freedom with the pdf given by [47]

_(05/s 2y2m

2m-1 2
sa2m) yorexp(- y/2s %) (3.7)

R(Y)

where G(..) represents the standard gamma function. Our objective isto find the pdf which
describes the photocurrent I. Asexpressed in Eqgn. (3.6), | is scaled by afactor of (1/2m) appearing
in front of the summation sign. Hence defining X=(1/2m)Y, the pdf for | may be evaluated as

follows.
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Hence the corresponding pdf for the modified variable X, represented as R, (X) is given by

2mx
d .
R =3 G dy =2mPr(y =2mx) (3.9)
0
which after some manipulation is represented in the form of amodified chi-square distribution as

(mlsz)zm 2

R (X) = P(X) = 21 x2™ texp(- mx /s 2). (3.10)

where the gamma function has been expressed in the form of afactoria. It can easly be verified

that Eqgn. (3.10) satisfies all the properties of a pdf, such as
¥
R (¥ax =1. (3.11)
-¥

Moreover its various moments are given by

¥

E(X) = ()Px(x)dx =2s* (3.12)
-¥
and
¥ &2
E(X?)= &P (X)dx =g—1% (4nf + 2 3.13
()= & Putwox =0 (an+ 2n) (319
with
_fv2 2_2 4
var X =E(X?)- [E(X)] ==s* (3.14)

It should be noted that Egn. (3.10) is consistent with the expression for the probability
density function for the spontaneous-spontaneous beat noise derived by Marcuse [44,45] and
others[48,49]. Rather than sampling, Marcuse expands the output in atrigonometric series, and

assumes that the expansion coefficients are independent. Both approaches are equivaent, and

Chapter 3: Spectrum-Sliced WDM Using OOK Transmission 63



indeed are equivaent to the classical Karhunen-Loeve expansion [50], with the assumption that
there are m equal eilgenvalues. A discussion of thisequivalenceis presented in Appendix A. The
distribution given in (3.10) isused in later sections to obtain an exact analysis of the performance
of aPIN and optica preamplifier receiver, respectively, and the results compared with the Gaussian

approximation.

3.4. PIN Receiver Detection for SS-WDM

This section evaluates the receiver sensitivity of conventional SS'WDM systems that employ PIN
receivers. Theresultsare of interest in demonstrating the inadequacy of the Gaussian
approximation, and are also used later for highlighting the advantage of using an optical

preamplifier receiver.

3.4.1 Gaussian Approximation

It follows from (3.2) and (3.6) that the mean and standard deviation of the photocurrent are given
by
m =2s° m =0 (3.15)

sc=(2m)s* +s? sZ=s?

2 (3.16)

where s g isthe variance of the thermal noise current (the subscript g denotes Gaussian). Using

(3.5) and solving for s 2 gives

2 _ SgQ

Notethat s * isthe mean signal photocurrent in the on-state in one polarization. Therefore,

defining N, asthe average number of photons per bit (averaged over on and off states) it follows

that

s =NphaR, (3.18)
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where h isthe quantum efficiency of the photodetector and q the electron charge. The variance of

the thermal noise current is given by [33]

s¢ = (4ViqB,/ Z) = 8pV;Cr o (3.19)
where V; isthe thermal potential (product of Boltzmann's constant and the temperature (300 K)
divided by the electronic charge), B, the receiver dectrica bandwidth, Z the effective noise
impedance, and C; the effective noise capacitance of the receiver isrelated to Z by

Cr =(y2pz8,). (3.20)

(For example, with C; = 0.1 pFand B, = 2.5 GHz, s ;= 0.255 nA). Substituting (3.18) and
(3.19) in (3.17), and using

B, =(¥2T)=(R/2) (3.22)

R, -oQ [BCVi2/® O°F
Np = o ; TB/gEnB (3.22)

For example, withQ = 6, h = 0.7 and C; = 0.1pF, it follows that

we obtain

Np =2732/(1- 18/ m). (3.23)
Hencefor agiven datarate, the recelver sengitivity isafunction of the ratio of the optical to

electrical bandwidth per channel of the SSS\WDM system. The factor of 18 impliesthat bit error

rate (BER) floors above 10°° will be observed when the B,T product is reduced to less than 18.

Moreover when m >> 18, (16) reduces to the deterministic receiver sensitivity vaue of afew
thousand photong/bit (as shown in Section 2.4 of the previous chapter), which is expected. The
power penalty resulting from the signal energy fluctuations of the noisy broadband source is given

by -10log(1-18/m), so that m must be at |east 88 for the penalty to be lessthan 1 dB.

3.4.2 Exact Analysis
Asdiscussed in Section 2, for simplicity we consider here the case where the integration in the

receiver is approximated by a summation and hence results in the received signa being modified
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chi-squared distributed with 4m degrees of freedom, with the density function given by Eqgn. (3.10).
The 1 bit is represented by a burst of noise from the source to which post-detection thermal noiseis
added; the O bit is thermal noise done. The probability density function of the thermal noise

component is given by

P(X) = (3.24)

1 2 2
expl\- X°/2s ).
\/30_33 ( / g)
Since the signdl is chi-squared distributed and the thermal noise is Gaussian, the signal+noise term
at the decision circuit is given by the convolution of the modified chi-squared and the Gaussian

distributions. The convolution yields the following expression for the resultant distribution

R(¥) =PX)* Ry(X)

= a m¥6§xp[— (ax? +bx + c)]dx (3:29)
@m- 1 5

where
K=1/\[2ps 2, (3.26)
a=1/2s 2 =1/2(8pV;C; BY) (3.27)
b =ma - 2ax (3.28)

where
a=1s?=1/NyhoR, (3.29)

and

c=ax’. (3.30)

Using a standard mathematical software (Mathematica), the closed form expression for Egn. (3.25)

was evauated to be
-@2m/ 2 & [AG(m)Hyg(m,0.5,b% /44 U
R(x) = (ma) ¢ AmHye( ) , Y @3y
(2m- 1)! 2exp(9) & bG(0.5+ m)Hyg(0.5 +m,1.5,b%/4a)l

where ‘Hyg' refersto the Kummer confluent hypergeometric function and G isthe gamma

function [51] . Thisextends the results of arecent paper by Nguyen et al. [52] which athough
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considering the PIN receiver for the case of spectrally diced signals, assumes that the distribution
of signa plus noise may itself be approximated by a modified chi-square. We believe that our
approach, outlined above, is abetter approximation since we employ a more exact (Gaussian + chi-
sguare) distribution for the photocurrent at the decision circuit.

The optimal decision threshold x = x,;, occurs at the intersection of the distribution
functions associated with the 1 and the O bits. Assuming equiprobable 1 and 0O bits, the resultant
error probability isthen

e<th U
P, = oseoo(x)dx+ d%(x)dxu (3.32)
8]

Xth
The choice of athreshold that minimizes the error probability isgiven by R () = Py(Xy). A sub-
optimal choice of the threshold, but one that is very close to the optimum when the error
probabilities are very small, isto chose x;, such that the two integralsin Egn. (3.32) areequal. We

make that choice here which then gives

¥

P, » dDQ(X)dX. (333
%h

Thereforefor a10™° error probability X =68 4. Using thisrelation in (3.31), and smplifying
using (3.27) and (3.28) with C; = 0.1pF and h = 0.7 as before, we obtain the desired relationship

between the receiver sengitivity and m as

U
05 mOZmeG(m)Hyg(mO 5, k) y
I € Raam U=1 (3.34)
(2m- 1)|8 Np & e'é - 85+ G(05+m)Hyg(05+m15 k)U
g & Np 2
where
K = 103684 58m? 2732 26m 118, (3.35)

N p Np
Thisis solved numerically and the results (N, vsm) are plotted in Fig. 3.2. (Due to the numerical

difficulties in evauating the hypergeometric terms, the results are calculated only for m£ 46.)
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Two important points may be readily noted from Fig. 3.2 which graphsthe variation in

receiver sensitivity asa function of mfor both the exact analysis and the Gaussian
approximation (Eqgn. (3.27)). First, alarge number of photons/bit (on the order of 104),

and hence high optical power, isrequired to maintain the 10°° error probability when m
islessthan about 10. This putsan upper limit on the power budget available for both
long-haul and local access SS-WDM systems. Secondly, the Gaussian approximation
grossly misrepresentsreceiver sensitivity at low valuesof m= B,T, and as expected isvery
conservative. For example, at m = 20 the exact calculation gives arecelver senditivity that is 7.2
dB better than that of the Gaussian approximation; this difference, however, reducesto 0.8 dB when
m increasesto 45.

Nguyen et al [52], who use an approximation for the actua distribution, overestimate the
difference between the actual and Gaussian approximations, and results mentioned in their paper
predict adifference of almost 16 dB even when m isashigh as42. Our theoretical results are
generaly consistent with smulation of receiver performance recently reported [53]. However, the
only system experiment results with which we are familiar [20,21] are for large values of m for
which the Gaussian approximation isvalid. Experiments at lower values of m would indeed be of

interest.

3.5 Optical Preamplifier Receiver for SS-WDM

In the case of the optical preamplifier receiver, the received photocurrent is given by Egn. (3.6) (the

thermal noise term may be neglected if the amplifier gain is sufficiently large) with now

szzs_f +sﬁ (3.36)
in the on-state, and

s?=s? (3.37)

in the off-state, where
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s2=NphgRG (3.39)
and

s 4 =n,hq(G- 1)B, (3.39)
with ng, and G being the spontaneous emission factor and gain of the optical preamplifier,

respectively. Note that for G>>1

(7]

LN

1]
S| 2
g | &

|

Np
— (3.40)

(72}
S N

3.5.1 Gaussian Approximation

It now follows that the means and variances of the photocurrent are given by (see (3.15) and (3.16))

m=2(s2+s?) my =2 2 (3.41)
sf:r—i(s§+s ﬁ)z sgzr—zn(s ﬁ)z (342

Np= ™ 3.43
p—ae_%_l-g- (3.43)
gQ 2

Thuswith the Gaussian approximation, thereisa minimum m given by Q*/2 (m,,=18
for Q=6, same asfor the PIN receiver). The senstivity of the receiver, using the Gaussian

approximation, is plotted as the dashed curvein Fig. 3.3 for Q =6 and ng, = 2.

3.5.2 Exact (Chi-square) Analysis
Assuming as above that the preamplifier ASE noise dominates over thermal noise, the photocurrent
| for both the 1 and 0 bits are modified chi-square distributed, according to Eqgn. (3.10). The error

probability assuming equiprobable 1 and O bit transmission may be written as [47]

P,= O.E{ Pr{x > Xl O} + Pr{x < x| ]}] (3.44)
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where X, isthe decision threshold which may be evaluated by recognizing that the probability
density functions for the 1 and O bits are equal at the threshold. That is

(m/s (2))2m om-1

/ 2\2m -
(Isi) _ ems mx«m exp(- Mxy, /'S §) (3.45)

2m- 1! X eXp(- My, /S 1) =

where s 12(0) Is the mean photocurrent during the 1(0) bit. Hence the signal threshold may be

written as
4s %s?
Xp = ———2>1In(S, /S ). (3.46)
S1- So

Using (3.40) and (3.42), the error probability may be expressed as

05m2m g¥ X2m-1 ) Ks? om-1 ) 8
R== & C exp(- mx/s g)dx+ ¢ exp(- mx /s 7 )dxy (3.47)
° (2m- 1)!@12) sg" 0 ? sm ! :
where
2
K, = G(1+ win(1 +u), (3.48)
and
2
K, = " In(1+u). (3.49)
with
— 2 2
u=|[(s; /sg)-1. (3.50)

If the variable of integration in the first integral ischangedto p = x/sg andto p= x/sl2 inthe

second integral, then by using the property of probability density functions,

7

¥ mKy mKy l]
_ 05 a<om1 \ 2m-1 \ 2m-1 U
P, " " Cexp(- p)dp- QP exp(- p)dp+ QP exp(- p)dpg- (351)
0 0

These integrals may be readily evaluated using the incomplete gamma function defined as [54]

K

F(K,p) :%p) 3P exp(- tyct (352)
0
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Using the above definitions, the error probability reduces to
P, = 041- F (mK;2m) + F (mK,,2m)]. (3.53)
It follows from (3.39), (3.41) and (3.49), that
u=Np/n,m (354)
and consequently K, and K,, are functions of both Np and m= B,T. Equation (3.53) thus
provides an implicit relation between N, and m. Thisis evaluated numerically and the results are

plotted as the solid curvein Fig. 3.3 (again for P, = 10°° and ng, = 2).

Thus Fig. 3.3 shows the comparison of the receiver sensitivity as a function of m, for
both the exact analysis and the Gaussian approximation. Theimportant observations
here arethat a) an optimum value of m exists corresponding to the minimum value of the
receiver sensitivity, b) the sensitivity at the minimum, as shown in Fig. 3.4 in photong/bit,
isat least 10 dB lower than that achieved by conventional PIN receivers, and c) the
Gaussian approximation again provesto be overly conservative, particularly at low
values of m. The optimum value of m and the corresponding recelver sensitivity were evaluated
for different error probabilities and the results are shown in Fig. 3.5. It is seen that both the
optimum m and the minimum sengitivity vary essentialy linearly withlog P,. To express these
resultsin terms of more familiar parameters, Fig. 3.6 shows the optimum bandwidth of the receiver
optical bandpassfilter as afunction of the data rate per channel, at different error probabilities. As
shown by the graph, the range of filter bandwidths required to operate at the optimum is between
0.2to 3.5 nm, for per channel data rates ranging from 1 to 10 Gb/s. The optimum system

parameters when a preamplifier is used are hence well within practical limits.

3.6 System Considerations

The above analysis may be used to estimate answers to the following questions:. for a given source
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noise bandwidth, what is the total transmission capacity at the optimum value of m, and what isthe

power budget that is available when the optical preamplifier receiver isused ?

3.6.1 System Transmission Capacity

We define the transmission capacity T.,, of the SSWDM system as[21]

B B
T. =NR.=—S R =—=S8 3.55
cp = N MB Ro mM (3.55)

o
whereN isthetotal number of channelsin the system, By is the available gain bandwidth of the
spectrum-sliced source, and M isthe ratio of the channel spacing to the optical bandwidth B, .
Using the optimum value of m and assuming B =25 nm and M = 3, Eqgn. (3.55) is evaluated for
different error probabilities. The results are plotted in Fig. 3.7 and indicate that spectrum-sliced
OOK with an optical preamplifier offers atransmission capacity of ~32 Gb/sat P, = 10°. The
assumption of M = 3iis, of course, arbitrary, but (we fedl) conservative, since the spectrum diced
system, at the optimum bandwidth, is operating at a much lower optical signal-to-noise ratio than
that for deterministic signals. (The signal-to-noise ratio at the decision circuit is increased by the
post-detection integration). Thus, we expect the spectrum-diced system to be less sensitive to
interchannel interference than that of deterministic systems having narrower optical bandwidth, but
the same ratio of channel spacing to bandwidth. This, of course, requires experimental
confirmation with realistic filter shapes, considering both the effects of the filters on the signal and

the noise.

3.6.2 System Power Budget

The available power budget is given by the difference of the transmitted power (in dBm) and the
required recelver sengitivity. If asystem designer were to use the analysis developed in this chapter,
he would select adatarate, and then tune the receiver optical bandwidth to minimize the required

minimum received power. Hence power budget in this section is defined in terms of the receiver
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optical bandwidth (in nm), assuming adata rate per channel of 2.5 Gb/s, and a power spectra
density of 4 mW/nm [23] for the spectrum-sliced source.

Using the parameters quoted above, the transmitted power per channel is given by the
product of the PSD and the channel optical bandwidth, and thus in logarithmic units

Transmitted Power (dBm) =10[10g;(4) +1091(B, )] (3.56)

where B

0,nm

Isthe receiver optical bandwidth in nm. Also, at the receiver

Receiver Sensitivity (dBm) = NphnR, (in dBm units)

— 3.57
= 10logy, (N p) - 94.95 (550

Hence using the above equations, the available power budget may be easily evaluated to be
Power Budget (dB) =100.97+10l0g4 (B, ym/ Np) (3.58)

A comparison of the power budget for the PIN and the preamplifier receiver caseis shownin Fig.
3.8. Aspointed out earlier and as shown in the figure, the preamplifier receiver offers at least a 10
dB improvement in system power efficiency. The figure shows that as the optical bandwidth of the
channel isincreased, the power budget increases. Thisis because the increase in optical bandwidth
brings about an increase in the transmitted power, as shown in Eq. (3.56). However increasein
optical bandwidth also introduces an increasing amount of ASE in the system, which meansa
higher number of photons are now required to maintain the error probability. This explains the
differencein the dope of the power budget curve (Fig. 3.8), for small and large values of the optical
bandwidth.

3.7 Use of FEC Coding to Improve Transmission Capacity
Figure 3.5 indicates that the optimum m and the minimum N, both decrease significantly as P,

increases, i.e. the total transmission capacity is astrong function of the channel error rate. This
suggests that it may be possible to achieve larger power budgets and greater system capacities by

operating at relatively high raw bit-error-probability and using forward error-correcting (FEC)
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codes. Thisisshown conceptually in Fig. 3.9 which illustrates the well known concept of trading
transmission bandwidth for reduced optical power requirements, in the context of spectrum-diced
transmission.

Figure 3.10 shows the corresponding improvement in transmission capacity as afunction of
the coding gain, for different code rates. Coding gain, as defined in this chapter, istheratio of the
coded to the uncoded P, for the case when the coded P, = 10™. Asthe coding gain increases, the
optimum value of m decreases because the uncoded P, increases, but thisis partially negated
because the effective bit duration islonger than the binary symbol duration. The latter factor is
small for long high-rate codes. For example, for randomly distributed bit errors, a (255,239) Reed-
Solomon code can correct P, of P, = 10 to aP, of better than P, = 10"* [55]. This corresponds to
coding gain of 10® and code rate of 0.94. As shown by the X in Fig. 3.10, atransmission capacity
of the order of 75 Gb/sis achievable with this rate code.

The receiver sengitivity also changes due to the incorporation of FEC coding. However, the
ratio of the (coded) filter bandwidth to the receiver sensitivity (in photong/bit) stays relatively
constant (for high rate codes), and following Egn. (3.58), there is no significant changein the
system power budget. Thus, FEC alows significant increasesin system capacity without degrading
the power budget, or aternatively larger power budgets may be achieved at a given capacity by
utilizing narrower system bandwidths [56].

3.8 Discussion

To summarize, we have shown that an optical preamplifier receiver for spectrum-diced OOK-based
WDM systems resultsin considerably improved receiver sensitivity compared to conventional
spectrum-dliced systems employing p-i-n receivers. Moreover it has a so been shown that the
Gaussian approximation is useful only when operating with large ratios of the receiver optical to
electrical bandwidth. We calculated the resulting transmission capacity and power budget and
proposed the use of FEC coding to improve transmission capacity in such systems. The theoretica

models used in this evaluation [57,58] do not assume the Gaussian approximation, but do assume
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ideal rectangular filter shapes. Although increased transmitter power, and/or noise cancellation
techniques [59] are alternatives to the use of optical preamplifiersin spectrum-siced WDM
systems, it is (we fedl) still important to understand the performance that can be achieved with
optical preamplifiers. Furthermore, the results presented may be readily extended to the case of
long-distance networks in which intermediate optical amplifiers are employed as linear repeaters.
Even though experimentsto verify these results remain to be done, the results are sufficiently
promising to indicate that spectrally-diced systems with optical preamplifier receivers may be an

encouraging technique for both local-access and long-haul applications.
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Fig. 3.1: On-Off Keying (OOK) receiver model.
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