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(ABSTRACT)

Refractive index discontinuities in fiber optic transmission systems are known to
cause deleterious effects. Non-negligible return losses associated with connectors and
splices in present day systems cause intermittent error bursts and bit-error-rate floors in
gigabit per second systems. These are attributed to the interferometric conversion of laser
phase noise into signal-dependent intensity noise. This relative intensity noise (RIN) is
substantially higher than the intrinsic RIN of the laser. The power spectral density of the
RIN and its impact on the performance of incoherent on-off keying digital systems are
calculated.

The combined effects of this noise and other degradations present in the system are
studied using a simple model. It is shown that even though RIN is a bounded degradation,
it, particularly in conjunction with other impairments, results in high and sometimes
unacceptable power penalties. Previous analyses are extended to include the effects of
multiple reflections from a single pair of reflectors, the effects of a multiplicity of reflection
points and the combined effects of reflection-induced noise and other impairments. It is
shown that the effect of multiple reflections, although having only a small influence on the
reflection induced noise power, changes the distribution of the noise and has more serious
system effects. In the case of a multiplicity of reflection points it is shown that for as few
as four reflection points, the Gaussian approximation gives results in good agreement with
results calculated from a Gram-Charlier series approximation to the actual distribution
function. Power penalties as a function of reflection coefficient are calculated and
compared using several different approximations for the distribution of the interferometric
noise. The methodology presented, although applied specifically to reflection induced
noise, is applicable to a broader class of problems in which there are other signal dependent

noise phenomena.
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1.0 Introduction

The performance of single mode optical fiber systems may be affected by
interference effects resulting from reflections that may occur at fiber joints such as
connectors and endfaces [1]. These reflectors are essentially refractive index discontinuities
along the fiber path. For example, an airgap between two connector endfaces can reflect as
much as 22.4 % of the incoming power back towards the transmitter. If these reflections
come back into the laser cavity, they result in a number of deleterious effects which include
the shifting of the center frequency of the laser. The effects of reflections into the laser
cavity are minimized by including an optical isolator in the transmitter package. This thesis
considers the effects of multiple reflections within the fiber path itself. Such reflections
result in a delayed signal that interferes with the direct signal. This interference
phenomenon results in the conversion of laser phase noise into intensity noise.

Reflection-induced noise (also called relative intensity noise or RIN) in a fiber
communications system is basically the result of interferometric conversion of the laser
phase noise into intensity noise by the refractive index discontinuities in the system
downstream of the isolator. The study of interferometric conversion of laser phase noise
into intensity noise is not new, as the work of Armstrong [2], and Edgar and Weidel [3], to

name a few, shows. However, the study of the system effects of such noise is relatively
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new ([3] - [6]) and has attained increased importance as a consequence of the development
of very high speed systems with bandwidths comparable to the linewidth of the laser. In
prior lower bit rate systems, where the source spectral width was large compared to the bit
rate, these effects are generally negligible, since the receiver filters out much of this noise.
However, as the bit rate increases, and as the source linewidth decreases, the effects of this
noise become more significant. Since it is difficult to avoid reflections at connectors and
splices, and there may be many such discontinuities in the fiber path, this has become a
major concern in the system design and physical deployment of fiber networks. Hence
there is a need to understand and assess the impact of this phenomenon on the performance
of fiber systems.

The intent of this thesis is two-fold. One is to examine the effects of RIN in detail,
considering it as a specific impairment in a fiber optic communications system. We first
present the basic theory explaining RIN and summarize results from the literature. This is
for a simple model that considers only a single pair of reflectors in the system. We next
extend this model to consider the effect of other impairments in the system and also
generalize the theory to explain discrepancies between the theoretical predictions of the
simple model and experimental results. We also generalise the theory to assess the impact
of more than two such refractive index discontinuities in the system.

The second motive behind this work is to develop simple analytical models to
evaluate the impact of signal-dependent noise on a general communications system. RIN is
a typical example of such a noise process. We use RIN as a specific case and test the
approximate methods we develop with exact calculations in special cases. The general idea
behind trying these various approaches is that in many situations it is difficult to derive an
exact analytical expression for the probability density function of signal dependent noise.
Further, it is even more difficult to evaluate the error probability and thus the power penalty
in such a situation - the integrals normally are at least two-dimensional and in general are
not amenable to an analytical solution. (Power penalty is defined as the increase in signal
input power required to achieve the same bit-error-rate performance of the system as in the
absence of the impairment.) While numerical methods can be and have been adopted to

estimate the error probability and hence the power penalty when the distribution of the
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interference is known, there is some interest in trying to simplify the analysis by
approximating the incompletely known probability density function by other simpler
functions which may give fairly accurate results over a class of distributions. Some of
these approaches are used to analyse this phenomenon of reflection induced noise and they
may be extrapolated to handle a wider class of problems. Our motive is to try to gain some
insight into the conditions under which different approximations may be used to model a
physical noise process.

It is important to note that although it is difficult to obtain accurate estimates of the
actual probability of error, power penalty is in general a less sensitive function of the shape
of the pdf and may be more easily approximated. In a typical power limited fiber
comxﬁunication system, we are generally more interested in the power penalty caused by an
impairment than in the change in the error probability at a given power level. Owing to the
steepness of the error probability vs. power curves, good approximations to the power
penalty may be achieved without accurate calculations of error probability.

Chapter two essentially summarizes the existing theory of RIN from the literature.
The process of the interferometric conversion of the laser phase noise into intensity noise is
explained, using a simple model. The mathematics describing the random variations in the
laser phase are presented. Basically, the analysis is done with the laser assumed to be
operating in a CW condition.

In chapter three, the impact of this noise on a fiber communications system using on-
off keying is considered. The initial part of this chapter again presents results from the
literature. In the latter part of the chapter, the approximations to the probability density
function of RIN developed by us are presented. In this chapter, only a single pair of
reflections are considered and all other impairments in the system are neglected, with the
exception of the receiver thermal noise, of course. | |

Chapter four deals with the extensions to the basic model that are made to consider
other impairments and a multiplicity of reflectors in the system. Again, the actual results
computed with these extensions are used as a basis to test the results calculated with the
épproximations developed.

In chapter five, the unmodulated (CW) laser is considered again. We present there
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the outline of a model for the laser linewidth that qualitatively explains the discrepancies in
the power spectrum of RIN that have been reported between theory and experiment [6].

In chapter six, we take a closer look at the physical causes of the reflections and
relate them with the parameters of the models developed.

Chapter seven includes a summary of work done, conclusions drawn and

suggestions for future work.
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2.0 Basic Theory

In this chapter, the theory developed in the literature ([2] - [6]) is summarised. The
process of the interferometric conversion of the laser phase noise into intensity noise is
explained by considering a pair of refractive index discontinuities as a Fabry-Perot
interferometer. Some knowledge of the laser source modelling is imperative in
understanding RIN. An outline of the model describing the random phase fluctuations of
the laser source is presented. Lastly, the expressions for the autocorrelation function and
the power spectral density of RIN are presented. It must be noted here that the effects of
RIN are significant only in single mode systems. Even though RIN is present in a
multimode fiber system, the effects of other impairments like mode-partition noise etc. are

far more significant in determining overall system performance [3].
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2.1 Interferometric noise from two reflections

A schematic of a fiber transmission line cdntaining a number of refractive index
discontinuities such as those occurring at connector endfaces, splices or interfaces between
fiber pigtails and fiber optic components, including transmitters and receivers is indicated in
Fig. 2.1 [6]. These interfaces constitute a number of Fabry-Perot interferometers which
convert the laser phase noise into excess intensity noise.

The Fabry-Perot interferometer formed by two discontinuities is considered first.
The characteristics of the interferometer are determined by the intensity reflection
coefficients R; and R,, the round trip delay time T, and the single pass intensity
transmittance &. The delay time T equals 2nd / ¢ where d is the distance between the
discontinuities, n is the refractive index of the fiber and c is the speed of light in free épace.
The laser is assumed to be operating under continuous wave (CW) condition, for which the

input optical field into the interferometer is described as [7]:

¢ (t) = Egexp (j wot + ¢ (1)) +c.c (2.1.1)

where Ey is the field amplitude, wy is the laser center frequency, ¢(t) is the random phase

which contains all deviations from a monochromatic wave. This is explained in more detail
in the next section. The output of the interferometer may be approximated as the

combination of a direct and a doubly reflected field :

e)=vYa e; 1) + 32 YRRy e;(t-1) + c.c. (2.1.2)

The reflection coefficients have been assumed to be sufficiently small so that terms
of the order (R;.R,) and higher have been neglected. It is also assumed here that the
doubly reflected field is polarized in the same direction as the incident field. The intensity

I(t) = le(t)12 is detected at the receiver. From equation (2.1.2) the expression for I(t) can be
written as :
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1) - oE3 [ exp (j (oot + 9(1))) + R exp (j (@olt - ©) + p(t - 1)) +

(2.1.3)
exp(~j (wot + (1)) + R exp (5 (@olt - ) + ot - 7)) ]I?

When taking the magnitude squared of the right hand side of eq.(2.1.3), terms with

frequency @y and 2ay, are neglected since they are filtered out by the detector. Here, R is

an effective reflection coefficient which depends upon the transmittance factor o and
polarization alignment of the two interfering fields as well as the reflection coefficients R,
and R2 :

R = a YRiR; (2.1.4)

The fields are, of course, vector fields and the above assumes that they are parallel. In
practice, there may be some depolarization in the reflections in which case R will further be
reduced. Further, as indicated by eq.(2.1.1), amplitude fluctuations of the laser source
have been assumed to be negligible (explained in the next section). Equation (2.1.3) can be

written as

I() =aB3[1 + p (1,7)] (2.1.5)

where p(t,t) is the interference term given by :

p (t,t) = 2R cos (WeT + D(t,7)) (2.1.6)

Throughout this thesis, it is assumed that the transmittance & = 1 i.e. losses are neglected

(unless explicitly stated otherwise). The phase noise variable in this equation is defined as

follows :

DL = o) - ¢t-1) (2.1.7)

To develop a better understanding of the equations developed so far, a brief outline on laser
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source characterization is presented next.

2.2 Laser source characterization

In general, the emission field of optical sources vary with time in a random fashion
and are therefore statistical in nature [8]. This randomness can have either a quantum
origin, generated inside the cavity or it may be due to external random perturbations. For a
given polarization state, the emission field fluctuates randomly, in both phase and
amplitude with a possible correlation between them. However, due to the damping of the
amplitude fluctuations by gain saturation, semiconductor laser sources operating well
above threshold exhibit negligible intensity fluctuation at or near the lasing frequency. As
a result, the dominant contribution to the line broadening comes from the randomness of
the quantum phase fluctuations which are primarily caused by spontaneous emissions
within the laser cavity. Hence, the emission field for a single longitudinal mode of the laser

source can be described by :

e (t) =Egexp (j(wot + (1)) (2.2.1)
with E; as the instantaneous amplitude which is assumed to be constant, ay) the center

frequency and ¢(t) the time varying phase of the laser.

The phase is usually assumed to undergo a random walk process [9]. More
specifically, it is a common assumption to take the Wiener-Levy random process as a
statistical model for the random phase fluctuations of the laser light. This model explains
many of the important properties involving the phase.

According to the Wiener-Levy model [10], the phase itself is a non-stationary zero

mean Gaussian random process whose autocorrelation function is given by :
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(@ (t)-9(t2)) = & min (t1,tp) 2.2.1)

where t; and t, are two arbitrary time instants, “min” denotes the smaller of the arguments
and & is a proportionality constant determined by the particular physics of the process being

considered. In addition, the Wiener-Levy process has the important property that although
the process itself is non-stationary, the first increments are stationary and independent. The

first increment is nothing but the phase difference :

QD) =@M - @(t-7) (2.2.2)

Hence, ®(t,7) is also a zero-mean Gaussian process, with a probability density function
given by :
2

o) = 1 . 2.
Po (P) c,(T)‘Qf«%p( 202(1)) (2.2.3)

The variance 6%(t) is given by :
o? (1) ={(e0) - o))

Using eq.(2.2.1), this is evaluated to give :

o2 (1) = tE + (t-7¢ - 26k min(t, t- 1)

£l (2.2.4)

The coherence time of the laser is defined by :

| 7|

2(7) = 2.2.
o° (1) - (2.2.5)
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Hence,

=1 2.2.6
S=1 (2.2.6)

It is readily shown that the power spectrum of the field emitted by the laser is given by :
E% Av

PO = .
-+ ()

where
Av = 1 2.2.7)
21T
Note that Av is the full width half maximum (FWHM) linewidth of the laser and f; is the

center frequency of the laser. This corresponds to a laser power spectral density function
having a Lorentzian line shape. In the development of these expressions, the effects of

relaxation oscillations on the laser lineshape have been neglected. Using these formulas, the
autocorrelation and the power spectral density of the interference term p(t,t) are evaluated
in the next section. The Wiener-Levy model is equivalent to assuming that the
instantaneous frequency fluctuations c'p(t) are a white noise Gaussian process. In practice,

high frequency phenomena (relaxation oscillations) affect the spectral line shape [11], and
as will be shown in chapter five, low frequency thermal phenomena may also affect the
spectral shape of RIN.
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2.3 Power spectral density of RIN :

The interference term p(t,t) defined in eq.(2.1.6) shows how the random

fluctuations in phase are converted into intensity fluctuations called Relative Intensity Noise
(RIN). The noise spectral density is calculated from the Fourier transform of the

autocorrelation function R(,7) :

R(tat) =( P (tl’t) Y (tl +t t)) (2'31)
=E[p(t,7).p(t1 +1,7)]

Time averages are equated to ensemble averages since the process is assumed to be

ergodic. The autocorrelation function R(t,T) is then given by :

R (t,1) = E [{R exp(j(woT + @(t1) - ¢(t; - 7)) + R exp(-j(woT + @(t1) - ¢(t1-1)) }.

. .3.2)
{R exp(j(wgT + @(t;+t) - P(t1+t - T)) + R exp(-j(woT + P(t1+t) - ¢t +1-1))}]

= E[RZexp(j (oT+ @(t)) - @ty - 1) + @t + 1) - @t + 11 - 1))

2 . (2.3.3)
+Reexp G (p(t +t1) - @t +t; - T) - @(t)) + G(11-1)) ] + c.c.

These random variables p(t;,t) and p(t;+t,7) are statistically independent if the time

intervals over which the phase difference is taken are disjoint [7]. Noting further that :

E[exp G (@) - 9(t- 1) ] = exp (-923) (2.3.4)

the autocorrelation function can be easily evaluated to give :
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R (1,7)=2 R’-{exp (- 2rAV| t| )[l;u- cos 2moT. exp (-4nAv(t -|t])), |t] <7

(2.3.5)
exp (- 2mAvt) [ 1+ cos 2wyt ] [t] >

The power spectral density is obtained by taking the Fourier transform of R(t,1) :

RIN () = f R (t,7) exp ( - joot ) dt (2.3.6)

After subtracting the d.c. term, RIN(f) is found to be :

RIN () = 4R2[—AY ] {sin2(wgn).[1 + e4mave - 2 e2mavicos2nft]
TR @y 2.3.7)

+ cosz(mot).[l - g-4mAvt | ) e-2nAvt Af){_ sin2nft ] }

From this expression, it can be shown that the maximum conversion of phase noise to
intensity noise occurs when the direct and doubly reflected fields interfere in quadrature,

i.e.

WoT = (n+%)1t (2.3.8)

For this case, in the limit of 2rAvVT << 1,

RIN () = lfLR%v 12 sinc? ft (2.3.9)

Basic Theory ' 13



Thus, in the limit of small phase fluctuations, RIN is proportional to Av. In this limit, very
narrow linewidth lasers exhibit less interferometric intensity noise. However, for longer
delay paths T, with 2rAvt >> 1, the interfering terms combine incoherently. For this case,

RIN(f) approaches a functional dependence given by :

2

RIN (f) = 411: av__1, 2rAvT >> 1) (2.3.10)

£2 + (Av)?

independent of the phase offset Wot. Eq.(2.3.7) is plotted [6] and is shown in Fig. (2.2)

for Ry =R, = 6%, Av = 43 MHz, and the delay T = 50 ns. It is generally the incoherent

case that is encountered in practice. In the above example, 2nAvt = 13.5. A delay of 50ns

corresponds to a distance between reflectors of 5 meters, not atypical for fiber jumpers.

2.4 Integral of Relative Intensity Noise :

From eq.(2.3.7), it is seen that the interferometric noise is frequency dependent and
is proportional to signal power. The impact of this noise on system performance will
depend on the total integral of RIN(f) over receiver bandwidth. For very wide linewidth
sources such as LEDs, the power spectral density of the intensity noise is small, as is the
integrated noise power. For low speed systems, the receiver bandwidth too is small and
most of the noise is filtered out. For high bit rate systems however, where the system
bandwidth is substantially greater than the source linewidth, the integral of RIN can be

large, substantially impacting system performance. It can be seen that RIN(f) decreases

Basic Theory 14
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rapidly for f >> Av. In fact, in the incoherent case (2rAv T >> 1), over 90 % of the noise

power is contained in the frequency band 0 < f < 6.3 Av. In the high bit rate case,

8 = f RIN(E) df (2.4.1)
0

1 - exp (- 4nAVT), @t = (n+ %-)1:

= 2R2? (2.4.2)

1 + exp (- 4nAvr) - exp (- 2rAVT), WoT = NN

The normalized integral 82 /2R? is plotted in Fig.(2.3) for the two cases mentioned

in eq.(2.4.2) comresponding to the phases of the direct and doubly reflected fields
interfering in quadrature and in phase respectively. For both cases, the integral of RIN

rapidly approaches a value of 2R? when Avt 2 1, corresponding to incoherent

interference. This is the condition most generally encountered in present DFB laser direct

detection schemes.
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3.0 System Penalties

3.1 Introduction

Interferometric intensity noise is a signal dependent noise which can lead to
performance degradations in fiber systems, and can even cause bit error ratio (BER) floors.
A BER floor is said to occur when the error probability asymptotes towards a non-zero
value. Even arbitrarily large increases in the input signal power do not result in lower error
rates. In chapter 2, the noise spectral density of RIN was calculated for the case of an
unmodulated laser. To estimate system penalties resulting from interferometric noise, a
typical fiber transmission system based upon binary on-off keying (OOK) of the laser
transmitter is considered. Non-return-to-zero (NRZ) formatted data is considered, with the

laser pulse waveform for an isolated “one” given by :

O0<t<T
=0 , otherwise

a(t)

]
p—
-

(3.1.1)

where T is the bit duration. Other line coding schemes influence the statistics of RIN

differently. This is discussed in greater detail in chapter six. In the case of two reflectors,
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i.e. one reflection term, the electrical current at the receiver, which is proportional to the

- optical intensity, is given by :

i = { B la®+v®) ] +n@® } ®h) (3.1.2)

where proportionality factors are suppressed, h.(t) is the receiver impulse response

function and v(t) is the RIN term given by :

v(t) = 2 Ya(t) a(t- t) R cos (wgT + D(1,7) ) (3.1.3)

(see eq. (2.1.6)) Here, n(t) is an additional noise term that represents the receiver thermal
noise.

The interference term v(t) depends upon the product a(t). a(t - t) and therefore upon
the data sequence. Only very high bit rate systems and narrow linewidth sources are
considered so that all of the interferometric noise is assumed to fall within the receiver
bandwidth. Hence the effect of the receiver impulse response function will not be

considered any further in the analysis. Further, only the case of incoherent interference is

considered, for which the argument of the cosine function in eq.(3.1.3), (wyT + O(4,7)),

may be treated as a uniformly distributed random variable. As will be shown later, the
probability density function (pdf) of the interferometric noise is distinctly non-Gaussian.
Nevertheless, in order to compute power penalties from this noise, it is convenient to
approximate the noise as having a Gaussian pdf. This approximation leads to a closed form
expression for the power penalty, and for small penalties provides relatively good estimates
(determined by comparison with actual penalty). However, in order to compute large
performance degradations or BER floors, the actual pdf should be used. The analysis has
been carried out using both pdfs and is presented in the next two sections.

The remainder of this chapter deals with the various approximations to the
distribution of the interferometric noise made for reasons explained in chapter 1.

The signal at the receiver decision point may be written in the following general

form:
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y = a+xRa+n (3.1.4)

where R is the reflection coefficient, n is the signal independent Gaussian noise, and x is
the random variable representing the interferometric noise in the on-state. This formalism
incorporates all the randomness of the phenomenon into the variable x which is
independent of R and a. It will be assumed that the decision threshold is set at the value in
the absence of signal dependent noise (a/2), although some improvement in performance
may be achieved [13] by adjusting the threshold if the statistics of the signal dependent
noise are known. This is discussed further in section 4.1. The noise is assymmetric and

therefore the errors are dominated by those in the on-state. The error probability can then

be expressed as :
Pg = prob.{xRa+n <-ﬁ}
N 2 (3.1.5)
= prob. {x>2R(1'Ma/c )}
where 62 is the variance of the thermal noise. Or,
P = _1_ _u? 1 -4 1.
E ﬁfj duexp(- ) F {1 (1-1)] (3.1.6)

where a =a /20 is the signal to thermal noise amplitude ratio, u =n/ G represents a

zero mean unit variance Gaussian random variable and
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F() = Ludx p(x) = prob. (x>§) (3.1.7)

ie F(-=) =1, F(0)=1/2, F(*=) =0. This is depicted graphically in fig.(3.1).
For R =0, Pg is given by the integral of the tail of the Gaussian distribution. For
R # 0, Pg is given by the integral of the product of F and the p.d.f of the zero-mean unit

variance Gaussian distribution. Clearly, Pg is critically dependent on the tail of F
extending towards the peak of the Gaussian.

Basically, in each of these next sections, the random variable x is approximated
differently.

3.2 Analysis with Gaussian approximations :

The received signal is of the form :
y (t) = a(t) + xRa(t) + n(t) (3.2.1)

where a(t) is given by eq.(3.1.1), x(t) is the noise term assumed to have a Gaussian

distribution, and n(t) is the thermal noise term, which is a zero mean Gaussian process.
Let 1y and |y denote the expectation values, and 6,2 and o2 the noise variances

of the signal y(t) for “ones” and “zeros” respectively. Let D be the decision threshold to
which y(t) is compared. .
The decision rule is then given by [12] :
choose hypothesis Hy (a()=0)if y < D,
choose hypothesis H; (a(t)=1)ify > D,
The probability that the decision will be in error (i.e. the error probability ) Pg is

System Penalties 21



rg},1=o
Rto
\\
ol W
Fig. 3.1 Schematic diagram of the cumulative distribution
function of signal dependent noise
System Penalties 22



then given by :
Pg = %prob. { v+n <D | H; } + -%—prob. { v+n>D |Ho} (3.2.2)

where it is assumed that there is equal (1/2) probability for transmitting a zero and a one.

For Gaussian - distributed noise, the probability of error can be expressed as :

_loMm-Dy . 15D-Ho
Pp = 2Q(o—) + 2Q— ) (3.23)
where ;
_ B 1 _x2
Q(x)—[xﬁfcxp( 2)dx (3.2.4)

The shot noise due to the signal itself is negligible for PIN receivers. In the absence
of other signal dependent noise sources, the noise variances for y(t) are the same for both

“ones” and “zeros” :

? == () (3.2.5)

where < n2> is the variance of the thermal noise. The optimum decision level is then

midway between the expectations {; and . For the case where there is no intersymbol

interference :

o =0, w =E , D=1 (3.2.6)

The interferometric noise represented by x in eq.(3.1.3) affects only the “1” bits. Assuming
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that the threshold is not reoptimized, ie. D = p;/2 even in the presence of the

interferometric noise, the probability of error Pg is given by :
=lo(HtLy 4+ Lo(tL

The case of reoptimized thresholds is discussed in [13]. The noise variance o,2 for

‘“ones” can be determined from equations (3.1.2) and (3.1.3) as follows :

(y) = wm,
of ={y)-(y) 29

= ( (E3 (a(t) +2 Y a(t) a(t - 7) R cos (wgT + CD(t,‘C)))2)

Now, <cos2(.)> = 0.5. Further, successive symbols are assumed to be independent

because the time delay T is assumed to be fairly large ( corresponding to incoherent

interference) so that :

(a®at-1)) = (at-1)) = 15 (3.2.9)
since a(t) =1 only. Hence 0'12 can be written as :
o = o} + 2E8(at-)(R?) (3.2.10)

o5 + pi(R?)
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For moderate power penalties, Pg  will be dominated by the first term in eq.(3.2.7) (the

error term due to “ones”). From eq.(3.2.7) and (3.2.10), the power penalty incurred in

maintaining a probability of error = 10 ¥ is determined as follows :

Pg =1Q(£L) =107 (3.2.11)

where k is such that Q (k) = 2. 10°. The value of k which satisfies this equation is

found from standard statistical tables and approximately equals 6.0. From eq. (3.2.10),

H1

=k (3.2.12)
2+ o +ui(R?)

or, after some algebra,

2
H k2
= (3.2.13)
a0} 1-4kR?

The power penalty P is defined to be the increase in optical signal power necessary to

maintain a given error probability (109 in this case) :
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P =10log (
V1- 4% R?) (3.2.14)

=-5log (1-4k¥R?))
=-510g(1-144(R2))

for k = 6.0.

If the decision threshold is reoptimized, i.e. no longer fixed at |1,/2, it can be shown

that the power penalty is given by [13]:

P = -10log (1-36(R?)) (3.2.15)

The quantity <R2> is the expectation of R? defined in eq. (2.1.4). If the loss between the

two reflection points is minimal, as assumed, and the polarizations of the direct and doubly
reflected fields are aligned, then :

<R2>1/2 = YR R; (3.2.16)

For randomly aligned polarization states and arbitrary transmittance [3,

(RA)? = %B YRiR; (3.2.17)

An examination of eq. (3.2.14) reveals that it predicts an infinite power penalty i.e. a BER

floor at 10 9 for:
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(RY) " =85%

which gives some idea as to the maximum allowable reflectivities in systems. The
dependence of reflection coefficient on physical parameters of splices and connectors is

discussed in chapter six.

3.3 Analysis with actual pdfs :

Although the Gaussian approximation is useful in that it simplifies the analysis,
produces closed form expressions for the power penalties and even provides good
estimates for small penalties, it is not useful in estimating BER floors. The Gaussian
approximation is a pessimistic one because of the infinite tail. However, as will be shown,
the pdf of the interferometric noise does not extend to infinity, in fact it is sharply bounded
by the limits + 2 for the case of a single pair of reflectors. The expression for the pdf of the
interferometric noise is derived below.

The interferometric noise term is given by eq. (2.1.6) :

x(t) = 2 cos (wgT + (t,7)) (3.3.1)

where ®(t,7) is the difference in the phase at times t and t-t respectively (described by

€q.(2.1.7)) and recognising the fact that R has been decoupled from x. Assuming

incoherent interference, ®(t,1) is taken to be a random variable uniformly distributed over

[ - 7, 7 ] 5o that w(t) = wyt + @ is also uniformly distributed. The p.d.f of x is calculated as

follows :
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= 1X
y(t, T) ) gc(zs; 5 (3.3.2)
Hence, from basic probability theory [10],

) = PV

(3.3.3)

¥4 - x2

Hence, the interferometric noise is distinctly non-Gaussian - it is bounded and has
maximum probability of being at one of the two extremes +2. The probability of making a

decision error is written as an expectation over conditional probabilities [6] i.e.

Pg = E[P.(dst, @) ] (3.3.3)

where dg (the signal data sequence), @ and t are the random parameters. The receiver

filtering process is approximated as an integration over one bit interval and so the

conditional probability P, depends on one bit of the direct sequence and at most two bits of

the delayed sequence a(t - t) and is given by :

P. = Q [ 5"-10_1—0 (1 +4R aj cos D ) ] (3.3.4)

where i = 0 or 1 denotes the direct pulse, j and k = 0 or 1 denotes the two overlapping

delayed pulses. The random parameters ajj are determined as follows :
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T, represents the offset time of the clocks of the direct and delayed data sequences

normalized to the bit duration.
ajjx = Y a(t) a(t- T) @ he()
agk =0 : ajp0 = 05 2310 =" 3

ajo1 =(1-%); ajp =1

Considering all possible combinations, the probability of error is given by :

1
= 1 1 K1 3
Pe =g ijkz=027tJ‘ dd J dt Q [5o-(1+4Rixcos @] (33.5)
o8 L3 o

Power penalties as a function of R have been evaluated numerically [6], by determining for
non-zero R the increase in signal power required to produce the same error probability as
achieved when R = 0. Power penalties computed using both the Gaussian and the actual
pdfs are plotted in Fig (3.2) for comparison. It is evident that the the Gaussian

approximation is increasingly pessimistic for larger power penalties.

3.4 Eye degradation approximation for RIN :

The considerable literature on the calculation of error probability in the presence of
intersymbol interference (ISI) is applicable to the problem at hand if reflections are
considered to be a form of ISL. The effects of ISI are normally explained by an eye diagram
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and the amount of degradation due to the ISI is represented by the size of the eye opening.
A binary communications system is seen to have an error floor if there is a non-zero
probability that the eye is closed. Basically, the performance of the system will never be
better than this probability (this is an alternate way of saying that there is an error floor). If
this probability equals zero, then an upper bound to P, ( which in turn gives an upper
bound to the power penalty P ) is obtained by considering the worst case situation in which
the eye degradation equals its maximum value. This is termed the “eye degradation”
approximation. In terms of the mathematical formalism developed in section 3.1, the pdf
of RIN is a delta function. The corresponding cumulative distribution function is sketched
in fig.(3.3). There seems to be further reason to make such an approximation because the
interferometric noise is bounded and has a maximum probability of being at one of the two

extremes. Note that while this is true for two reflectors, it is not true in general.

Let € be the fixed eye degradation. Then, if y is the received signal,

y a-e + n (3.4.1)

a(l-e)+n

Assuming, as before, unipolar line symbols, the decision is setat D =a/ 2. Then,

- lo(*-Dy 145D
Pg 2Q( o1 )+2Q( ™ )
Now,p.1=a(l-e); p0=0;
0 =0 = <n2>. Hence,
1 w 1l 1-2 3.4.2
Pe =~ 2 Q( - )=2Q(-2-gT(-£)) (3.4.2)

The power penalty is then approximately equal to -10log (1 - 2€).
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When € = 2R, the power penalty
= -10log(1-4R) (3.4.3)

This has been plotted in Fig (3.4).

It is seen from the figure that the eye degradation approximation results in slightly
higher power penalties as compared to the actual distribution. However, it does provide
much better estimates than the Gaussian approximation does. This appears to be a

consequence of the fact that the pdf is bounded and rises extremely steeply at the extremes.

Seeing that the eye degradation approximation of € = 2R provides a good estimate of

the power penalty, but does not provide an exact match, there was some interest in finding
out what sort of relationship between the eye degradation and the reflection coefficient R
would result in power penalties that match the actual results exactly. A fourth order

polynomial gave the best fit:

€ = 0.00018 - 0.4549 R + 41.611R2 - 25.6754 R3 + 514.0146 R* (3.4.4)

However, a much more interesting fit was a linear one :

€gr = -0.0308 + 2.0211R (3.4.5)

This fit was very poor at very small values of R ( in fact, the model breaks down for R <
0.03 / 2.02). The power penalty has been plotted again in fig. (3.4) using this
approximation. Comparing with the actual results, it is seen that there is very little
difference between the two. This is an interesting result - an interferometric noise having a
bounded probability density function can be approximated by an effective eye degradation
which is linearly related to the maximum value of the interferometric noise.

The idea behind trying this curve fitting approach is to see if there is any simple
relationship between the cumulative distribution function of the signal dependent noise and
this effective eye degradation. We feel that if such a relationship could be found, the

analysis of complex noise problems will be simplified. However, we could find no such
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obvious relationship. We think that the steepness of the distribution function at the ends is
in some way responsible for this simple relationship between the reflection coefficient and
the effective eye degradation.

It may be of interest, as a suggestion for future work, to determine whether the
power degradations resulting from other ISI distributions can be similarly fit using an effec
tive eye degradation.

3.5 Uniform approximation for pdf of RIN

The eye degradation approximation assumes that the pdf of the RIN is a delta
function at the extreme. Although the eye degradation approximation is useful when the
maximum RIN is much less than the signal, it is not useful when the value of the noise is
comparable to the signal level. Hence there is a need to approximate the noise by other
distributions. In this section, we approximate the RIN by a uniform distribution. We return
to the formalism developed in section 3.1.

The function F is approximated by a straight line going through :
L (1- =P = L110-9 5.1
F{k(1-2)} =P = 110 o BsD

where @ is the signal to thermal noise amplitude ratio, u is the normalized thermal noise

variable, U corresponds to that value of the normalized thermal noise which satisfies
€q.(3.5.1) and F(.) is given by €q.(3.1.7). Since F is assumed to be an even function,
F(0) = 1/2. This representation of F is plotted in Fig. (3.5). From the figure, it is evident

that F reaches the value 1 at 2a - ug. The equation for the straight line F is given by :
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The probability of error is given by :

P = Q2a - ug)

= 89-up
2(a-up) .

+

2a - uo
L _uzy (u-uo)
vszm e ) 2w

The integral is evaluated as follows :

P = 1 1
! 2(c - wo) L2

. exIJ(_(ZO";—‘WZ) + (20 - up) Q(2a- wo )]

2n

But, for small P, u is large, in whic

2n

Denoting the argument of F by x , i.e.

1
2R (1

Then,

ug =a(l-g);

System Penalties

u

XP('?

h case,

Aexp (-3 - w0 Q) = oL

]
<)

2a-u0

) - ugQuo)

2
u
exp(-—io—

=a(l+e¢e)

u

(3.5.2)

(3.5.3)

(3.5.4)

(3.5.5)
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where € = 2Rk.

Then,
p, = 1 exp(-a2(1-8)2_cxp(-a2(1+£)2]
3 2 2
2 V2 . i)l €) (1+¢) (3.5.6)
+€
exp( -2 ——72)
= 2 - {(1 +€2) ?sinh a2 + 2e cosh a%e }
V2x a3e (1 - €2)
As e—- 0,
2
exp(-%-) -
- ——= ‘e = Qo (3.5.7)
: V2w o3¢

which is the result in the absence of reflections.

Setting Py = 1/210° 9, and using equation (3.5.6), it is possible to compute power
penalties as a function of €. Once a value for x has been fixed, the penalties can be

computed directly as a function of R, since R and «x are simply related. x is a parameter

that is determined directly from the probability density function of the random variable x. F
has been approximated as a straight line, which essentially means that the pdf of the noise

has been approximated by a uniform distribution.

Now, F,(x)=1/210"9 ie. the probability that x > x = 0.5 (10"%). For all

practical purposes then, x is a random variable that is uniformly distributed from - x to
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+ %. The parameter k must be independendently determined from the nature of the noise.

It is known that the interferometric noise is bounded at + 2 (R has been decoupled
from the noise in this formalism) amd further, the variance of the interferometric noise =
2. |

This suggests two different methods to fix a value of k.
One way is to equate the bounds of the uniform approximation to the bounds of the

actual distribution, i.e. x = 2.

The other way is to choose x such that the variances of the two distributions are
equal. The variance of a uniform bounded distribution is easily calculated to be k2 /3 from
which x is calculated to be equal to the square root of 6 which equals 2.449. Using these
two values of x, the power penalties are plotted in fig. (3.6) as a function of R, the
reflection coefficient.

The graph shows that the value of x corresponding to the matching bound results in

power penalties that are very close to the actual results while the value of x corresponding

to matching the variance provides poorer results, but nevertheless better than the Gaussian
approximation. This is probably a consequence of the steepness of the actual p.d.f and the
fact that the errors are largely caused by the region near the extremity of the probability

density function. Further, the approximation of the bounded p.d.f by other bounded p.d.fs

provides better results than the Gaussian approximation with its infinite tail.
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3.6 Quadratic approximation for the pdf

The straight line approximation may be considered as the first term in a polynomial
approximation. We consider next a cubic approximation to F which corresponds to a

quadratic approximation to the probability density function; i.e., the p.d.f is of the form
fx(x) = ag+azx? (3.6.1)

Any approximation made has to satisfy the basic characterisitic of the p.d.f of the
interferometric noise - that the p.d.f is an even function ( all the odd moments are zero).
Hence, in the quadratic approximation, there is no first order term in x.

For any function to be a possible probability density function, it must have these two

fundamental properties :

i) area under the curve must equal unity, i.e.

j f,(x)dx = 1

oo

ii) f,(x) must be non-negative everywhere:
f,(x)20 forallx € (-, =)

Any polynomial approximation for the pdf of the interferometric noise therefore must
satisfy these two criteria. There is, obviously, more than one possible polynomial that
meets all of the above requirements, which means that the coefficients aj and a, are not
unique, but are a function of the conditions of the problem. We decided to impose the
following conditions upon the quadratic approximation for the p.d.f :

i) The bounds on the quadratic approximation are the same as those on the actual

p-d.f, which equals + 2.

ii) The variance of the two p.d.fs are the same.
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Thus, with the quadratic approximation both these conditions may be satisfied
simultaneously whereas with the uniform approximation only one of the conditions may be
satisfied.
Using these conditions, the coefficients aj and a, are calculated to be :

ag=3/32; ap =15/128.
The probability of error is then given by :

2
= L .u2 3 .15 2
Pg 3 du exp( 2) , dx(32 128x) (3.6.2)
-y

[ ) f05.3(1.1) . 15 (1)}
m[ﬂduexp( ) {0 ggﬁ(l ) - 1024R3(1 )’}

The power penalty is numerically obtained from this expression and is plotted in fig. (3.7).
It is seen from figures (3.6) and (3.7) that the penalty obtained with this approximation
provides a very good estimate to the actual penalty. There is not a significant difference
between using this approximation and the uniform approximation with the same bounds. In
the case of this specific distribution, owing to the steepness of the p.d.f, we think that any
pdf that has the same bounds will provide a fairly good estimate of the power penalty. In
general, however, we anticipate that a quadratic p.d.f will provide a better approximation
over a wider class of distrtibutions than the uniform distribution will.

It must be reemphasized at this point that there is more than one possible quadratic
approximation for the pdf. The coefficients a() and a, can also be obtained by setting higher

order moments equal. For example, in this case, a() and a5 could have been obtained by
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setting the second and fourth order moments equal and letting the bounds of the distribution
be different. However, for bounded distributions, the bounds play an important role in
determining the error probability, and it is more useful to approximate bounded

distributions by other distributions having the same bounds.

In this chapter, the impact of RIN on system performance has been explained.We
have made a number of approximations for the p.d.f of RIN. Power penalties have been
computed with each of these approximations. We see that the results from these
approximations match those with the exact calculations fairly well. In facL one of the key
results of this thesis is that when the p.d.f of a noise process is a bounded one, other
simple bounded p.d.fs, and even an eye degradation, are very good approximations. A
natural question is how good these approximate methods are for non-bounded
distributions. Itis shown in Appendix B that these approximations are not applicable in all
situations. We show there that the quadratic approximation, which is bounded, is not
useful in describing an exponential distribution, which has a tail extending to infinity.

The analysis in this chapter has been done under several simplifying assumptions.
Key among them are the assumptions that RIN and thermal noise are the only sources of
degradations and that there is only pair of reflection points in the system. In practice,
neither of these conditions is likely to be satisfied. In the next chapter, some of these

restrictions are lifted.
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4.0 Extensions of the model

In chapters two and three, the basic theory explaining the phenomenon of RIN and
its impact on system performance was presented. The analysis was made with two major
assumptions which are reiterated here :

i) the reflectivities at the discontinuities are small, as a result of which higher order

terms in the reflection coefficient,corresponding to multiple passes, are neglected.

ii) RIN is the only impairment in the system, besides the receiver thermal noise, of

course.

Further, for simplicity, only one pair of reflectors was assumed to be present in the
system. However, in practice, in any fiber system, there are more than two refractive
index discontinuities, i.e. there are more than two reflectors in the system. Also, typically
there are other impairments in the system. Sodhi [13] has shown that power penalties are
not additive. Further, even though the reflectivities have been assumed to be small, there
actually exist multiple reflections at any pair of reflectors. While these added reflections
have a small impact on noise power, they have a significant impact on the tails of the
distribution, and as mentioned previously, it is the tails that have the greatest impact on the

error probability and the power penalty. Hence, there is a need to relax the assumptions
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made in the previous chapters and to generalize the theory to take into account all of these
factors.

Another reason for investigating these other effects is that there exist some
discrepancies between the experimental results and the theoretical predictions for the power
penalties (Fig. (2.2), [6]). Some of these phenomena, individually or in concert, may
explain these discrepancies.

In the following sections, each of these factors is considered individually and its
impact on system performance assessed. In section 4.1, we assume a finite extinction ratio
as a typical impairment present in a fiber system. Section 4.2 deals with multiple reflections
at a single pair of reflectors, while the effect of a multiplicity of reflection points is

considered in section 4.3.

4.1 Combined effect of an extinction ratio and RIN

In an OOK system, ideally, there is no optical power output from the laser when a
“zero” is transmitted. However, with aging etc. the laser does not completely shut off when
a zero is to be transmitted. It transmits a small but finite fraction of the power outputted

when a one is transmitted. The ratio of the power transmitted during a “one” to that during

a zero is called the extinction ratio, which is designated as 1/, so that large extinction ratios
correspond to small values of €.

In the presence of an extinction ratio 1/g, the electrical current at the receiver is given

by (eq.(3.1.2)):

i = Ei{a® +v® } + 0@ (4.1.1a)

when a “one” is transmitted and
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i) = Ej{ea®) +ev®) } + n@® (4.1.1b)

when a zero is transmitted, instead of i(t) equaling only the thermal noise when a zero is

transmitted. Here, v(t) is the interferometric noise term given by eq.(3.1.3) :
vit) = 2Ya(t).a(t- t) R cos (wgT + O(t,T)
The symbols in all these equations are as defined in chapter 3.

To simplify the analysis, a Gaussian distribution is assumed for RIN. As discussed

in chapter 3, this is generally a conservative assumption.
The means and the variances pq, W, 012, 0'02 of i(t) are calculated to be, following

procedures similar to those in section 3.2 :
= Eg?, o= e ;
612= <I2> - <152 =62 + u;2R?; oy = 0,2 + P 2R2;  (4.12)

2

where O, is the variance of the receiver thermal noise.

In this case, the receiver decision threshold D is no longer the same i.e. it is no
longer at pq/ 2. Because the finite extinction ratio is a phenomenon that, while being a
degradation, is not random in nature - the degradation is fixed and deterministic (it may

change slowly with time). Hence, the effects are sought to be minimized by reoptimizing

the decision threshold. Now, the probability of error is given by (eq.(3.2.3)):

D-lo
Go )

_ 1loM-Dy o1
Pe = 1(B2) + Lo

It may be shown [12] that the error probability is very nearly minimized when there is an

equal probability of “zero” and “one” errors occurring, which then gives :
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p’l'D_ D'p'o=k

O OCo

1

where k is the argument of the Q function. Using eq.(4.1.2),

wi-D  _ D-u

VE+ R Vol iR

or,

p(1-¢) K
N o2+u?R2+ v o2 +€e2p2R?2

Letting 1-€=b, and after some algebra,

20,b/k

|3

i {[(ﬁ)2 SRZ(1+e?) ] - ar%e2 )}

(4.1.3)

4.1.4)

4.1.5)

(4.1.6)

For € =0 and R =0 (i.e. in the absence of RIN and extinction ratio), g =2 o, k.

Then, to maintain the same error probability, i.e. the same kj, the power penalty P is given

by :
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~ K1
P = 10log—
gI—ll

10 log b - =
G {IGR) - R2(1+e)] -Rr'e?)

4.1.7)

To maintain a 102 error probability, k; = 6.0. Then, the power penalty as a function of €

and Ris given by :

PEeR) = 10log b - = (419
36 {[(2)' - R2(1+e) ] - R%?)

Note that for € = 0 this reduces to eq. (3.2.15). The differential power penalty, given by
P(g,R) - P(g,0), where P(g,R) is given by eq.(4.1.8), is plotted as a function of R in Fig.
(4.1) for different values of €. The curves indicate that there is an additional power penalty

due to the extinction ratio which increases rapidly with R. The graphs also indicate that the

maximum allowed R for a BER floor decreases with increasing € ; for example,

Rpax =0.16 fore=0,and Ry, = 0.11 fore=0.2.

As indicated in the previous chapter, an altenative to treating the RIN as Gaussian
distributed is to use an eye degradation approximation. In this case, if € is the equivalent
eye-degradation resulting from RIN, and € is the degradation associated with finite
extinction ratio, then the total power penalty is given by :

P = -10log(1-2(e+¢€)) = -10log(1-4R-2¢g)) (4.1.9)
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Hence, the incremental power penalty due to the additional degradation is given by :

P = -10log(1-4R-2¢;) + 10log(1-4R) (4.1.10)

With the Gaussian approximation, the incremental power penalty due to the
additional degradation is given by P(g,R) - P(O,R) where p(g,R) is given by eq.(4.1.8).
This and eq.(4.1.10) are plotted in fig.(4.2). Examination of this plot indicates that for the
range of parameters considered, the effect of additional degradations is less under the eye
degradation approximation than it is under the Gaussian approximation. However, in both

cases the penalty caused by reflections is greater when there are other impairments present

in the system. This is at least qualitatively consistent with the measurements of Gimlett and
Cheung [6]. Thus, other degradations, as given by the parameter €y, may be a partial

cause of the experimental degradations being larger than calculated by the previous

theories.

4.2 Effect of multiple reflections

All of the prior analysis assume that the reflection induced noise is a result of a
double reflection as shown in fig. (2.1). However, in reality, there are multiple reflections.
As stated before, while the effects of these multiple reflections on noise power may be very
small, it is not immediately obvious that the power penalties are also equally insensitive to
this effect. In fact, this effect may be the more fundamental éause of the discrepancy
between the theoretical and experimental results of Gimlett and Cheung [6}. There is,
hence, some interest in seeing whether considering the effect of multiple reflections helps in
resolving these discrepancies in the published results. In this section, an outline of the
analysis of the effect of multiple reflections is presented. In a bid to keep the analysis

simple, we have assumed that all other impairments in the system are absent.
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We have shown in section 3.2 that the power penalty for RIN is easily calculated to

P=-5log (1 - 144R2)

under the assumptions that the pdf of RIN is Gaussian and that higher order terms of R are
negligibly small. Just to see how good that approximation is, a next higher order term is
considered :

v(t) = 2Ya(t) a(t- 1) R cos (wgt + D(t, 7)) + R2a(t-1) (4.2.1)
where v(t) is the expression for the interferometric noise. Then, the power penalty is found
tobe:

P=-5log(1- 144(R2 +R%/4))

For all values of R of interest, the difference between these two power penalties is indeed
negligibly small.

We have seen, however, (section 3.4) that for bounded interference the eye
degradation approximation gives better results (compared to the exact calculation for two
reflectors) than the Gaussian approximation. Consequently, we next consider the effect of
multiple reflections approximated as an eye degradation. Initially only two pairs of
reflections are considered. The electric field at the output of the interferometer is then given
by :

e()=¢; () +Rej(t-1) + R2 ¢ (t-27)

where ¢;(t) is the input field given by eq.(2.1.1). The intensity is given by :

i) = le?
= e2()+R%2¢2 (t-1) + R 2 (t-20) + 2R ¢; (D ¢; (t- T) + 2R% ¢ (D) ¢; (t - 27)

+ 2R3 e (t-1) e (t-27) 4.2.1)
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Neglecting terms of degree higher than R2, we have :

i() =e2@®+2Re;(De(t-1) +R%2e2(t-1) +2R2 ¢ (D g (t-27) (4.2.2)

The last three terms describe the interference terms. In the incoherent regime, these terms

are essentially uncorrelated. The peak magnitude of the degradation, relative to the signal,
is bounded by 2R + 3R2, Setting this equal to the maximum eye degradation gives :

€=2R + 3R2 (4.2.3)

The power penalty P is then given by, according to eq.(3.4.3),
P =-10log (1 - 2¢)

= - 10log (1 - 2(2R +3R2)) (4.2.4)

Similarly, considering the effects of three pairs of reflections, neglecting terms of

degree R? and higher, the multiple reflections are estimated by an eye degradation given

by :

€ = 2R+3R2+4R3 (4.2.5)

In the general case then, with an infinite number of reflections,

€ = 2R+3R2+ 4R3+...+ mRM1 4 | (4.2.6)

This is easily evaluated to give an effective eye degradation described by :
€ = R(2-R)/(1-R)? - (4.2.7)

The powcr-penalty is then given by :
P = -10log(1-2ey)
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=-10log {1-2R (2-R)/(1-R)?} (4.2.8)

The effect of multiple reflections on power penalty is compared with that of a double
reflection , with both being approximated as eye dégradations, by plotting eq.(4.2.8) and
(3.4.3) in fig. (4.3). It is seen that the effect of multiple reflections is fairly significant for
not-too-small values of R. It follows from equations (3.4.3) and (4.2.8) that the effect of
multiple reflections (using the eye degradation approximation) is to result in an effective

reflection coefficient given by :

Rer = €g/2 = R(2-R)/2(1-R)? (4.2.9)

For very small values of R, Rs = R. But as R increases, there is a slight difference
between R grand R.

In this section, we have shown that while making a Gaussian approximation for the
probability density function of RIN, the effect of multiple reflections is negligibly small.
However, while making an eye degradation approximation, the effects are not that small.
For reasons mentioned earlier, we feel that an eye degradation approximation is a more
reasonable one to make in this situation. Hence, multiple reflection effects may indeed be

one cause, among many, which explains the discrepancies between theory and experiment.

4.3 Effect of a multiplicity of reflection points

The analysis of RIN presented thus far is logically extended to consider, instead of
just two, a multiplicity of reflectors in any fiber system. In this section, we consider the
effect of three and four reflectors in the system. Gimlett and Cheung [6] have considered

this effect. However, they made a simple Gaussian approximation for the probability
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density function of RIN. The pdf of RIN is indeed Gaussian when the number of reflectors
is large. However, for a smaller number of reflection points, the pdf is not Gaussian. For
this case of a few reflection points (typically three or four), we have attempted to
approximate the pdf by a uniform distribution and a quadratic distribution, following the
techniques developed in chapter 3. Further, we have also approximated the actual
probability density function of RIN by using a Gram Charlier series approximation. The
Gaussian approximation has also been used and these various approximations are
compared to one another.

A fiber transmission line having N refractive index discontinuities (i.e. N reflectors)

is considered. The resultant electric field at the output of the last reflector is given by :

eou = ein(t) + YRz €in (- T21) + YR3y €in (- T31)

| (4.3.1)
+YR3z €in (t-132) ... + YRjjein(t-15) +

where only double reflections are considered. Here, Tj is the round trip delay time for the
ith and jh discontinuities, and R;j is a generalized reflection coefficient defined by R;; = Bij
(RiRj) 0.5 where ﬁij is the transmittance between the two discontinuities. Once again,

poIan'sétion effects have been neglected and for simplicity, so have the losses, i.e. Bij =1

for all i and j. The input field e;;, is described by eq. (2.1.1). The light intensity detected at

the receiver is then given by, as a simple extension of eq.(2.1.3) :

N i-1
i) = B@{1+2)Y Y Rjcos(wot+d( 1)) (4.3.3)
i=2j=1

The variable P(t, tij) is essentially a phase difference given by :
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O, ) = o) - G- Ty

As was done in chapter 2, we assume that the interference is incoherent - the situation

most commonly encountered in practice. When 2rAv t; >> 1 and 2nAvl Tij - Tl | >>1

(where Av is the laser linewidth), i # k, j # 1, all terms combine incoherently. Following

the analysis in section 3.2, the power spectral density for RIN in this case (i.e multiplicity

of reflection points with incoherent interference) is expressed as :

N i-l
RIN () = A[__Aﬁ__] > Y R} (4.3.4)

TR+ @a)i=2j=1

This expression indicates that the magnitude of the RIN increases rapidly with the number
of discontinuities.

Next, the effect of a multiplicity of reflectors on system penalties is considered. As
in chapter 3, a binary on-off keying scheme with NRZ formatted data is considered. The

laser pulse wave form is given by eq.(3.1.1) :

a(t) =1, O<t<T
=0 , otherwise

(4.3.5)
where T is the bit duration. Again, following the formalism developed in chapter 3, the

signal at the receiver decision point is of the form :

y =a +xRa + n
The conditions and the assumptions made in chapter 3 still hold here i.e. the noise is
asymmetric and so the errors are dominated by those in the “one” state, but the receiver
decision threshold is still the same. The error probability can then be expressed by

equations (3.1.5) and (3.1.6). For convenience, eq.(3.1.6) is repeated here :
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P =fr§ ducxp(-BZZ)F{ﬁ(l--gt-)} (3.1.6)

where all the terms have the same meaning. Hence,

F() = f;dxp(x) = prob. (x>§&) (4.3.6)

as in chapter 3. Once again, as in chapter 3, we make different approximations for the
probability density function of the random variable x which represents the interferometric
noise due to a multiplicity of reflectors. For the case of a single pair of reflectors, the

variable x was given by :

x = 2 cos (gt + D(t, T)) (4.3.7)

In the case of N reflectors there are N(N -1) / 2 interferometric terms which are given by :

X = 2cos (WeT21+P(t,121)) + 2 cos (woT31+D(,T31)) +
co.+2 COS(O)o’tij+(D(t.‘tij) +...

(4.3.7)

where T;; has the same meaning mentioned earlier. The analysis is first done with a

Gaussian approximation for the probability density function of RIN.

In the Gaussian case, which Gimlett and Cheung [6] have considered, the power
penalties are obtained by simply extending the result given in eq.(3.2.14) to account for the
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many terms :

N i-1
P=-5log[ 1-144 3 > R% ] (4.3.8)
i=2j=1

We have assumed that polarization effects are negligible. However, in a muldple reflector

situation, that may not always be true. For randomly aligned polarizations, the average

value of Rijz = 0.5 p2 (R, Rj). In that case, the power penalty is reduced by a factor of

two. Again, in a multiple reflector situation, the transmittance  may not = 1 i.e. there

may be a some losses, in which case the power penalty reduces further. Eq.(4.3.8) is
plotted in fig.(4.4) [6]. Examination of the figure shows that the power penalty increases
rapidly with the number of reflectors. Also shown in the figure is a curve considering a 0.5
dB loss between adjacent reflection points (curve c). It is seen that even for reflections as
small as 1 %, significant penalties or BER floors occur if many such reflections are present
in the fiber path. The presence of losses, however, helps to reduce the adverse impact of
multiple reflection points.

As mentioned earlier, the pdf of RIN tends to Gaussian if a large number of
reflection points are present. However, if the number of reflectors are small, for example
three or four, the pdf is not Gaussian. In that regime, the pdf has to be estimated. We
adopt the techniques of chapter 3 here and approximate the probability density function
with a uniform and a quadratic approximation. We discuss first the uniform approximation.

As in section 3.5, we approximate the pdf by a random variable uniformly

distributed from - x to + X. The analysis is identical to that in section 3.5. The only

question is how to determine the bounds of the distribution. Once again, the choice for x is

such that it satisfies one of the following two conditions :
a) the bounds of the two distribution are the same

b) the variance of the two distributions is the same.
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It is to be noted that both these conditions cannot be satisfied simultaneously by a
random variable which is uniformly distributed. The 3-reflector situation is first
considered. In this case, there are 3 reflection terms. Using the formalism developed in
section 3.5, each random variable is bounded at + 2. Hence, the random variable that is the

sum of these three extends from -6 to + 6. As will be shown later, the variance of this

random variable is 6. Matching the bounds of the two distributions results in x = 6.

Using eq.(3.5.6), the power penalty is computed as a function of R. The power penalty
with the Gaussian approximation is computed too, for comparison. It is seen that the
uniform approximation with the matching bound gives poorer results than even the
Gaussian approximation. Evidently, bound matching, which was so effective in the two-
reflector situation, is no longer a good approximation. This is true for the four- reflector
case too. Thus it seems that the pdf of the distribution is no longer as steep at the ends as it
was in the two reflector case.

Consider the 3-reflector case again, assuming now that the variances are matched

rather than the bounds. The variance of a random variable uniformly distributed from -x to

+ X is given by x2 /3. Equating that to 6, which is the variance of this distribution, gives

'-E}:e = k = {18 = 42426

The power penalty is plotted as a function of R, using this value of x, in fig. (4.5). The

penalty with the Gaussian approximation is also plotted in the same figure. The uniform
approximation gives a lower penalty as compared to the Gaussian, except for very small
values of R.

For the four-reflector situation, the variance is 12. Hence, x = 6. The penalty is

plotted as a function of R in fig.(4.6). The corresponding Gaussian case is plotted too.
Once again, the uniform approximation provides a lower power penalty except at very
small values of R.

The reason that the variance matching technique is providing better results seems to

Extensions of the model 62



FENALTY (DB)

4
3 .
]
;o
[
t ’ ’
i
Q: b/c]
|
',' [
A s /
P
P
[ { /
;o //
l" / ///‘
J; ///
/)7
1 - ; p
] ’ /
b l'/ ’
Kyt
A
4/
7!
7
74
+ "}/
0
I L] T LA ¥ L L LEER S [ v ¥ L LS ¥ 1 v ¥ Li I L LS T T LIRS T L ¥ ]' T 7T T s T T T ¥ ‘ T v T Ll L4 ¥ L ¥ 1 l' T T
0.00 0.02 0.04 0.06 0.08 0.10
REF COEFF.
Fig. 4.5 Power penalty vs. reflection coefficient R for 3
reflectors and different approximations for the pdf
of RIN:
a) Gaussian approximation
b) uniform approximation
¢) quadratic approximation
d) Gram-Charlier series expansion
63

Extensions of the model



FENALTY (CB)

/,
/ L/
0l <
.'llifllfrlIllllYlIl’T' VYTerli‘YIIIYIIIVIIYYII‘ITYIIT
0.00 0.02 0.04 0.06 0.08 0.10
REF COEFF.
Fig. 4.6 Power penalty' versus reflection coefficient for 4

Extensions of the model

reflectors
a) Gaussian approximation

b) uniform approximation

¢) quadratic approximation
d) Gram-Charlier series expansion

64



lie in the fact that the probability density function of the interferometric noise is no longer as
steep as it was in the two-reflector situation. This is just stated now, but will be
demonstrated later in this section.

Having approximated the pdf by a uniform random variable, there is some interest in
using the quadratic approximation of section 3.6 to see if that provides better results. In
this case, however, just equating the bounds and the variances does not work because the
pdf is not non-negative throughout. Hence, an additional constraint is imposed. The
quadratic expression representing the pdf is assumed to go to zero at the boundaries.
Imposing this condition, however, it is not possible to find a quadratic expression that has
both the bounds and the variance equal to those of the actual pdf. We decided that matching
the variance is more important in this case. The pdf is then assumed to be of the form, as

in section 3.6,

fu(x) = ap+ apx? (4.3.9)

defined from - x to + x, which are unknown just now. Using the condition that the pdf
goes to zero at the extremes,
ag+Kpay=0 =>ag=- k2 a?

This condition combined with the other two conditions that the area under the curve equals

unity and that the variances are the same enables us to determine the coefficients a; and a,

and the bound x. For the 3-reflector case, f,(x) is then found to be :

f (x) =0.1369 - 4.56 (10)3 x2 (4.3.10)

with the bound x = 5.477.

For the 4-reflector case, the pdf is found to be :
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f,(x) = 0.0968 - 1.613 (10) 3 x2 (4.3.11)

with the bound k = 7.746.

With these two expressions, the respective probabilities of error are written similar to
eq.(3.6.2), using which the power penalties are evaluated numerically. Figures (4.5) and
(4.6) show the power penalties in these two cases, plotted once again as a function of R,
the reflection coefficient, and the corresponding Gaussian and uniform approximations are
also shown for comparison. This method is shown to provide the smallest power
penalties.

All these approximations make sense only if they are compared to the actual
situation. In the following section, a method for estimating the actual probability density

function is given.

4.4 The Gram-Charlier Series approximation for the probability

density function in the multiple reflector situation

In this section, a technique for estimating the probability function of RIN in a
multiple reflector environment is presented. To start off, we repeat eq. (4.3.7) which

represents the interferometric noise term when there are N reflectors in the system.

X = 2c0s (0pT21+P(1,721)) + 2 cos (woT31+D(1,T31)) +
...+ 2 cos(woTi+P(L,T;) +. . .

(4.3.7)
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The random variable x can also be written as ;

x=x1+x2+x3+...+xn (4.41)
where each x; is also a random variable. Assuming incoherent interference, these random
variable are iid : independent and identically distributed. The probability density function

of each of these random variables is given by :

S — (4.4.2)

Y

similar to section 3.3. Computing the probability density function of x is not trivial. Asn
becomes large, the resultant probability density function of x tends to Gaussian, according
to the Central Limit Theorem. However, for values of n less than say six or eight the
Gaussian approximation is not very accurate. Note that six terms correspond to four
reflectors. A method for estimating the p.d.f of x is presented below.

The characteristic function of a random variable is defined to be :

G (o) = E [exp (jwx)] (4.4.3)

where E[ . ] denotes the expectation operator. The characteristic function of x; is found to
be :

. T
G(w) = J; %(l_%) dx = j ] exp (jw2cos(wgt + O(1,7)) dD (4.4.4)

which is evaluated to give :
G(w) = Jo(2w)

where Jo(2w) is the zeroth-order Bessels’ function of the first kind. Now, the

Extensions of the model 67



characteristic function of the sum of a number of independent random variables is the
product of their characteristic functions. Hence, the characteristic function for n reflection
terms is given by :

G(w) ={Jo Qu)}" (4.4.42)

Hence, the probability density function of x can in principle be obtained simply by taking

the Fourier transform of its characteristic function and dividing the result by 2= :

fi(x) = 5115 j G(w) exp(-jox)dw = EIEJ- {JoQQw)}"exp (-jox)dw (4.4.5)

We do not believe that this can be done analytically. However, the moments of the

distribution can be calculated from the characteristic function. Differentiating (4.4.3) n

times,
GM(w) =E {j" xnexp (jox))} (4.4.6)
or,
G(™X0) =j" E(x")=j"my (4.4.7)
Hence,
mp=(-))" G(")(0) (4.4.8)

The moments can then be used in a Gram Charlier series expansion [14] to approximate the

probability density function of x :

2
fu(x) = é exp (-2 £ CHj(x) | (4.4.9)

for a distribution having mean = 0 and variance = 1 (which assumption is modified later).

Extensions of the model 68



The basis functions of the expansion are the Tchebyeff-Hermite (T-H) polynomials, the

first few of which are listed below :

Ho(x) = 1
Hi(x) = x (4.4.10)
Hyx) = x-1

Higher order polynomials may be computed using the recursive relationship :

Hy(x) - x Hi1(x) + (k-1DHg2(x) =0, k22 (4.4.11)

The Cy s are the coefficients of the series expansion and are expressed in terms of the

moments :
C =1
C1 = m
C, = %—(mz-l) (4.4.12)

The Gram Charlier series expansion for the pdf of a random variable x with mean p and

variance o2 has the form :

00 = —1 exp((x'”‘)2 )i
J

11, X - Uy
= C,H,(—) (4.4.13)

where the Cj s are given by formulae similar to those in (4.4.12) except that the moments

are given by my,” which are given by :
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m;=Bg[%Jn} (4.4.14)

In the case of 3 reflection points, i.e 3 reflection terms, the characteristic function of x is

given by :

G(®) ={Jo(2w)}? (4.4.15)

The moments of x are computed by taking the derivatives of {Jo (2w)}3 at © = 0. Going

through the algebra, the moments of the function are as follows :

90

28920
7

m=6; my
mg = 1860 ; mg

(4.4.16)

and all the odd moments are zero. Using these, the Cj s are computed. The expression for

the probability density function of x is then given by :

f(x) = J—CXP( ){ (—&i+21x2 igxnle‘;

(4.4.17)

With this expression, the probability of error can be fairly easily evaluated numerically,
using eq.(3.1.6). Following this procedure, the power penalties incurred in maintaining an
error probability of 10 have been evaluated and are shown in figure (4.5).
The corresponding penalties assuming a Gaussian distribution have also been calculated
and are shown in the same figure for comparison. As expected, the Gaussian
approximation is more pessimistic.

For four reflection points, number of reflection terms n = 6. The

characteristic function of x is then given by :
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G(w) = {Jo Qw)}® (4.4.18)

Using a similar technique, the moments of the distribution and the coefficients of the

Hemmite polynomials have been calculated. The probability density function of x is found to
be:

) = gk L= exg{ - 22) 3328+ 2302 - AL xt e X (a19)
Once again, the power penalties are calculated and the calculations repeated for a Gaussian
distribution. These are plotted in Fig.(4.6). Comparing the two figures, it is easily seen that
as n increases, the power penalty calculated from the Gaussian distribution is close to that
calculated from the actual distribution.

A comment on the Gram-Charlier Series expansion method : an obvious question
that arises while using this technique is the number of terms that need to be included.
According to [14], this series is most useful while approximating the density functions of
random variables that are the sums of independent random variables . Further, the series
unfortunately does not converge uniformly. Hence including a larger number of terms does
not automatically imply better results. A rule of thumb in practical applications is to
consider around six terms. In this case, the odd moments are all zero. However, the fact
they are zero are characteristic of the probability density function, even though at first sight
it might appear that we have considered only four terms.

Comparing the Gram-Charlier series approximation with the uniform and quadratic
approximations, we see that as the number of reflectors increases, the results with these
approximations become increasingly optimistic. That is, with an increasing number of
reflectors, the resultant p.d.f becomes more Gaussian, as a result of which the uniform and
quadratic approximations are no longer as useful in predicting the power penalties. This is
illustrated in the case of three and four reflectors. For three reflectors, the uniform and
quadratic approximations provide better results than the Gaussian approximation, relative to
the exact calculation. However, for four reflectors, the resultant p.d.f becomes more
Gaussian, and we see (fig.4.6) that the uniform and quadratic approximations in fact

predict a lesser power penalty than the exact calculation.
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5.0 Low frequency enhancements in the spectrum of RIN

As mentioned in section 3.1, the experimental results of Gimlett and Cheung [6]
show that there is a greater low frequency content in RIN than the calculations in that
section predicted. These discrepancies can be noticed by examining figure (2.2). In this
chapter, an outline of a model that at least partially explains these discrepancies is
presented. The results in chapter 3, as well as prior literature, were calculated assuming a
Lorentzian line shape for the laser linewidth. A Lorentzian line shape corresponds to an
instantaneous frequency noise that has a white spectrum. We show here that a low
frequency dip in the spectrum of the instantaneous frequency noise (possibly caused by
thermally induced phase modulation) leads to an increase in the low frequency spectrum of

reflection induced noise consistent with measurement.
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5.1 Low frequency variations

As mentioned earlier (section 3.1), the phase variations ¢(t) of a single longitudinal

mode laser are typically modeled as a random walk process in which the phase change A¢
over the time t has a density function which is a Gaussian with zero mean and variance
given by o2(t) = 1/ T.,» where 1, is the coherence time of the laser. In the frequency
domain, this leads to the familiar Lorentzian shaped line with a full width half maximum
(FWHM) linewidth Av given by :

Av =1/ 2rt,. This is also equivalent to taking d¢ / dt (which can be termed the
instantaneous frequency noise) to be a white noise Gaussian process with a two-sided

spectral density given by 2rAv. This is proved in the following paragraph.

The change in phase A¢ in time period 7 starting from any arbitrary time instant t; is

given by :

lo+1T .
Ad J dt ¢ (5.1.1)

o

where Ad(T) is also a zero mean Gaussian process.

The variance < (A¢)2 > is given by :
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to+7T

(a0)?) = LMH at dr'{ (0) 6)) (5.1.2)

But, for white noise, the autocorrelation < ¢ () &(t”)> is, by definition, given by [12] :

<O )> = 2r (AV) 8(t - t).

Hence, the variance is given by :

(@e7’)

to+1
21:Avf dt

to (5.1.3)
= 2nAvT, 120

Replacing 1 by |t on the right hand side of eq.(5.1.3) generalizes the result to apply for all

In this simple model of phase variation, turn-on and turn-off transients have been
neglected, which become increasingly important at high bit rates. Such effects are best
handled by using the basic laser rate equations. These features are outside the scope of this
thesis but this is an area of possible future work.

In section 3.1, it was shown that for the case of a single interferometer, i.e. two
reflectors, with a round trip delay between the reflectors long compared to the laser
coherence time (i.e. the incoherent case), the power spectrum of the reflection noise is
simply related to the power spectrum of the laser. There is good agreement between the
theoretically predicted results and the experimentally obtained results except at very low
frequencies (below about 10 MHz) where the measurements seem to indicate that a

narrowband low frequency line is superimposed on the wideband Lorentzian line. A
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plausible explanation for this phenomenon is given below.
In the incoherent case, the power spectrum of the reflection induced noise reduces to

the form (the details are given in Appendix A) , after scale factors have been neglected :

P(w) = f dtexp (- 0%(1) - jwr) (5.1.4)

Note that T here is the running variable of integration and not a fixed time delay. The
spectrum is independent of the delay time when the delay time is large compared to the

coherence time of the source. P(w) is the Fourier transform of cxp[-oz], while the optical

spectrum is given by the Fourier transform of exp[- 62/2]. In other words, in the

incoherent case, the spectrum of RIN is obtained by convolving the laser line spectrum
with itself. Self-convolution of a Lorentzian spectrum results in a Lorentzian line
spectrum. This shape preserving feature is not generally true for other line shapes.

To explain the enhanced content of the low frequency component in RIN, we
deviate from the Lorentzian line shape assumed for the laser. That is, we assume that the
phase change and variance are not described by equations (5.1.1) - (5.1.3). Instead, we

assume that the power spectrum of the instantaneous frequency of the laser is given by :

K3
Hw = 2x@v)[1 - —2] (5.1.5)
? + 0}

The second term in this equation corresponds to a low frequency dip in the spectrﬁm of the
instantaneous frequency. This is assumed to be plausible because the spectrum of the

instantaneous frequency is shaped by the FM response of the laser, which in turn is known

_ to have a low frequency dip associated with thermal phenomena [15]. The parameter K ( <
1) determines the magnitude of the dip, and wy is the comer frequency.
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The Fourier transform of eq.(5.1.5) gives the autocorrelation function of the

instantaneous frequency. The case k = 0 corresponds to the Lorentzian line shape, whose

autocorrelation function is the delta function mentioned earlier in this chapter. The

autocorrelation function h(t - t”) for general x is given by the Fourier transform of

eq.(5.1.5):

ht-t) = 2rAv 8(t) - TAvky exp(-molt-t1)

From this, the variance 02(1) is found to be :

T

(80)) = 2navt - @rAvKwy) J
0

dt j dr exp[-u)dt-t‘l]

0

or,
2nAvk
(80" = 2mav [1- KK + T (1 - exp o)
This expression has the following limiting forms :
o¥(t) = 2rAVY for add <<1
2nAvk

c3(1) = 2rAv(1-x)H + for wdd >> 1

(5.1.6)

(5.1.7)

(5.1.8)

(5.1.9)

In both these limits, the variance is linear in <. This leads to Lorentzian line spectra
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with a high frequency (small t) behavior determined by the linewidth Av, and a low
frequency behavior determined by a reduced linewidth (1 - x)Av. However, for the
deviations from. the Lorentzian spectrum to be significant, ¥ should approach unity and
T, should not be too small. This is shown in fig.(5.1) where the power spectrum at zero
frequency is plotted as a function of wyTt, (denoted by 7y) for several values of k (the DC

spectrum is normalized to unity for k = 0). The former condition implies that thermal phase
modulation be comparable to the carrier induced effects (they are 180 degrees out of phase
[15]), and the latter requires that the comner frequency, wy/2x, be comparable to, or greater

than, the laser linewidth. This implies that significant low frequency deviatons from the
Lorentzian spectrum may be expected only in lasers with linewidths of the order of 10 MHz

or less.

To illustrate the low frequency effects when the above conditions apply, 62 is plotted

in figure (5.2) as a function of t/ 1., for various values of x, but for fixed y= wyT = 1.

The power spectral density of RIN is calculated as follows :

P(w)

-00

f dt exp( -0%(1)) exp( -jwrt)
(5.1.10)

=1 f du exp (-6%(u)) exp (-jwrcu)

(- -]

where u is the normalized variable = T/ .. Letting x = T, the expression for the power

spectral density can be written in a form suitable for numerical evaluation, in the derivation
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of which the evenness of the function 62(u) has been utilized :

P(x) = f du exp( - (1-x)u) exp( - —§— (1-exp(-yu)))cosxu  (5.1.11)
0 _

Results obtained from the numerical evaluation of eq.(5.1.11) are plotted in fig.(5.3) as a

function of x for various values of x and for y = 1. It is easily seen that the above equation

reduces to the Lorentzian line shape for x = 0. For x > 0, fig. (5.3) indeed indicates an
increase in the noise at low frequency relative to that calculated from a single Lorentzian

line, for example, when x = 0.8, there is a 4.2 dB peaking in the low frequency spectrum.

5.2 Discussions

Although it has been analytically shown that there is a connection between the low
frequency rise in the spectrum of the reflection induced noise and a low frequency dip in
the spectrum of the instantaneous frequency noise, a detailed analytical justification of the
latter has not been provided. Hence, it would be very desirable to verify both analytically
and experimentally the presumed relation between the instantaneous frequency noise and
the FM response of the laser. Comparison of measurements with the same laser of
reflection induced noise and the FM response would provide a test of the above
supposition. If successful, this would then enable measurements of reflection induced
noise to be used as a means of characterizing the FM response of single longitudinal mode

lasers.
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6.0 Physical modeling

So far, the analysis of reflection induced noise has been done by considering a fixed
reflectivity at the refractive index discontinuities along the fiber transmission line. The
physical causes and nature of these discontinuities have not been considered in the analysis.
The discrete reflectivities described by fixed numbers do not offer much insight into the
physical nature of these reflectors, knowledge of which is essential to take measures to
minimize their impact on system performance. Further, all the randomness in this
phenomenon is described by the random variable x, in the formalism developed in chapter
3. There are various factors that affect the probability density function of x. The coding
scheme employed in the transmission system is one example. In this chapter, we touch on
the relationship between the paramters in our model and physical paramters in actual

systems.
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6.1 Reflections from splices and connectors

Optical energy is reflected towards its source at splices and connectors. The effects
of a given reflection coefficient have been considered in some detail in the preceding
chapters. In this section, we discuss the relation of reflection coefficients to some of the
physical parameters characterizing splices and connectors.

Splices are considered first. The amount of optical energy reflected from a non-
fusion splice depends on three factors [16]:

a) the quality of the fiber endface

b) the closeness of the index matching to the fiber’s index of refraction

c) the spacing between the two fiber ends.

In particular, the degree of polish on the end of a fiber has a substantial effect on reflection
even when the end is immersed in an oil whose index of refraction matches that of the fiber
extremely well. Further, even in single mode systems, splices generate modal noise that
affects the BER. This phenomenon has been extensively studied and can cause difficulties
under certain circumstances. However, it can be eliminated fairly easily in practical
systems [17]. The effects of these reflections is very small if the reflection coefficients are
less than 1%. It is expected that coherent systems will require even lower levels of
reflection.

In the case of connectors, the situation is similar. To reduce the reflection effects,
fiber joints are designed to have physical contact, are index matched, or have tilted endfaces
[18]. In fiber joints designed for endface contact, an air gap between fiber endfaces may
still exist due to either the non-perpendicularity of endfaces or the presence of contaminants
or design tolerances. Also, in convex polished connectors, physical contact may occur
away from the core owing to off-axis polishing. Recent work by Shah et. al [1] has shown
that the polishing of fiber endfaces may substantially increase the refractive index of the
surface from 1.47 to about 1.6. This region of higher index, about 0.15 microns deep,

results in interference effects that can cause reflection losses of greater than 1.1 dB, which
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is greater than the maximum specified loss for some connectors. Fig. (6.1) [18] shows the
effect of small changes in the air gap length between two single mode fibers on the
coupling efficiency of a connector having polished end faces. In the following section, an
outline of the theory describing the influence of a random air gap on fiber transmittance is

presented.

6.2 Reflections from non contacting joints

Wagner and Sandahl [19] have performed a detailed analysis of the transmission
characteristics of fiber connections. Non contacting fiber connectors have a small air gap,
which can be modeled by a Fabry-Perot cavity. Multiple reflections within the cavity
produce interference effects which are observed as transmission fluctuations if either the
fiber separation or the source wavelength is varied. These effects occur provided the fiber
separation is less than the coherence length of the source. Since the air gaps cannot be
predicted to be of a fixed length, statistical techniques must be employed in their analysis.

The reflection coefficient for a Fabry Perot cavity is given by [20]:

. = 4R sin?$ (6.2.1)
(1-R)2 + 4R sin2d

where

d=nAd /A, andR= (n-1/n+1)2.

n is the refractive index of the fiber, A, the center wavelength of the laser, Ad is the width

of the air gap, and R is the reflectivity of the boundary between the air and fiber endface.
As mentioned, Ad is not fixed. Assuming that itis uniformly distributed, the probability
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density function for a given reflectivity Reff is given by :

YT- Rinax (6.2.2)

P = —
Re) = R R Ros - R

where R, =4R /(1 + R)2. Using this equation, Fishman et al [20] have found that for

n = 1.45 to 1.57, the maximum reflection R, varies from 12.6 % to 17.9 % and the
mean reflection from 6.53 % to 9.3 %. The relation for the probability density function is
used to derive a probability density function for the R used so far in this document, which
has been defined to be the geometric mean of the reflectivities of the two discontinuities. In
fact, it is the geometric mean of the reflectivities of two random air gaps. The resultant
probability density function is a convolution integral that has been evaluated numerically.
The resulting distribution has a mean varing from 5.5 % to 8.3 % and a maximum varying
from 12.6 % to 17.9 %, as the refractive index varies from 1.45 to 1.57. Thus for n =
1.57, the mean reflection coefficient resulting from two lossless non-contacting
connections is 8.3 %. The power penalty from RIN corresponding to this value of the
mean reflection coeffcient is 1.4 dB (from fig. 3.2). Hence, a system with only two non-
contacting connectors will have a mean power loss of 1.4 dB, neglecting jumper loss etc.
This shows that the power penalties incurred are fairly heavy, and may be unacceptable in
power limited fiber optic systems.

All this shows that attention needs to be paid to the design of connectors and splices
such that these reflections are minimized. It should be noted that these reflections can be
minimized by using an index matching medium (fluid / gel) etc. between the fiber end faces
and while this approach is common in the splicing of fibers, due to considerations like
cleanliness and contamination, it is usually not used in demountable connectors. In such
cases, however, the connectors can be polished at an angle such that the reflected power is
not guided into the fiber. Drake [21] has studied various types of fiber end terminations and
connections. He has listed some of the better terminations and connections - those which

have low reflectance properties. The double-bulb connector, drawn in fig.(6.2), according
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to him, is one type that has a low reflectance (less than 1%).

6.3 Coding effects on RIN

As mentioned previously (section 3.1), the statistics of RIN are influenced by the
line coding schemes employed. The analysis thus far had been done with NRZ formatted
data. Elrefaie et al [22] have considered return-to-zero formatted data and have evaluated
the performance degradations due to RIN using computer simulation techniques. Basically,
the single mode laser rate equations were solved numerically to obtain the statistics of the
phase fluctuations. The simulations were done for both NRZ and RZ line coding schemes.
It was found that the RZ performance was better by about 1.0 dB than NRZ at a error rate

of 109. The power penalties are shown in fig.(6.3) as a function of the round trip delay

between the joints. The power penalty of the NRZ system varies slowly with the delay time
t, while the RZ penalty peaks only at values of t equal to an integer number of bits. For
instance, in the case where both connectors have 8 dB return loss (i.e. a reflection
coefficient of about 15%), at round trip delays equal to an integer number of bits, the
power penalty of both NRZ and RZ systems is 3 dB. However, at offset delays, although
the power penalty of the NRZ system remains at 3 dB, the RZ penalty is reduced to 1.5
dB. The value of the return loss represents a worst case situation. For lightwave systems
with multiple connectors, the RZ system penalty is found to be sensitive to the distance

between connectors and in the worst case is equal to the NRZ system penalty.
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7.0 Conclusions

7.1 Summary

Reflection induced noise in fiber optic systems due to the presence of refractive
index discontinuities is an example of signal dependent noise in a communications system.
It is an impairment that has always been present in fiber systems. However, it is only
recently that there has been any significant interest in it - with the advent of high speed
systems and narrow linewidth lasers. It is recognized as an important factor in determining
overall system performance.

The work in this thesis can be broadly divided into two categories :

a) study of RIN as a specific impairment in a fiber communication system

b) development of a methodology for evaluating the effects of signal dependent

noise.

This thesis, in addition to summarizing the broad literature on this subject, has made

new contributions on the following topics :
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i) multiple reflections at a single pair of reflectors

ii) multiple reflectors in the system

iii) presence of other impairments in the system

iv) enhanced low frequency content in the spectrum of RIN.

The effects of signal dependent noise in a communications system do not generally
lend themselves to easy analytical solutions. Primarily, the probability density functions of
the random variables representing such phenomena are not easy to evaluate. They, in
general, do not fit into the Gaussian model which is much more amenable to analysis. A
major part of this thesis has concerned itself with ways to estimate the probability density
function and the corresponding power penalty in such situations. We have come up with a
few simple models which have provided accurate estimates of the power penalty incurred in
maintaining a nominal error probability. It must be reiterated here that while these
approximations are not very useful in predicting actual error probabilities, the quantity that
is often of greater interest, especially in power limited fiber systems, is the power penalty

that must be paid to maintain a nominal error probability.

7.2 Conclusions and principal contributions

In chapter three, we show that a degradation like RIN that is bounded does not
result in a BER floor. The uniform and quadratic approximations for the probability
density function of RIN provide good estimates of the power penalty relative to an exact
calculation. The analysis shows that as long as the approximation considered has the same
bounds as the actual p.d.f, the power penalties are in excellent agreement, even though the
shapes of the two distributions may be very different. In fact, owing to the steepness of
the p.d.f of RIN, it has been approximated as an eye degradation equal to the maximum
value of the noise, with good results.
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In the case of a multiplicity of reflectors in the system, the p.d.f of the resultant
noise process cannot be evaluated analytically. However, since the moments may be
calculated, the G@-Chmlicr series method is used to estimate the p.d.f of the process.
The power penalty incurred in maintaining a 10" error probability is then calculated. We
have shown that the power penalties increase rapidly with the reflectivity R. We see that the
reflectivities must be less than a few percent (2-3%) to ensure acceptable levels of
degradation. Further, as the number of reflectors increases, the p.d.f of the resultant noise
process tends to become more Gaussian, keeping with the predictions of the Central Limit
Theorem. For three reflectors, there is a significant difference between the Gaussian
approximation and the actual p.d.f (the Gram-Charlier series approximation). However, for
four reflectors, there is not much difference between the two. As the number of reflectors
increases, the uniform and the quadratic approximations also become increasingly
inaccurate as the pdf tends to become Gaussian.

The discrepancies between theoretically calculated and experimentally measured
power penalties were sought to be resolved by considering effects that had been neglected
in the literature. The effects of multiple reflections and the presence of an extinction ratio
(or other fixed degradations) are two possibilities that at least qualitatively explain the
discrepancies. We have shown that indeed these effects do result in higher power
penalties, in keeping with the experimental results.

‘The enhanced low frequency content in the spectrum of RIN observed in the
literature is explained by postulating a low frequency dip in the spectrum of the
instantaneous frequency noise, which is probably caused by thermal phase modulation.
We show that this indeed indicates an increase in the noise at low frequency relative to that
calculated from a laser with a purely Lorentzian line. .

Finally, it may be noted that the power spectrum of RIN in a controlled incoherent
situation (a Mach-Zehnder interferometer for example) provides a simple method to
measure the linewidth of the laser without having to use complicated optical spectrum

analyzers.
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7.3 Suggestions for future research

In this thesis, laser phase noise has been been characterized by some parameters that

are assumed constant, independendent of the modulation. In practice, turn-on and turn-off
transient effects are extremely important in gigabit per second systems. In this context, we
feel that the phenomenon of frequency chirp will have a major impact on RIN and is, in our
opinion, worth looking into.

Another area that needs investigation is the impact of RIN on FSK systems. With
coherent systems becoming increasingly important, and with their intrinsic sensitivity to
random phase variations, an effect like RIN warrants investigation.}Once again, these are
primarily related to the physical modeling. The methodology presented in this thesis should
be applicable.

The impact of coding schemes needs to be looked at in greater detail.

To model these and other effects, the laser rate equations should provide a logical
starting point and complex simulations may have to be performed to understand their
impact on RIN.

With regard to the wider problem of signal dependent noise, it is of interest to see
how broadly the simple approximations developed in this thesis are useful. Specifically, it
would be desirable to establish conditions under which the various approximations to the

distribution of signal dependent noise are applicable.
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Appendix A : Power spectral density in the incoherent

case

The autocorrelation function of RIN in the general case is given by eq.(2.3.5) which
is reproduced here :

R (t,7) = 2R?{ exp (- 2nAV| t| )[ 1+ cos 2wot. exp (4mAV(T -|t|), [t] <7t

(2.3.5)
exp (- 2rAvt) [ 1 + cos 2moT ] [t] >

In the incoherent case, T >> T, i.e. the delay time is much greater than the coherence time

of the laser. In this regime, the contribution to the autocorrelation function is mostly from

the first term in eq. (2.3.5). This is proved as follows :

In this regime, 2ntAvt >> 1. Hence, exp (- 2nAvt ) is negligible, which means that
the contribution to the autocorrelation from the second line (when Itl > 1) is negligible.

Coming back to the first line, T>> 1, T - It >> T. most of the time. And since there is an

additional factor of 2 in the exponent, the contribution from that term too is not very
significant. Hence, the autocorrelation function in the incoherent regime is given by the

simpler expression :

R(t,T) = exp(-2rAvltl) (A.1)

neglecting scale factors.

The power spectral density of RIN is then written in the form :
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P(w) = I dt exp(-2rAvitl - jwt) (A.2)

which is similar to eq.(5.1.4) of chapter five, except for the change in the variable of
integration. Hence, in the incoherent regime, the power spectral density of RIN is nothing
but the Lorentzian line convolved with itself.
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Appendix B : Approximation of an exponential probability

density function by a quadratic

In keeping with the emphasis placed on the approximation of the probability density
functions of signal dependent noise in this thesis, we test our approximation against
another known probability density function. We see how good a quadratic approximation
is to an exponential probability density function.

A two-sided exponential probability density function is given by [10] :

px(x) = —2— exp(-Bix!) (B.1)
whose variance is given by :
ol = % (B.2)
p

In accordance with the formalism developed in chapter 3, the signal at the receiver
decision point is given by :

y =a+xRa+n (B.3)

where x is the random variable having an exponential distribution. The probability of error

is given by eq. (3.1.6) which boils down to the following expression in this case :

(-]

py = L 2 B exp(-pixi B.4
E e du exp( Z)J‘_L(l-n) dxzexp(Bx) (B.4)
2R a

-0
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This expression is evaluated to give :

- B B
e = Feprs-D){1-Qe-mo)

B ~ B
-%cxp Gg (Z?‘lm_2 +D)Q @+ +Q@)

(B.5)

In both these expressions, the symbols are as defined in chapter 3. The power penalties
can then be evaluated numerically from eq.(B.S).

We try to approximate the power penalty by a quadratic having the same variance as
this exponential function. The p.d.f of the quadratic is given by :

fi(x)=ag + a2x2, for x<0<x (B.6)

The unknown ag, a, and x are calculated by matching the variance and ensuring that the

other conditions mentioned in chapters 3 and 4 are satisfied :

a = 0.75 ({lm); a; = -0.75 (',%)3 ;X =ﬂBQ (B.7)

Choosing different values of P between 25 and 50 and for high values of R, we

numerically evaluate the power penalty incurred in maintaining an error probability of 10~
with this approximation.

Comparing the results with the actual values obtained from eq.(B.5), we find that
there is a poor match. We believe that the reason for the poor match is because the
exponential has a very long tail, as a result of which there is an error floor. However, since
the quadratic approximation is bounded, there is no error floor. Nevertheless, this tells us
that the approximations we are considering are not valid in every case. Hence, there is
some interest in finding out the conditions under which these approximations hold and also

in finding other approximations that give satisfactory results in other circumstances.
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