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Abstract

A study of the performance of spectrally sliced light-emitting diodes (LEDs) for
digital fiber optic transmission systems is presented. This study also included the use of
erbium doped fiber amplifiers (EDFAs) to increase the LED power. A theoretical mode!
based on the statistics of both the LED emission and the EDFA amplification was
developed and used to obtain the bit error rate (BER) for a spectral slicing system
composed of an LED, EDFA, optical filter and an optical receiver. It also allowed us to
examine the effect of various system parameters such as the LED power and extinction
ratio, the EDFA gain and noise factor and the optical filter bandwidth on the BER
performance.

This model allowed us to better understand the spectral slicing method as well as
the EDFA amplification process. It predicted the appearance of floors in the BER as a
function of the power at the optical receiver. These BER floors are caused by an excess
noise term present in the variance of the LED photon distribution. The excess noise term
is due to the lack of coherence of the LED. We found that this term is always the one that
ultimately limits the BER performance and that the use of an EDFA could not improve
this performance.

An experimental spectral slicing system operating at 622 Mb/s (OC12) was
implemented to verify our model. A series of BER results were obtained from this setup
and were compared with the predictions of our model. We found a reasonably good
agreement. Finally, we calculated the maximum number of channels achievable and the
distance over which these channels could be transmitted in the case when our spectral
slicing system was used in a wavelength division multiplexing (WDM) application. We
found that 13 channels modulated at 622 Mb/s transmitted through 25 km of optical fiber
could be accomplished.
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1. Introduction

Spectral slicing of a broad incoherent light source was demonstrated for the first time in
1988 by Reeve et al. [1]. This technique was seen as a way to bypass the need for good
quality laser sources acting as optical carriers for wavelength division multiplexing
(WDM) or frequency division multiplexing (FDM) transmission. It consists of taking slices
in the spectrum of a broad source by adequate filtering. Each slice fhign becomes an optical
carrier that can be modulated at a high bit rate, multiplexed and sent through an optical
fiber link. In their experiment, Reeve et al. achieved a four-channel system operating at 2
Mb/s over 2.2 km using a light emitting diode (LED) as a source. Recently, FDM
transmission with as many as 100 channels modulated at several hundreds of Mb/s over
tens of kilometers have been achieved using a set of distributed feedback (DFB) lasers [2].
Some experiments of the same kind but using spectrally sliced carriers combined with
optical amplifiers have also been reported [3-4]. Although the fundamental limit of this
method regarding the number channels that can be placed side by side before reaching an
unacceptable signal-to-noise ratio (SNR) and/or bit error rate (BER) has been investigated
{5], no complete explanation has yet been given. The aim of this work is to get a better
understanding of spectral slicing as well as look at its fundamental limit.

This chapter gives an introduction to the vast and continuously growing field of
optical communications and to spectral slicing. It is divided into four parts. First, an
overview of the field of optical communication is presented. Then, a description of the
project is given along with its motivations. In the third part, we explore different
important aspects of spectral slicing that will have to be considered in our analysis.
Finally, the chapter will be summarized with a conclusion.

1.1 Overview of Optical Communications

In principle, for a communication system, the greater the carrier frequency is, the larger
the available transmission bandwidth and consequently, the larger its capacity for
carrying information is. For example, communications at optical frequencies gives an
increase in the potential usable bandwidth by a factor 104 over high frequency
microwave transmission [6]. Furthermore, the development of optical fiber technology
has provided a very good guiding medium for optical communications. Single-modg
optical fibers have a low loss region extending over more than 30 THz [7]. From an



engineering point of view, this represents an incredible potential. For these reasons, a lot
of effort has been made in the last decade to exploit this potential.

1.1.1 Types of Communication Systems

Optical communication systems can be classified according to the type of modulation
they used. There are two basic types of modulation: field and intensity modulation. In the
majority of optical fiber systems, semiconductor sources such as LEDs and laser diodes
are used and intensity modulation is achieved by varying their injection current. This is
called direct modulation. Another way to achieve intensity modulation is to use external
modulators. These devices are also used in conjunction with semiconductor sources.
They are essentially high-speed electro-optic shutters. The modulation can be analog or
digital. In digital systems, signals are represented by a sequence of 0's and 1's called bits.
If intensity modulation is used, each bit is represented by the presence or absence of a
pulse of light. This type of modulation is called on-off keying (OOK). There exist othe:
types of analog and digital modulation that can be impressed on either the amplitude, the

frequency, the phase, or the polarization of light. For further details, the reader can
consult the book by Stremler [8].

1.1.2 Multiplexed Transmission

One way to exploit the available optical bandwidth is to use multiplexed transmission.
Multiplexing is defined as the transmission and retrieval of more than one signal through
the same communication link. Multiplexing of signals can be performed in either the
time or the frequency domain. In the time domain, different time slots are allocated to
samples of the different signals while in the frequency Jomain, carriers of distinct
frequencies are modulated by different signals. For optical systems based on intensity
modulation and multiplexing in the frequency domain, three multiplexing techniques are
being explored: Wavelength Division Multiplexing (WDM), Frequency Division
Multiplexing (FDM) and Dense Wavelength Division Multiplexing (DWDM). Some
distinctions are useful to make about these techniques. Brackett [7] indicates that it is
common to refer to DWDM for systems when the wavelength spacing is on the order of
1 nm and to optical FDM for systems where the frequency spacing is on the order of the
signal bandwidth or bit rate. He also mentions that WDM usually refers to systems where
the channel bit rate is much smaller than the carrier spacing by typically several tens of
nm. Those distinctions give a feel for the degree of complexity involved. For a good



review on FDM transmission and networks the reader can consult the paper by Brackett
[7].

Multiplexed transmission in the frequency domain requires the allocation of one
carrier per channel. These carriers must have a narrow bandwidth, be stable and their
separation must match the multiplexer passband. Several good quality laser diodes
designed to operate at precise frequencies matching the multiplexer can play the role of
carriers. Several experiments using this technique have been reported [9-11]. The main
disadvantage of this method is that it requires very high quality sources whose
wavelengths must be selected to match the different multiplexer channels. In fact, as the
number of signals increases and thus the spacing between carriers diminishes, the
characteristics of the sources become critical. Those sources are commercially limited
and consequently very expensive. Another technique known as spectrum slicing is also
being explored. This consists of isolating narrow spectral slices from the emission
spectrum of broad sources such as LEDs and SLDs (Superluminescent Diodes). The
spectral slices are obtained by the wavelength division multiplexer (also called WDM)
passband filters and are then modulated. This approach has the advantage of being very
simple. However, spectrum slicing is inefficient frcm a power-budget standpoint since a
very small fraction of the source power is coupled through the multiplexer [12].

1.1.3 Detection and Performance

There are two standard types of detection used in optical communication systems:
coherent and direct (or incoherent) detection. Coherent detection involves the mixing of
the incoming signal with a local optical oscillator to translate it into a baseband signal
(homodyning) or into a signal at an intermediate frequency (IF) (heterodyning). This
signal can then be processed using standard filtering techniques. Coherent detection
usually requires knowledge of the phase and the frequency content of the incoming signal
which is not easy to obtain in practice. For this reason, the majority of optical fiber
communication systems use direct detection. In direct detection, only the variations in the
optical power level (or intensity) are monitored and no information is carried by the
phase and frequency of the signal.

The direct detection of an intensity modulated carrier is basically a photon
counting process where each detected photon is converted to an electron-hole pair by a
semiconductor photodetector. The random nature of the photogeneration and
photodetection processes adds undesirable fluctuations to the useful signal. These
fluctuations are commonly called noise. Consequently, the performance of a system
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depends on the signal level relative to the noise. In analog systems, performance is
defined in terms of Signal-to-Noise Ratio (SNR). In digital system, it is defined in terms
of Bit Error Rate (BER), i.e. the probability of error per bit. In the best conditions, when
an on-off keying (OOK) modulation is used, it takes at least 21 photons per bit to achieve
a BER of 109 [13]. This is known as the quantum limit of direct detection. For less

ideal conditions and especially in the presence of noise, this limit can be significantly
higher.

1.1.4 Optical Amplifiers

There are two types of optical amplifiers: the semiconductor type and the fiber type. The
fiber type optical amplifiers have an important advantage over the semiconductor type in
that they are polarization insensitive. They simply consist of a length of silica fiber doped
with rare earth ions. Rare earth doped and especially erbium doped fibers have recently
received a growing attention from the scientific community because of their potential for
low cost, easily produced sources and amplifiers at wavelengths of interest for optical
communications [14]. When associated with silica, the erbium atom exhibits a broad
fluorescence line of width about 40 nm centered near 1550 nm [15]). In addition, erbium
has two absorption lines free from excited state absorption at 980 and 1480 nm which
allow efficient pumping by semiconductor lasers. The amplification property of erbium
doped fibers comes from stimulated atomic state de-excitation. By this process, a signal
at a wavelength near 1550 nm is amplified as it travels through the fiber. Gain values as
high as 37 dB can be achieved by design optimization [15). In addition to the amplified
signal, however, there is also a small amount of noise added which is due to the
amplified spontaneous emission inside the amplification medium. More information on
fiber amplifiers can be found in the papers by Urquhart [14], Desurvire [15] and Ainslie
[16].

1.2 Project Description

In this project, the fundamental limit of spectral slicing is investigated. To accomplish
this, we are going to study the noise characteristics of spectrally filtered LED emission
before and after optical amplification by an erbium doped fiber amplifier (EDFA). The
focus will be put on the properties of one single spectrally sliced optically amplified
carrier. This will allow us to get a better understanding of both the spectral slicing
process and the EDFA amplification mechanism and should determine if the spectral



slicing method can be used to generate optical carriers in an optical FDM or WDM
application.

The motivation behind this project is to offer an alternative to the need for several
semiconductor laser sources with very tight specifications on the operating frequency
generally required in FDM systems.

This research project was supervised by Dr. Jan Conradi and took place at
Telecommunications Research Laboratories (TRLabs). It was supported by the Natural
Science and Engineering Research Council (NSERC), Bell Northern Research (BNR)
and TRLabs through the NSERC/ BNR/TRlabs Chair in Fiber Optic Communication at
the University of Alberta.

1.3 Spectral Slicing

The principle of spectral slicing is illustrated in Figure 1.1. It consists generating optical
carriers by taking slices in the spectrum of a broad incoherent light source such as an LED
using one or several optical filters. Each carrier can then be separately modulated at a high
bit rate, multiplexed and transmitted through an optical fiber link. The optical filtering can
be accomplished by a series of optical filters or by a Fabry-Perot type filter which has a
periodic transmittance as illustrated in Figure 1.1.

sl

Spectrum Slices

Optical Transmittance

Figure 1.1: Dllustration of spectral slicing. Here an optical filter having a periodic
transmittance is used to generate a series of slices from the spectrum of a broad LED.
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1.3.1 Optical FDM System

Figure 1.2 shows the general block diagram of an optical FDM system using spectral
slicing. It is composed of a carrier generator, a demultiplexer, a series of modulators and a
multiplexer, on the transmission side, and a demultiplexer and a series of receivers on the
reception side. The carrier generator provides a set of optical carriers using the technique
described above. Then, each of these carriers is separated from the others by a
demultiplexer and intensity modulated with an external modulator. The N resulting outputs
are then recombined by a multiplexer and transmitted through an optical fiber link. On the

reception side, the N outputs are demultiplexed and detected by a series of optical
receivers.
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Figure 1.2: General block diagram of a FDM system.

1.3.2 Carrier Generator

The carrier generator is the most important part in this project because it is where the
spectral slicing occurs. It is composed of three parts: an LED, an EDFA, and an optical
filter as shown in Figure 1.3.



i Optical
LED Filter

Figure 1.3: Block diagram of the carrier generator

LED Source

The source used for the carrier generator is an LED. It is a forward-biased semiconductor
p-n junction with a large radiative recombination rate arising from externally injected
carriers. It is essentially a device that converts current into light. It is called an incoherent
light source since its emission is just composed of spontaneous emission of photons.
LEDs are available in a variety of wavelengths including around 1.3 and 1.55 pm in
either surface-emitting or edge-emitting configurations. Typical LEDs can couple a few
tens of microwatts in a single mode optical fiber. Devices operating in the 1.3 pm range
generally offer more power than those operating in the 1.55 pm. Their optical spectrum
is approximately Gaussian with a FWHM (Full Width Half Maximum) bandwidth in the
range of 70 to 100 nm. The reader may consult the book by Saleh and Teich [13] and by
Petermann [17] for more information on LEDs.

EDFA

An EDFA is used in the carrier generator to increase the LED output power before it is
filtered. As mentioned earlier, EDFAs are fiber traveling wave optical amplifiers for
which their amplification properties come from their erbium dopant. When light signals
pass through EDFAs, amplification occurs and a small amount of amplified spontaneous
emission is added. This amplified spontaneous emission (ASE) occurring inside the gain
medium adds noise to the signal when detected. The ASE power can be calculated as
follows:

P,=mN_(G-1)hvB, (L.1)
where m, is called the polarization coefficient, N,, is the EDFA noise factor, kv is the
photon energy in Joule and B,, the EDFA optical bandwidth. The noise factor is a very
important parameter for a optical amplifier. It plays the role of noise figure. The
parameter m, accounts for the polarization of light. It can take a value between 1 and 2.
In the detection of an optically amplified signal, additional noise is created by the beating
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of the signal with the ASE. This phenomenon has been extensively studied by Olsson
[19]. The gain of an EDFA is determined by the input signal power and a parameter called
the saturation power. It can be approximated by the following transcendental equation:

G=G, exp[(l - G)(-}I:l]] 1.2)

sar
where G, is the small signal gain, P, is the input signal power and P, is the saturation
power. The saturation power depends on the fiber length , the erbium concentration, the
pump power. For small input signal power, the gain is a constant equal to G,. In this case,
the EDFA is said to operate in the linear regime. For inputs greater than the saturation
power, the gain decreases and the EDFA is said to operate in saturation. Several other
properties of EDFAs are treated in the book edited by France [20].

Optical Filter

The optical filter is used to slice the LED spectrum. Several types of optical filters can be
used to accomplish the spectral slicing. However, the most interesting is the Fabry-Perot
because of its periodic transmittance. This is essentially a resonant cavity most often air-
filled with partiaily reflecting mirrors at both ends. Light entering the cavity makes a
series of round trips and, at every pass, it is partially transmitted. The total transmission
is determined by summing the transmitted light amplitudes. The transmittance of such
filters is defined as a function of frequency as follows [13]:

- TE
V)= 1+(2F/z)* sin(nv/v,) (1.3)

where F is called the finesse, and v, is the free spectral range (FSR). T, is the
maximum transmission and depends on the reflection and transmission coefficients of the
mirrors. It also indicates the insertion loss of the filter. The FSR defines the spectral
spacing between the adjacent transmission peaks and depends on the cavity length and
the refractive index of the cavity. The FWHM bandwidth Av of the transmission peaks is
related to the FSR and the finesse by the following formula:

\j
Av = -I-f- (1.4)
Tunable devices are available with bandwidth as narrow as a few tens of kilohertz and
very low insertion loss. More information about Fabry-Perot filters can be found in the
papers by Gornail [21] and Miller {22]



1.3.3 Optical Receiver

The optical receiver is used to detect the modulated optical carriers generated by filtering
the EDFA amplified LED emission. It is an important sub-system of our project since it
is where the detection process occurs. As shown in Figure 1.4, the optical receiver is
composed of three parts: a photodetector, one or mere amplifiers and an electrical filter.
A photodetector is generally a semiconductor device that converts a photon flux
to an electron flux or electric current. It accomplishes essentially the inverse function of a
semiconductor source. A photodetector is characterized by three factors: its responsivity,
electrical bandwidth and its noise current. The responsivity describes how efficient the
photodetector is in converting an optical signal to a photocurrent or equivalently, photons
to electrons. Good photodetectors have responsivity of 0.7 to 0.8 A/W. The electrical

Electrical
_Filter
Photo- N
detector t-l |

Figure 1.4: Block diagram of the optical receiver.

bandwidth of a photodetector is a measure of how fast it responds to a change in the
optical signal. The larger the bandwidth, the better the photodetector is. Today,
photodetectors with bandwidths of several gigahertz are available commercially. Finally,
the noise current specifies the limit on the lower detectable power level of the
photodetector.

The photodetector is generally followed by an amplification stage and an
electrical filter. The overall performance of this set of components is given by the
receiver sensitivity. It is the power level required at the photodetector to achieve a certain
performance criterion. In digital communications, the criterion commonly used is a BER
of 10 for a given bit rate. The sensitivity is generally limited by the noise of the
electrical components of the receiver. Several configurations can be adopted for the
receiver including high, low and transimpedance front ends to optimize the performance
in a particular application. This is treated in detail by Williams [23). For more
information about semiconductor devices, the reader may consult the book by Kressel
[24).



1.3.4 Detection of Light

The random nature of the photon emission process creates undesirable fluctuat; ‘ns in the
optical signal which upon detection add to the useful signal. Additional fluctuations are
created by the movement of electrical charges in circuit elements of the optical receiver.
These fluctuations are all regrouped under the term noise.

Electrical Noise

The electrical noise results from the thermal motion of charges in dissipative elements
and transistors of an electrical circuit. It is generally gaussian in nature and is always
present in an optical receiver. This is discussed in detail by Saleh[13, 25} and Teich. This

noise degrades the sensitivity of the optical recejver and contributes to the degradation of
the performance of the system.

Photon Noise

For large signal levels, the receiver noise can be neglected and the photon noise is
dominant. This noise is due to the random arrival of photons on the photodetector. The
statistical distribution of the number of photons arriving on a photodetector depends on
the nature of the light source. For coherent light, for example, the arrival of photons can
be seen as the independent occurrence of random events at a rate proportional to the
optical power. In this case, the photon number statistics follows a Poisson distribution.
However, for partially coherent or incoherent light, the arrival of photons is no longer a
sequence of independent events; therefore, the photon statistics are different. This is the
case, for example, of thermal light whose photon number statistics follows a Bose-
Einstein distribution.

For coherent light flux, the number of photons n counted in an interval T follows
a Poisson distribution given by:

-w
pln)=w—,
n!

where W represents the mean photon number arriving in a time interval (0, 7) and is
defined as:
1 7
W= h—V Jop(t )it s

where
P(1) is the optical power in Watts.
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For partially coherent or incoherent light flux, the photon number will differ from
the Poisson distribution. In particular, the photon number statistics of a spectrally sliced
incoherent source such as an LED before and after amplification by an EDFA will
probably differ from the Poisson distribution. This will be considered in detail in
Chapters 2 and 3.

Quantum Limit

A simple calculation can be performed to determine the minimum power required
in an optical carrier according to the quantum limit for detection. If we assume that the
average number of photons at the detector in certain interval of time T (a pulse) is W,
then the average power is given by:

P, = hv% [Watts].

As mentioned in Section 1.1.3, for a BER of 109, the quantum limit for detection
requires W = 21 photons. Assuming a digital system operating at 1.55 pm with a bit rate
B = 1/T = 1 Gb/s, the minimum power required is:

P, =3x10" [Watts] (or -55 dBm).
Multiplying this result by 10 provides margin of safety. Therefore, the minimum power
required is 30 nW.

We can compare this result to the power of one spectral slice from an LED
spectrum using an optical filter. Assuming that the optical filter FWHM AA . is 0.5 nm,
and that the LED has an output power P,g, of 10 uW and a FWHM AA, .= 100 nm, the
power of one spectral slice Py, can be approximated by:

Poyee ”%F—Pum [Watts].

LED
which gives:
P, =50%x10" [Watts] (or -43 dBm).
A slice power of 50 nW is more than the minimum power required by the quantum limit
30 nW. Therefore, based on this preliminary calculation, the method is feasible.

1.4 Conclusion

The first section of this chapter presented an overview of the vast and growing field of
optical communications. This showed that scientists and engineers have tried to exploit
the enormous potential of optical communications by using various techniques of
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modulation, multiplexing and detection. In the second section, a description of the thesis
project was given. The principal motivation behind the project is to offer an alternative to
the semiconductor laser sources generally used as carriers in optical FDM systems. In the
third section, the spectral slicing ‘method was described along with the various
components of the carrier generator using this technique. Then, we discussed the
detection process and introduced the notion of noise with a special emphasis on photon
noise. It was stated that the statistical distribution of the number of photons depends on
the nature of the light source. Also, a simple calculation allowed the comparison of the
power contained in one generated carrier using the proposed method to the minimum
power for detection required by the quantum limit.

In conclusion, even though the simple calculation performed in the last section of
this chapter showed the feasibility of the proposed method, further examinations are
necessary in order to determine if this is a viable option to the currently used technology.
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2. Statistics «f Filtered Incoherent Light
Sources

This chapter presents a review of the study of the statistical properties of light, a topic
often referred to as the Theory of Optical Coherence [25]. A special emphasis is put on
the case of filtered incoherent light which represesi: fi'tered LED emission. Most of the
work on the Theory of Optical Coherence was accompiished in the late 50's and early 60's
by pioneers itk Mandel, Glauber, Wolf, Bééard and also Jakeman and Pike [26]. But the
subject has re-crnerged with the development of ojtical communications and since, several
good books and :eview atticles were published on this subject {13, 25-29].

The chapter is divided into three sections. First, the concept of randomness ir. light
is introduced. Second, the statistics of some common light sources are discussed and in
particular the case of filtered thermal light. Finally, a conclusion summarizes the chapter.

2.1 Statistical Properties of Light

Randomness in light is caused by inherent fluctuations of the source and/or of the medium
through which light propagates. However, in this report, we are only interested in the
fluctuations of the source and therefore, we assume no additional fluctuation caused by
the medium. Depending on the nature of the source, light obeys a certain set of
probabilistic laws which can be characterized by statistical averages. This section
introduces the concept of randomness in light along with a set of useful statistical averages
to characterize its behavior. The major part of this section is drawn from Chapters 10 and
11 of the book by Saleh and Teich [13].

2.1.1 Coherent and Partially Coherent Sources

Light sources that exhibit no fluctuations do not exist in reality. However, in the case
where their fluctuations are negligible, they are called coherent sources and their electric
fields are said to be deterministic. All other sources that exhibit fluctuations have a
variable degree of coherence and are called partially coherent sources. These sources are
said to have stochastic fields which can be represented by random functions of time and
space.

An optical field can be defined as:

u(r,) =Re{U(r,1)}, 2.1
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where U(r,?) is a compiex function,

ris the position in space,

tis time,

and Re{.} represents the real part.
U(r,1) can take different forms depending on the nature of the light source. For example,
for a perfectly coherent source (deterministic monochromatic light):

U(r,t)=U(r)exp(j2nv1), (2.2)

where Vv is the light frequency,

and U(r) is a deterministic function.
For a partially coherent source (random light), U(r,#) is a random function of time and
space but it can be characterized by a set of statistical averages.

2.1.2 Optical Intensity

The intensity of deterministic light is defined as the squared magnitude of the optical field:
I(r,0)=|U(r,0)f. 2.3)
For monochromatic deterministic light, the intensity is independent of time but for random

light, U(r,#) is a complex random function and therefore the intensity is also random. In
this case, the average intensity must be used and it is defined as:

Kr)=(UCe)), 24)
where (,) means ensemble average.
The optical intensity has the dimension of energy per (time x area). It can therefore be

associated to a photon flux density. Assuming that each photon carries an energy hv , the

photon flux density n(r,?) is:

I(r,t)
hv ’

where A is the Planck's constant (6.63x10-34 J.s).

Note that this equation represents the link between the classical and quantum theory of
light.

2.1.3 Temporal Coherence and Spectrum

n(r,t)=

(2.5)

The autocorrelation function of a stationary complex random function U(r,?) evaluated at
a fixed point in space is defined as:

G(7)=(U() U(t+1)), (2.6)
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where, here again, (.) means statistical average.
This function is also called temporal coherence function and is related to the optical
intensity in the following way:
1=G(0). 2.7

Therefore one can define a normalized autocorrelation. fonction which is insensitive to the
intensity:

g(t)= %g—; and 0<g(t)<l. (2.8)
This function is a measure of the degree of temporal coherence of the optical field. The
function U(r) can also be characterized by a time scale representing its ‘memory".
Fluctuations at points separated by a time interval longer than the memory time are
considered independent. The function appears smooth over its memory time and exhibits
fluctuations when observed over longer time intervals. The memory time also called the
coherence time is defined as:

7. = [|g@)f ar. 2.9)

It is a common way to indicate the degree of temporal coherence of a field.

Another important statistical average that is the frequency domain equivalent of
the autocorrelation function is the power spectral density (PSD) or simply spectrum. It is
defined as the Fourier transform of the autocorrelation function:

S(¥)= [ G(@)exp(-j2mvm)as. (2.10

The PSD gives the frequency distribution of the power contained in an electrical field. Its
relation to the autocorrelation function is illustrated for two different types of light source
in Figure 2.1. In (a), the case of a light source having a short coherence time is depicted.
As we can see, a short coherence time results in a broad spectrum. The case of a light
source having a longer coherence time is shown in (b). A long coherence time corresponds
to a narrow spectrum. We also notice that within the coherence time, the electric field
appears to be correlated, i. e., each value is similar to its adjacent neighbors.

For the majority of optical fields, the spectrum of light occupies a more or less
narrow band around a central frequency v,. The spectral width or linewidth Av of a field

is proportional to the inverse of its coherence time T, but can have several definitions. One
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Removed due to copyright restrictions

Figure 2.1: Relation between the autocorrelation function and the power spectral density
(Taken from Saleh and Teich [13]). The electric field, the autocorrelation function and the
spectrum are shown for the case of a light source having a short coherence time in (a) and
a longer one in (b)

common definition is the spectrum full width half maximum (FWHM). Another common
one is the equivalent noise or rectangular bandwidth. It is defined as follows:

Av —.i“_‘.—____.J"‘()
= =
S, S

where P, is the total power contained in the field, S(v) is the PSD of the field and S, its
peak value. Another convenient definition for the linewidth of an optical field is as follows:

(2.11)

[j_:s(v)dv]”
Av,=t— 4 2.12)

[ s*(v)av
With this definition the linewidth Av, is always equal to the inverse of the coherence time
1, regardeless of the shape of the optical spectrum S(v) [13]. The relation between

AV » AV, Av, and 7, is given in Appendix 2A for different spectrum shzpes.
2.1.4 Spatial Coherence and Polarization

Just as for temporal coherence, a set of functions can be derived to characterize the
coherence of an optical field in space. However, this will not be considered in our analysis.
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In an optical communication system, we only observe the temporal effect of the
photoelectrons as they are produced over the entire detector area [27]. Consequently, in
the following, only the occurrences of the photon will be studied and the intensity I(r,?)
will be noted (t). In addition, the electric field will always be assumed to be either linearly
polarized in one direction or simply unpolarized. An unpolarized electric field can be seen
as a field having a random polarization.

2.1.5 Photon Number

The mean photon flux is associated with the optical intensity as follows:

I
J :;%A;gu(:)’ 013

n(t)=

() i
where A is the detection area and hv is the photon energy.
For deterministic monochromatic light, the intensity is constant in time (I(t) = I) and n(?) is
given by:

Al P
n(t)—-}-&--m. (2.14)

For non-monochromatic light, v must be replaced by V representing the central light
frequency.

The mean number of photons 7 detected in the area A and during the observation
time T is obtained by performing the following integral:

T
7= n(e)de. 2.15)
0

For deterministic light, the optical intensity does not depend on time and 7 is simply:
n=n(t)T. (2.16)
Due to its quantum nature, even if the intensity of light I(¢) is constant, the time of
arrival of photons is govemed by probabilistic laws. If a-source emits photons at a
constant rate (deterministic and monochromatic light), the probability density of detecting
one photon at a certain point in space and during the observation time 7 is proportional to
the intensity /(¢) at that point. The intensity I(f) determines the mean photon flux density
n(t) and the properties of the light source determine the fluctuations in n(t). If, for
example, the optical power P(t) varies with time, the density of random photon detections
will follow the function P(#) (see Figure 2.2). The mean photon flux is given by Equation
(2.13) but the times at which photons are detected are random. Where the power is large,
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Figure 2.2: (a) Constant optical power and the corresponding random photon arrival
times.(b) Tim. varying optical power and th:: -orresponding random photon arrival times.
(Taken from Saleh and Teich [13])

there are more photons arriving, on average, in a given time interval and where the power
is small, there are less. Even if the power is constant, the times at which photons are
detected are random and determined by the statistics of the source.

For a perfectly coherent source (deterministic and monochromatic light), the
arrival of photons can be seen as the independent occurrences of random events at a rate
proportinnal to the optical power (see derivation by Gagliardi and Karp [27], Chap. 4). In
this case, the photon number is described by the well-known Poisson distribution given by:

W*" exp(-W)
—_—

p(n)= 2.!7

where W is defined as:

1§ 1t
w --,;;'(]:P(t)dt- E!LI(t)dAdt. (2.18)

For coherent light, the quantity W (the normalized integrated intensity) is a
constant and represents the mean number of photons 7 in the interval of time (0,7). But,
for a partially coherent or incoherent light source, the intensity itself fluctuates randomly in
time (and/or space) as does the optical power. This results in the integral W also being
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random; therefore, additional averaging over W is required to determine the mean number
of photons. In this case, the photon arrivals cannot always be considered as a sequence of
independent events and the photon number distribution may differ from Poisson. If the
fluctuations in the mean photon number W are described by a probability density function
p,,(W), the unconditional photon counting distribution for incoherent light can be

obtained by averaging the conditional photon counting distribution p(nlW):

plnjw) = F-exptW) ex:!(-W)

weighted by the probability density p,, (W) over all the permitted values of W:

(2.19)

p(r) = | p(n|W)py(W)dW

(2.20)
W" exp

_-;E(:Ell’w(w)dw-

This formula was first derived by Mandel [30] in 1958 and is known as Mandel's
Formula. It is also referred to as the conditional [26] or doubly stochastic Poisson
distribution [25, 26] because of the two sources of randomness that contribute to it; i.e.,
the quantum nature of photons (which behave according to a Poisson distribution) and the
intensity fluctuation arising from the incoherence of the light source. This same equation is
sometimes called the Poisson Transform [25] or the Photodetection Equation [29]. This
infegral is very difficult to evaluate in practice. A great deal of work has been done in
trying to evaluate Mandel's formula for different light sources [29]. The photon number
mean and mean square are given by:

Otmmmy§ © Gy §

(n) =Y np(n)=(W)

(2.21)
{n*)="Y n*p(n)= (W)+(w?),
where (.) signifies s¢atistical average.
From this, #he variance is found to be:
62 =(n)+03, (2.22)

where 673 is the variance of W,
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The photon number variance is the sum of two contribution; the first term is the
basic contribution of the Poisson distribution and the second is an additional contribution
caused by the fluctuations of the source.

2.2 Statistics of some Ligit Sources

In this section, the statistics of the most common light sources are discussed in order to
derive their respective photon number distributions. The majority of the material in this
section is drawn from the book by Saleh [25] and the review article by Metha [26].

2.2.1 Ideal Laser (Coherent) Light

Laser light is characterized by stimulated emission. This means that an ideal laser source
emits photons that have the same frequency and same phase. Such a source does not
exhibit any field amplitude fluctuations and is often referred to as a perfectly coherent
source (deterministic and monochromatic light). In this case, the integral W is a constant
or equivalently a random variable with an impulse function as probability distribution:

p(W)=8(W-(W)). (2.23)
The evaluation of Mandel's formula becomes very simple in this case. Using Equation
(2.20), we cbtain:

plod = [ L2 wy)aw

(2.24)
_ r"exp(-n)
- n! ’
where (W) has been replaced by 7.
This is the Poisson distribution with mean and variance:
(m) =7 (2.25)

ol=m.
As seen earlier, due to the quantum nature of light, even when the source emits totally
deterministic monochromatic light, there is still randomness in the photon number.

For real (non-ideal) laser light, which is not characterized by pure stimulated
emission, additional randomness is added causing the photon number to deviate slightly
from the Poisson distribution. A common model used for predicting the photon number
distribution of real laser light is to consider the laser output to be an ideal laser field on
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which is superimposed another wide spectrum field having random amplitude fluctuations
described by a Gaussian distribution. In that case, the photon number can ‘be expressed in
terms of the Laguerre polynomials [31].

2.2.2 Thermal (Incoherent) Light

Thermal light represents light emitted by a thermal source, i.e. a resonator whose walls are
maintained at a temperature in equilibrium with its surroundings. It can also represent light
created by the spontaneous emission from a large number of atoms; each of them acting
independently. Photons are therefore released randomly at various frequencies and at
different phases. Light sources characterized by these phenomena are usually called
incoherent and their output can be modeled by a field with amplitude fluctuations
described by a Gaussian distribution and with various spectrum shapes or widths. The
instantaneous intensity of a linearly polarized thermal source is described by an
exponential distribution given by:
1 I

p(1)=(17°"p("(1_))’ (2.26)

Narrowband Thermal Light

As discussed in Section 2.1.3, there is a correspondence between the linewidth Av of an
optical field and its time of coherence t,. Itis given by:

Av = ax-L, @.27)

Tc

where o is a proportionality constant. In the case where the definition (2.12) is used for
the linewidth, this proportionality constant a is equal to unity. In addition, the symbol B,
will now be used to designate the linewidth or optical bandwidth specifically. In the same
manner, the symbol B, will be used for the electrical bandwidth associated with an
observation or detection time T. Thus, an optical field having a small bandwidth B,
compared to the detection bandwidth B, is said to be a narrowband field. Equivalently, we
can also say that a narrowband field has a long coherence time T, compared to the
detection time T.

When the coherence time T, of the source is very long compared to the detection
time T'( T, >> T), the intensity of light /(#) can be considered as a constant in the interval
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T and W is then, approximately ——— AI}EV)T Consequently, the probability distribution of W is

exponential:

p(W)=-— ) exp( (W)) (2.28)
where (W)= ihlvg

By evaluating Mandel's formula (Equation (2.20)) with the above probability distribution,
one obtains the following photon number distribution:

( R ) (t.>>T)or(B,<<B,). (2.29)

pln )—(n+1) n+l

This corresponds to the Bose-Einstein distribution [25] which has a mean and variance
given by:

(n)=n

ol =n+n.
If we compare these two expressions to those obtained for the Poisson distribution
(Equation (2.25)), we find that the only difference is in the additional term 7> in the
variance of the Bose-Einstein distribution. Thig results in a larger fluctuation in the photon
number for the case of a narrowband thermal*source than for the case of an ideal laser
source even if both are menochromatic. This comes from the fact that a thermal source
has random intensity fluctnations whereas an ideal laser source has none. For comparison,
the Poisson and Bose-Einstein distributions are shown in Figure 2.3 (a) and (b),
respectively. In this figure, both the Poisson and the Bose-Einstein distributions are
plotted with the mean number 7 as a parameter. This mean 7 can be associated with the
average number of photoiis during a bi: time T in a digital intensity modulated
communication system. We notice that for the Poisson distribution (Figure 2.3 (a)), the
highest probability of finding photons is always near the mean 7 while it is always at zero
in the case of the Bose-Einstein distribution (Figure 2.3 (b)). We notice also that the

variance of the Bose-Einstein distribution is significantly larger than that of the Poisson
distribution,

(2.30)
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Figure 2.3: Poisson (a) and Bose-Einstein (b) distributions plotted with the mean number
of photons 7 as a parameter.

Wideband Thermal Light

On the other hand, when t_ is small compared to T ( t, << T), the interval T can be
divided into a large number of sub-intervals of the order of T, and the contributions to W

from each of these sub-intervals are random variables that can be considered statistically
independent. From the central limit theorem, W is found to be Gaussiza distributed. But in
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the limit where the ratio T, /T — 0 (source with infinite linewidth), the fluctuations in the

intensity are smoothed out by the integration and the distribution of W tends to an impulse
function as in the case of ideal laser light:

p(W)=38(W-(W)). (2.31)
In that case, the evaluation of Mandel's formula gives a Poisson distribution for the photon
number:

p(n)=-"—"i‘f'-("—'7), (t.<<T)or(B,>>B,). (2.32)

and again, the mean and the variance are:

(n)=7
ol =7.
This result is quite surprising. It means that one can obtain the same photon number

statistics by either using a perfectly coherent source (ideal laser) or a totally incoherent
sotirce having an extremely large frequency spectrum.

(2.33)

2.2,3 Flitered Thermal Light

The two cases treated above are the simplest. When arbitrary spectrum shapes with
variable widths are assumed, for example, the derivation of the photon number probability
distribution is more complicated and closed forms often simply do not exist. For a filtered
polarized thermal source having an arbitrary spectrum shape an approximate formula was
derived for the photon number distribution. The probability distribution of W was
suggested by Rice [32]:

N N-1

p(W) = 121;,--(-1%,-:1—)? exp(-1aW), (2.34)

where the constants a and N are defined in the following way:

TZ
Ne—r , (2.35)
2f (T-1)|g(x)f e
0
2N
a2V (2.36)
(W)



where g(t ) is the normalized autocorrelation function of the optical field and (W) the
integrated light intensity.
Using Mandel's formula (Equation (2.20)), we obtain:

T(n+N) 1 1

pln) = nIT(N) (1+7/N)" (1+NJR)"

(2.37)

where I'(.) is Euler's gamma function. The parameter 7 is the mean of the distribution and
N is called the number of modes and is defined by Equations (2.35) and (2.36).

This photon number distribution was obtained for the first time by Mandel [33] in
1959. It is known as the negative binomial distribution [25]. If N is an integer the Equation
(2.37) can be rewritten in terms of the Newton's binomial formula as follows:

n+N-1\ 1 1
n  Ja+r/N)" (1+N/m)"

p(n) = ( (2.38)

The factorial moments of the negative binomial distribution are given by:

gn_'z _T(N+r)
wy TN @)

where r is the moment order.
In particular, for =2, we have, using the identity I'(x+1) = xT(x):

(") _T(v+2)  (N+)NT(N) _N+1

= = = . 2.
W TN TN N (2.40)
From this, the variance is found to be:
2 2 241
o = n + — L] .

The distribution of Equation (2.37) is plotted in Figure 2.4 with the number of
modes N and the mean #as parameters. This figure shows five different plots labeled (a)
to (e). Each plot is obtained for a constant number of modes and four different values of
the mean. The values taken for the number of modes and for the mean are N=1, 1.5, 2, 5,
100 and 71'=0.1, 1, 5, 10, respectively.
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Figure 2.4: Negative binomial distribution plotted with # and N as parameters. (a) N=1,
(®) 1.5,(c) 2, (d) 5, (e) 100.

- (N =b

As we can see from this figure, the increase of the mean broadens the distribution.
The increase of the number of modes shifts the point of highest probability of the
distribution towards the value of the mean. The distribution is narrower and more
symmetric as the number of modes increases. For N=1, the highest point of the distribution
is located at n=0 for all values of the mean whereas for N=100, it is approximately located
at n=0, 1, 5 and 10. For N=1, the negative binomial distribution reduces to a Bose-
Einstein distribution. This can easily be seen by comparing Figure 2.4 (a) and 2.3 (b). For
large values of N, however, the negative binomial tends towards a Poisson distribution.
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The plot of Figure 2.4 (e) obtained for N=100 can be compared to Figure 2.3 (a). They are
practically identical.

If we compare the expression for the variance of the negative binomial dtsribution
(Equation (2.41)) with that of the Poisson distribution (Equation (2.25)), we see that they
differ by the term 7#?/N. This term is called the excess noise term and is due to the
incoherency of the source. {34]

As we can see by looking at Equation (2.35), the number of modes N depends on
the autocorrelation function of the optical field and therefore, on its spectrum shape and
width. It also depends on the detection time T and consequesitly on the shape of the
electrical frequency response. The expression for the parameter N is given for different
optical spectrum shapes and a detection time T in Appendix 2B. If we define the detection
time T as the inverse of the total electrical bandwidth B,, T can be replaced by 1/B, in the
expressions of Table 2B.1 and we can plot the number of modes N as a function of the
ratio B, /B, . This has been done in Figure 2.5. From this figure, we can see that when the

ratio B, /B, becomes large, that is when the optical spectrum width B, is large compared

to the electrical bandwidth B,, the number of modes N essentially becomes equal to the
ratio B, /B, In that case the variance becomes:
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Figure 2.5: Plots of the parameter N as a function of the ratio B, /B, .
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o = ﬁ+ﬁ’(-§£—) (B,<<B,), (242)
This simplified expression for the variance allows us to investigate the effect of the source
spectrum on the photon nuniber statistics and particularly the optical filtering effect in the
case of spectral slicing. The expression of Equation (2.42) was obtained by Hodara [34] in
1965. '

The case of an arbitrarily polarized thermal source can be viewed as an extension
of the linearly polarized case. In fact, the light intensity can be divided into its two
polarization parts which are statistically independent. Consequently, we have:

I(t)=1()+L(s) (2.43)
with (L)=4(1+)I) and {,) =L (1-P)1). (2.44)
where £ is called the polarization coefficient. This parameter is equal to 1 when the light
is linearly polarized and to O when the light is unpolarized. The resulting photon number
distribution is a convolution between two negative binomial distribution. The results can
be express as follows [28]:

LTy

" " (245)
xﬁ. T(N+k)[(N+n-k) [1+ 2N ] [ 2N ]
% kn-K)[T(N)] A(1+p) a(l-f)|
The mean and variance of Equation (2.44) are;
(n)y=m
ol = 1+-—(12"'P) r'i]. @46)

Equation (2.45) reduces to a single negative binomial distribution (Equation 2.37)
for P=1 which represents the linearly polarized case and for #=0 which is the unpolarized
case. However, the number of modes N becomes 2N in Equation (2.37) in the unpolarized
case. This result allows us to treat both linearly polarized and unpolarized thermal light the
same way since both have the same photon number distribution, It suffices to remember
the factor of two in the number of modes.
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2.3 LED Statistics

As mentioned in the Introduction, an LED is a forward biased semiconductor p-n junction
with a large radiative recombination rate arising from externally injected carriers. Its
output light just consists of spontaneous emission of photons (generally unpolarized)
which results from random electron-hole recombination in the semiconductor material.
The photons are emitted independently of each other with a frequency and phase that are
independent of those of other photons [35). Since spontaneous emission essentially
behaves like thermal light [17], we will assume that the statistics of a filtered LED follow
those of a filtered unpolarized therntil source (negative binomial) as described in the

previous section. This assumption is a very important one since it will be the basis for the
rest of our work. '

2.4. Conclusion

The first part of this chapter introduced the concept of randomness in ligh.: with a set of
statistical averages to help characterize this randomness. In the second part, the statistics
of some common light sources were discussed and their photon number distributions were
given. In particular, the photon number distribution of a filtered thermal source was found
to be a negative binomial. This distribution is characterized by a mean count 7 and a
number of modes N. The variance of the negative binomial contains an additional term that
depends on the number of modes. This additional term is called excess noise term and is
due to the incoherency of the source. The number of modes is related to the bandwidths of
both the photodetector (electrical, B,) and the optical field (B,) Finally, we found that
both linearly and randomly polarized filtered thermal sources could be described by a
negative binomial with a different number of modes.

In the next chapter, a statistical model for optical amplifiers will be introduced.
This model will allow us to obtain the photon number distribution of their output.
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3. Birth-Death-Immigration Processes
Applied to Optical Ampiifiers

Birth-death-immigration (BDI) media have been known for long time. As early as 1957,
Shimoda et al. [36] used them to model the amplification of photons inside a maser
amplifier. Their work remained unused for almost thirty years. More recently, Teich et al.
[37-39] revived the subject in trying to apply the BDI theory to linear optical amplifiers,
that is optical amplifiers operating in the linear regime. This chapter is an introduction to
BDI media and to their use in the modeling of the statistical output of optical amplifiers
and in particular of EDFAs (erbium doped fiber aplifiers).

There are four main divisions in the chapter. First, the theory of BDI media is
introduced. Second, the mathematical expression for the output of a BDI medium is
obtained for some simple inputs as well as for an input characterized by negative binomial
distribution which describes filtered incoherent light sources such as LEDs. Third, a series
of observations is made in which the BDI parameters are related to the physical quantities
of EDFAs. In particular, the well-known beat noise terms encountered in optically
amplified signals are identified in the BDI output variance. Finally, the chapter is
summarized in the conclusion.

3.1 BDI Theory

Many books on probability and statistics treat BDI processes [40, 41]. In this section, the
BDI medium parameters is defined as well as the mathematical equations describing it.
The Probability Generating Function (PGF) method will also be introduced as an aid to
solve the BDI medium equations.

3.1.1 Description

A BDI medium is characterized by a set of four parameters: a birth rate per particle a(z)
and a death rate per particle b(r), an immigration rate c(f), and a depth or time of
traversal 1. Each particle inside a BDI medium can either generate another particle (birth),
do nothing or disappear (death). The probability of generating another particle or
disappearing is weighted by the birth and death rates, a(f) and b(r), respectively. In
addition, there is a probability that some particles be spontaneously created inside the
medium (immigration). This probability is determined by the immigration rate c(¢). These

31



processes are very similar to the those encountered in the amplification of optical signals.
The birth, death and immigration rates can be associated with the stimulated emission, the
absorption and spontaneous emission of photons, respectively, inside an optical amplifier
operating in the linear regime. The optical amplifier noise caused by its ASE (amplified
spontaneous emission) can be treated as an immigration-birth process, i.e., a birth for
which the initial particle is a spontaneously emitted photon. The parameter  can be related
to the interaction time of photons inside the optical amplifier. In the case of an EDFA, for
instance, this time is given by the ratio of the length of doped fiber to the speed of light.
Figure 3.1 illustrates the processes discussed above in the case of three photons
entering an EDFA of length ! modeled by a2 BDI medium. In the figure, the EDFA has
been divided into six equal sections. The count for the number of births, deaths and
immigrations as well as for the total number of photons is provided after each section of
the amplifier. After having gone through the entire EDFA length, a total of 7 births, 4
deaths and 6 immigrations have been recorded. The total number of photons at the output

is 12. Note that the photon labeled n, goes straight through the EDFA without giving any
birth.

Birth: 0

Death: 0

Imm.: 0
Photon Count: 3

|_‘—>

n@—wl.....c.....

n) .—. ............

nj ® —.';

Lo oan
immigrati death ASE
immigration )
(spontaneous em.) (absorption)

e initial photon == birth © death e—= immigration

Figure 3.1: Tlustration of the birth, death and immigration processes of a BDI medium
and their physical correspondence in EDFA amplification.
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3.1.2 BDI Equations

A BDI medium is mathematically described by a differential equation. If the probability
(meaning the probability density function (PDF)) of having » particles at the input of the
BDI medium is p,(n), then the probability p(n,t) that n particles are present in the BDI
medium after a time ¢, satisfies the Forward Kolmogorov difference-differential equation
given by:

;n ) =[(n-1a+c]p(n-1,)
H(n+1)b]p(n+1,) (3.1)
~[n(a+b)+c]p(n,1).

It is possible to solve Equation (3.1) and obtain the PDF of the output of the BDI medium
in terms of the PDF of the input. This is not easy to do in practice but there exist some
methods to facilitate the task. In the next section, we introduce one of these methods
called the Probability Generating Function (PGF) method. The derivation leading to the
Equation (3.1) as well as its solution can be found in a paper by Diament and Teich [37].
The major part of the rest of this section is drawn from this paper.

3.1.3 Probability Generating Function
The PGF of the BDI medium is defined as follows:

G(z,t)= (z") = 2 p(n,t)z", (3.2)

It is basically the z-transform (or Laplace transform) of the PDF p(n,t). The PGF satisfies
the partial differential equation:

i‘ia‘ji’-qz-u[( »2ED, g, z)] 63)

which has for its solution, in the general case of varying birth, death and immigration rates
[371:

G(z,t)=G,(Z(z,1;0),0) exp{J:[Z(z,t;'t) - l]c(t)dt}, 34)
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(z=1)h(1)

where Z(z,T)=1+ W~z K]’ (3.5)
) =exp] [} (6()-a(0)ar], (36)
k()= [ [h()a(r)]de 3.7

and G, (z) is the PGF of the input.

Equation (3.4) can be rewritten as function of a birth-death (BD) process and an
immigration (I) process [40]:

G(z.1)=G,, (G (2.1))G(2.1), (3.8)
where Gyp(2:1) = Z(2,1,0) (3.9)
and G(z,t)= exp{j;[Z(z,t; T)- l]c('c)dt}. (3.10)

The mean number of particles at the output of the BDI medium is:

n(t) =7l%;[p'§” +j;h(‘t)c(‘t)d‘t], (3.11)

where 7, is the initial mean number of particles at the input. 7, and 7(f) can be
associated with the average number of photons found in an interval of time T at the input
and output of an EDFA, respectively and the parameter 1/A(r), with the EDFA small
signal gain.

The case of constant birth, death and immigration rates greatly simplifics the
mathematics. The Equations (3.6), (3.7) and (3.10) become:

h(¢t) = exp((b—a)t) (3.12)
k(t)=[al(b-a)][A(t)~1] (3.13)
G, (z,8)=[1-(z-1)k(r)/ (t)] ™. (3.14)
In this case, the PGF of the BDI medium G(z,t) simplifies to:
_ .Gh(Z(z,t;O)) 3.15
)= e ey W G-5)
with Z(z,4,0)=1+ (z=1) {3.16)

h(t)-(z-1)k(r)’

The mean and the variance of the output become:
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i, +(c/ a)k(z)

A(f)="2— ® (3.17)
o2(1)= o, -7, +(2k(r)+h(r));7,;(a:)(c/a)k(t)(% Ke)-h(s)) G3.18)

The assumption of constant birth, death and immigration rates allows us to obtain non-
integral expressions for the PGF (Equation (3.15)) as well as for the output mean (3.17)
and variance (3.18). For an EDFA, the stimulated emission and absorption rates as well as
the spontaneous emission rate are expected to be dependent on the amplifier length / and
consequently on the interaction time ¢. This is mainly due to the pumping mechanism
which is generally nonuniform throughout the length of the EDFA. For instance, if the
pump and the input signal are co-propagating, the stimulated emission rate will most likely
be larger at the input end whereas the absorption rate is expected to be larger at the output
end. This means that EDFA amplification would be best represented by a BDI medium
with variable birth, death and immigration rates. However, only the case of constant birth,
death and immigration rates will be considered in the subsequent sections. This is
equivalent to assuming that the pumping is uniform throughout the EDFA length.

In the case of no input, p,(n)=5(n) and the PGF, G,(z), becomes equal to 1.
From Equation (3.15), we obtain:

Glz.1) =[1-(z= k() KO = G,(z,1) (3.19)
This PGF is of the form:
Glz,N,7)=[1-(z-D)(E/N)]" (320)
and describes a negative binomial PDF:

N'T(n+N) @
nIT(N) (m+N™"

with mean 7 = (c/a)[k(¢)/h(z)] and number of modes N =(c/a). As seen in the previous
chapter, the variance of this PDF is given by:

B(n,N,7)=

(3.21)

t 3.22
C,=n+— .
= (322)
In the previous chapter, we discussed the negative binomial PDF and we found
that it characterized the statistics of LED emission. The output of an EDFA for which
there is no signal at the input just consists of ASE. Consequently, the result of Equation

(3.21) shows that the statistical behavior of ASE is characterized by the same photon
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number distribution as for an LED. Here the mean # can represenf ¢he average number of
photons that were produced by the ASE and that are detected over an interval of time T .
The number of modes N, here given by (c/a), is as defined in Chapter 2. It is related to the
ratio of the optical to the electrical bandwidths. Finally, as discussed also in Chapter 2, the

negative binomial PDF reduces to the Poisson distribution in the limit of N — oo and to
the Bose-Einstein distribution when N = 1.

3.2 Some Input Distributions

In the previous section, we introduced the PGF method which was used to solve the BDI
equations. The use of this method greatly simplifies the task. In this section, the PGF
method is used to determine the PDF of the output of a BDI medium for various inputs.
As it is often done in electrical engineering and in mathematics in general, we can
treat a BDI medium as a system that simply applies a transformation on the function at its
input [37]. The PGF of the BDI medium (Equation 3.15) simply becomes its transfer
function. This is illustrated in Figure 3.2. Since it is usvally simpler to work with the PGF
that with the PDF, the entire calculations can be performed in the PGF domain and the
final PDF can be obtained by taking the inverse z or Laplace-transform of the resulting
PGF. In general, the input can be deterministic or probabilistic. In the following, the
output PDF of a BDI medium is obtained for the case where the input is a fixed number of

particles and for the cases where the input has either a Poisson or a negative binomial
PDF.

BD! Medium
G.(2) Gyy2:) G(z,1)
plu(n) — —b p("i')
7, abct (1)

Figure 3.2: Input-output relationship for a BDI medium treated as a system.

3.2.1 Deterministic input

The case of no input was discussed in the previous section. The result for the PDF of the
output was found to be a negative binomial. Now, if the input is one particle, then
p,.(n)=8(n-1) and G,(z) =z. In this case, Equation (3.15) reduces to:
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Z(z,1;0)

ola)= [1-(z-Dk(e) B(e)]™ o
) [1+(z~1)/(n(0)-(z -l)k(t))]

[1= Gz~ 1k(x) )]

_ [+ z-D-k0)/n0)] (3.24)

1=z~ D(e)/ ()] %

Since a factor of z in the PGF means a shift by one count in the PDF, the PDF of the
output is:

pln.t)=[1-(1-k(2))/ b(t)|B{n, N, N(k(£)/(2)))
H(1- k() ()| B(n—1, N, N(k(2)/ h(2))),
where N=(c/a)+1. (3.26)

(3.25)

For the case of #,, initial particles, p,(n)=8(n—#,) and G,(z)=z". Equation
(3.15) gives:

(2(z,1;0))™
e Py 621
_ [1+-D(-k@)/n)] 528
" [1=(e - 1)k(e) m(e)]
The resulting output PDF is a convolution between two negative binomial PDFs:
pln,t)= B(n, N, N(k()/(2)))* B(n, 7,7, (1~ (1)) b(2)), (329)
where N=(c/a)+7,. (3.30)

3.2.2 Poisson Input

As mentioned in the previous chapter, the Poisson PDF characterizes the photon number
distribution of a perfectly coherent light source (an ideal laser). In the same way as for the
deterministic input, we can use the PGF method to determine the BDI medium output for
the case of a Poisson PDF input. The PGF of a Poisson PDF with mean 7, is given by
[25]):
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G,(z)=exp[7,(z~1)]. (3.31)
G, (Z(z,1;0)) becomes:

. - ) ('—lm/h(t))(z_ 1) .
G,(Z(z,1;0))= exp[[l YT O J] (3.32)

Using Equation (3.15), we find:

= mp[h()(z-1) efa)
G(z,t)-:exp[[l_ DK /h(t)]][l (z~1D)k(e)/R()] . (3.33)

This PGF corresponds to a noncentral negative binomial PDF which is given by [37):

BN G)[0)) (k(e)/R(r))(F./K(2))
A= ) °""[ (@/m)+1) ]
X L9 (i, /i) (k) (1) +1)) ,

where Lj(.) is an associated Laguerre polynomial. Note that here, the quantity (c/a) must
be an integer.
The output mean and variance of this PDF are:

(3.34)

7 (t) =, [b(t)+(c/a) k(t)/n(z)]

o*(t)= (7, /n(t ))[z(k(t)/ h(t))+ l] +(c/a)(k(e)/n( ;))[( k(e)/h(e)) + l]. (3.35)

3.2.3 Negative Binomial Input

The case of negative binomial PDF input is interesting because as we saw in the previous
chapter, this PDF characterizes the emission a filtered LED. In addition, we can obtain
both the Poisson and the Bose-Einstein distributions in its limits.

The PGF of a negative binomial PDF with a mean 7,, and number of modes N, is
given by [25]:

Gal2)=[1-(z-1)(F /N )] ™ (3.36)
In this case, G, (Z(z,¢;0)) becomes:
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{ (z-1) = -
G,(Z(z,1;0)) [ [k W= l)k(t))) ]( .-,./Ni,.)] (3.37)

=[1-(z-1)(k(:>-(ﬁ.,./zv,,.))/h(t)]“'“ 53

1-(z-1)k(e)/h(e)
Using Equation (3.15), we obtain for the PGF:

~Niu a}+N,,
Glz.)=[1-(2-1)(k(t) + /N ) HO] ™ [1-=- D)/ ™. (3.39)
This PGF corresponds to a convolution between two negative binomial PDFs:

p(n,t)= B{n,N,,,(N,k(£)+n,)/h(2))* Bn, N, N(k(t)/ h(2)), (3.40)
where N=(c/a)-N,. (3.41)
The mean and the variance of this PDF are given by Equations (3.17) and (3.18),
respectively.

The PDF obtained in Equation (3.40) describes the statistical behavior of the
output of a system composed of an LED followed by an ECFA operating in the linear
regime, an optical filter and a photodetector. As discussed earlier, the number of modes is
related to the filtering by the ratio of the optical to the electrical bandwidths. Since all the
photons are detected by the same photodetector, the electrical filtering is the same for
both the LED and the EDFA. Consequently, the parameter N, is determined by the
optical filtering applied to the LED and (c/a) that is applied to the EDFA. In addition, a
small number of modes can be seen as narrow optical filtering and a large number as
broader filtering. In a system composed of an LED followed by an EDFA, the filtering
applied after the EDFA will determine the number of modes for both the input #{3# end
the BDI medium.

In the case where the number of modes is the same for both the input negiave
binomial PDF and the BDI medium, that is for N,=(c/a)=V, @4 second term in Equation
(3.39) becomes unity and Equation (3.40) reduces to a simpi: ucgative binomial PDF with
a mean and variance given by the following two expressions:

fi(t) =T '; (N)"(‘) (3.42)
02(:)=ﬁ(:)+i"¥. (3.43)
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In order to get some insight into the statistical behavior of the output of this
system, the PLF of Equation (3.40) is plotted as a function of the photon number as the
interaction time ¢, the average input number of photons 7, and the number of modes N are
consecutively varied. For the calculation, we assume a constant birth rate a of 7, a
constant death rate b of 6 and a constant immigration ¢ of 8. Figure 3.3 shows the plot of
the PDF of Equation (3.40) for an average input number of photons #7,=8, a number of
modes N=7.5 and for four values of the parameter 7. These values are =0, 0.14, 0.29 and
0.57. As mentioned earlier, the parameter ¢ is given by the ratio of the EDFA length to the
speed of light. Varying the value of the parameter ¢ effectively means changing the length
and consequently the gain of the EDFA. The gain values can be calculated using Equation
(3.12). They are 1, 1.15, 1.3 and 1.8 for -0, 0.14, 0.29 and 0.57, respectively. As we can
see from Figure 3.3, the BDI medium broadens the initial PDF and this effect increases
with larger values of the interaction time ¢. The mean is also shifted upward. This is due in
part to the fact that an increase of the parameter ¢ causes an increase of the gain and
therefore, an increase of the average output number of photons. In addition, some ASE is
added to the eutput amplified signal which contribute to the shift of the mean. To measure
the relative «oadening of the output PDF compared to the input, we define the parameter
s as the ratio of the output to the input standard deviations:

s=-g-(t—). (3.44)
cln
<
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By
A (\ N| Interaction time ¢
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Figure 3.3: Plot of Equation (3.40) for N=7.5 and #,=8 with the interaction time ¢ as a
parameter.



The ratio s is plotted as a function of the interaction time ¢ in Figure 3.4. This ratio
increases with increasing value of ¢ to finally reach a factor of slightly over 3.5 at #=0.55.
This can be explained in part by the fact that as per Equation (3.18) the variance is
proportional to the square of the gain 1/h(r).

Ratio s

),/

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Iinteraction Time ¢t

Figure 3.4: Plot of the ratio of the output to the input standard deviations for the case
where N=7.5 and 7,,=8 as a function of the interaction time ¢.

The effect of the average input number of photons can also be examined. Figure
3.5 shows the output PDF for a gain of 1.3 (#=0.29), a number of modes N=7.5 and for
different values of the average input number of photons #,,. From this figure, we see that
the PDF appears broader with increasing values of 7, but this broadening is not all due to
the BDI medium. In fact, the variance of the input negative binomial PDF also increases
with the average input number of photons 7,. The ratio of the output to the input
standard deviations s is plotted as a function of the interaction time ¢ with the average
input number of photons as a parameter in Figure 3.6. By looking at this figure, we realize
that the overall increase in the output standard deviation is smaller as the value of 7, gets
larger.

Finally, the effect of the number of modes on the output PDF is illustrated in
Figure 3.7. This plot is obtained for an average input nuraber of photons 7,=8 and for and
a gain of 1.3 (#=0.29). Each PDF curve of the plot is obtained for a constant value for the
number of modes N which is varied from 1 to 7.5. We see that the main effect of the
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increase of the number of modes on the PDF is to shift the point of highest probability.
This point is approximately located at n=0, 7, 14 and 22 for N=I, 2, 4 and 7.5,
respectively. Figure 3.8 shows the plot of the ratio s as a fuuction of the interaction time ¢
with the number of modes N as a parameter. We find, from this figure, that the increase in
the output standard deviation is minimum for a number of modes equal to unity. On the
other hand, the PDF of the input is the largest for N=1.

10°!
Input mean 7,
10-2 om @ em o 0
< 2
Q. —— 8
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Figure 3.5: Plot of Equation (3.40) for #=0.29 and N=7.5 for different values of the input
mean 7,,.

6
1 y
,
5 Xz
J i L, L/ Input.ﬂh‘an i,
o 47 YAl | 2
() 3 E' 1} = s
- )"ig o g S |
g o "'I ﬁ’,o‘ |
2 2ol
1
0

0.0 0.1 0.2 0.3 0.4 0.5 8.8
Iinteraction Time ¢t

Figure 3.6: Plot of the ratio of the output to the input standard deviations as a functiomeX,
the interaction time ¢ for N=7.5 with the input mean 7,, as a parameter.
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Figure 3.7: Plot of Equation (3.40) for £=0.29 and #, =8 for different values of the
number of modes N.
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Figure 3.8: Plot of the ratio of the output to the input standard deviations as a function of
the interaction time ¢ for #,=8 with the number of modes N as a parameter.

The last two cases are combined in a unique plot shown in Figure 3.9. In this plot,
the ratio of the output to the input standard deviations s is plotted as a function of e
average input number of photons 7, for different number of modes N. This figure mskes
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easjer the comparison of the effect of these two parameters. The ratio s increases as the
number of modes N increases but for a large average input number of photons, this ratio
tends asymptotically to the value of amplification gain.
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Figure 3.9: Plot of the ratio of the output to the input standard deviations as a function of
the input mean n,, for £=0.29 with the number of modes N as a parameter.

3.3 EDFA Noise Terms

In this section, the BDI medium is compared to Olsson's model for optical amplifiers [19].
This will allow us to relate the BDI parameters to such quantities as the noise factor, the
optical bandwidth and optical gain which characterize EDFAs. For a better comparison,
Olsson's noise terms are repeated here for the case of optically amplified laser light.
Liiearly polarized light is assumed in his model. The noise terms are all given in terms of
their equivalent mean square photocurrent except for Equation (3.45) and (3.46) which
represents the ASE power and its equivalent photocurrent.

ASE power: F,=N, (G-1)hvB, (3.45)
ASE Equivalent photocurrent: I, =P e/hv=eN, (G-1)B, (3.46)
Shot noise: N, =2Bep, L(GLp, +1,) (3.47)
Signal-spontaneous noise: N, ,=4GLu, . 1. B, /B, (3.48)



Spontaneous-spont. noise: N, ,={In..L) B.(2B,-B,)/B: (3.49)
Thermal noise: N,=I (3.50)
The various parameters are defined as follows:

1, is the equivalent laser signal photocurrent,

N,,, the spontaneous noise factor,

G, the optical gain,

e, the electron charge,

I, and p_,, the input and output coupling factors,

L, the fiber loss before the photodetector,

B, , the total EDFA optical bandwidth,
and B,, the single-sided electrical bandwidths. (the total electrical bandwidth is 2B,)

As discussed at the end of Section 3.1, the output mean of the BDI medium
(Equation 3.17) when there is no input can be associated with the average number of
photons generated by the ASE inside an EDFA. To compare it with Equation (3.46), it
must first be converted into an equivalent photocurrent. Assuming that each photon
detected generates a corresponding photoelectron, the equivalent photocurrent of the ASE
average output number of photons is obtained by multiplying Equation (3.17) evaluated at
n,=0 by the electron charge e and by the total electrical bandwidth 2B,. We therefore
have:

A(r)|,, .o % 2¢B, = ( ) :E‘;( )=(§)(i—b)1/h(:)-1](2e3,). (3.51)

As mentioned earlier in this chapter, the ratio (¢/a) can be seen as the number of modes of
the BDI medium and it is approximately equal to the ratio of the optical to the electrical

bandwidths, here B, /(2B,). Assuming (c/a)= B, /(2B,), Equation (3.51) becomes:

( )(— I/h(r)-1)(2¢B,) (—)1/}1(:) -1]B, (3.52)

This expression can now be compared with Olsson's ASE equivalent photocurrent
(Equation (3.46)):

e(-a—f—b—)l/h(t)-l]B, =1,=eN,(G-1)B, (3.53)

We find that the gain G corresponds to 1/A(t) and the noise factor N, to the quantity
af(a~b). The first result was known from the previous sections but not the second one.
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This result indicates that the noise factor is determined uniquely by the birth (stimulated
emission) and death (absorption) rates and is not affected by the immigration (spontaneous
emission) rate. In addition, from Equation (3.12), we can relate the quantity (a—b») the
EDFA optical bandwidth B, [36].

By substituting these findings in the expression for the output variance for the case
of N,=(c/a)=N (Equation 3.43), we can identify the various beat noise terms
encountered in the detection of amplified light. Repeating Equation (3.43):

o(t)=7a(r) +¥

and substititing the expression for the output mean 7(f) (Equation (3.42)), we get:

o*(1)= (ﬁ,g- Nk(t)) +(g,_:ﬁ + 2rT,L,Nk(t)+N’k’(t)).

3.54
W) N () B9
Replacing 1/h(t) by G, af(a~b) by N, we obtain for the first term:
PatN0) \_ (G, )+ N, (G-D)N, (355)
e I o

and for the second term:

( 7z + 27, Nk(1) + N’k’(t)]

20) = G*(#2/N) +2N,G7,(G-1)+ NA(G-1)'N .(3.56)

ExcessNoiscTerm  Signal-Spont. BeatTem  Spont.-Spont. Beat Term
To obtain the equivalent mean square photocurrent for these noise terms, we must
multiply the Equation (3.54) and (3.55) by (2¢B,)’. Comparing the equivalent mean

square photocurrent of the last term of Equation (3.56) with Equation (3.49), we have, for
Wys B, and L equal to unity:

2 2
N,(G-1N(2¢B,)' =N, ,, = (eN,(G-1)B,)' B, (2B, - B)/B:  (357)
From this equation, we have:

_(28,-B)
"~ 4B,

In our case, the optical bandwidth is always much larger than the electrical bandwidth
(B, >>2B,) and the expression of Equation (3.58) reduces to:

N (3.58)



B
= 2 3.59
N=2 (B, >>2B,) (3.59)

e

This result is almost identical to the one found in Chapter 2. The factor of two in front of
the electrical bandwidth B, comes from the fact that B, is defined here as the single-sided
bandwidth whereas in Chapter 2, it is was defined as the the two-sided one.

Conversely, the BDI parameters a, b, ¢ and ¢ can now be expressed in terms of
N, B,, B, and G. They are given by:

ip? ot
a=N,(2B,), (3.60)
b=a-(2B,)=2B,(N,-1), (3.61)
B B
o B |y | B 3.62
¢ (23, )a "’(23,) G.62)
and, with the help of Equation (3.12),:
t=In[G]/B,. (3.63)

3.3.1 Discussion

For the rest of this work, we will assume that the filtering is the same on both the LED
and the EDFA. This means that both the negative binomial PDF representing the LED
photon emission and the BDI medium modeling the EDFA have the same number of
modes. In addition, the optical bandwidth will always be assumed larger than the electrical
bandwidth. This allows us to approximate the number of modes directly by the ratio of
these two bandwidths. Also, we have to remember that the BDI medium described here
can be used to model linear optical amplifiers only. Consequently, the EDFA will be
assumed to always operate in the linear regime. Although there are some ways [42-44] to
include the saturation they are not considered here. In addition, we have to remember that
the assumption of constant birth, death and immigration rates for the BDI medium is
equivalent to assuming the uniform pumping throughout the EDFA length. Finally, the
equivalent mean square noise photocurrent defined in Equations (4.45) to (4.50) are
defined for linearly polarized light at the photodetector. This effectively means that there is
a polarizer in front of the photodetector. Although the signal can have some degree of
polarization, the ASE is not. Consequently, if this polarizer is removed from the link, the
ASE power doubles. The polarization can be accounted for by introducing a parameter
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noted m, in front of the expression of the ASE power. This parameter will be equal to 1
for linearly polarized ASE and 2 for unpolarized ASE.

3.4. Conclusion

After having defined the parameters an¢ the math=matical equations describing a BDI
medium, we calculated its output for different inputs using a method ¢alled PGF method.
In particular, we calculated the output PDF of a BDI medium for a nsgative binomial PDF
at its input. From the result of these calculations, we made some observations in order to
relate BDI parameters to characteristic quantities of EDFAs. We identified the various
beat noise terms encountered in the detection of optically amplified light in the BDI output
variance.

In the next chapter, the performance of spectral slicing of an LED followed by a
EDFA and an optical filter will be examined theoretically for a digital fiber optic
transmission. To do that, we will use the statistical models described in the this chapter

and in the previous one. The performance will be studied in terms of both the SNR (signal-
to-noise ratio) and BER (bit-error rate).
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4. Theoretical Performance of Spectral
Slicing with and without the Use of EDFAs

In Chapter 2, we studied the statistics of various light sources to find their corresponding
photon number distribution. We found that the photon emission of a filtered LED is
characterized by a negative binomial PDF. In Chapter 3, we introduced the BDI medium
and we found that the filtered output of an LED optically amplified by EDFA is also a
negative binomial PDF in the case where the same optical filtering is applied to both the
EDFA and the LED. In this chapter, the performance of spectral slicing is examined using
the theory described in Chapters 2 and 3. The focus will be put on one slice or carrier
only.

The chapter is divided into four parts. In the first part, we describe the spectral
slicing system. Second, the performance of one single spectral slice is examined based on
both the SNR and the BER. Then the performance of spectral slicing is evaluated in a
WDM application. Finally, the chapter ends with a conclusion.

4.1 System Description

Figure 4.1 shows two designs of WDM systems using spectral slicing. The first one uses a
series of LEDs that are directly modulated. Their output power is then optically amplified
by EDFAs, filtered and optically multiplexed by a WDM, transmitted and detected. A
WDM is basically a frequency sensitive coupler composed of a set of filters and a set of
wavelength sensitive combiners. Note that the set of EDFAs following the LEDs could
also be replaced by a sirigle one after the WDM. The second design utilizes only one LED
and one EDFA but a series of external modulators (EMs) between two WDM filters back
to back. The main idea behind the second design is that all the optical carriers are
generated using only one source.

For the purposes of examining the impact of filtering on the behavier of a
transmission system, we are interested only in the study of one single carrier. Thus, the
actual system under study reduces to an LED, followed by an EDFA, optical filter and an
optical receiver as shown in Figure 4.2, In addition, we assume that the carrier impinging
on the photodetector is linearly polarized. In the figure, a polarizer designated by an arrow
standing up is used just before the optical receiver to ensure that the light impinging on the
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photodetector is linearly polarized. The coil designates the optical fiber and its associated
loss.
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Figure 4.1:Two designs of WDM transmission systems using spectral slicing. In (2) LEDs
are directly modulated (DMs) and in (b) external modulators (EMs) are used.
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| opticall_@ |4 | Optical
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Figure 4.2: Spectral slicing system under study. It is composed of an LED, an EDFA, an
optical filter and an optical receiver.
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4.1.1 Signal Power

The signal power is the optical power contained in one spectral slice or carrier. It is
obtained by taking the integral over all frequencies of the product of the LED power
spectrum S,.,(v) and the optical filter transmittance S,;(v). It can be calculated as

follows:

F= J: [Swo(v)sor(v)]dv 4.1)
The LED power spectrum is approximately Gaussian in shape with a FWHM bandwidth
that can be as large as 100 nm (~13 THz). This bandwidth is several times larger than that
of the spectral slicing optical filter. Consequently, the LED power spectrum can be
assumed essentially flat over the optical filter bandwidth. This is illustrated in Figure 4.3
where a broad LED is filtered by a narrow optical filter. The LED and the optical filter
FWHM bandwidths are identified by Av, ., and Av,,, respectively, on the figure. v, and

V,r designate the LED and the optica: “lter center frequencies, respectively.

San(V.)]

Sm(V,)24

Power Spectrum

Vo
Optical Frequency v

Figure 4.3: Nlustration of spectral slicing of a broad LED with a narrow optical filter .

Assuming a Gaussian power spectrum for the LED S,,,(V), we have:

2
S.ep(V) = «/};‘E_upc exp[- (vz:z") ] 4.2)

where the parameter G defines the linewidth of the LED. It relationship with the FWHM
and the equivalent rectangular bandwidth is given in Table 2B.1. With the assumption that
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the LED spectrum is flat over the optical filter bandwidth, the average power contained in
a carrier can be calculated as follows:

P, =S5 (Vor)[_ Sor (v)av (4.3)

In the case where the optical filter is centered exactly at the spectrum peak of the LED,
that is when v, =v,, Equation (4.3) reduces to:

=
B=gl [ Sy @4

If the optical filter has no insertion loss, the integral of Equation (4.3) is effectively the
equivalent rectangular bandwidth of the optical filter B,.. We therefore get for the signal
power:

P, P,
F= J_zi.";Bor = ‘B—E'Q‘Bor (4.5)
LED

where B, is the equivalent rectangular bandwidth of the LED. As for the LED, the
EDFA gain spectrum is generally very broad. Although it can not usually be approximated
by a simple function, it can be made fairly flat over the entire bandwidth with the use of
some dopants like aluminum [15]. Consequently, the amplified signal power can simply be
obtained by multiplying the expression of Equation (4.5) by the gain of the EDFA at the
optical filter center frequency, i.e., G(vo,).

4.1.2 Modulation

The modulation applied to the optical carrier can be analog or digital. Digital signals are
represented by a sequence of zeros and ones called bits. The rate at which the bits occur
is called the bit rate and is noted B and is inversely related to the duration of a bit T, i.e.,
B=1/T. When OOK intensity modulation is used, a large number of photons is associated

with the on states and a small number with the off states. One can define the extinction
ratio as follows:

, = Bverage # of photons during on state.
average # of photons during off state
An extinction ratio of infinity represents the best case and is not achievable in practice.
More realistic values are on the order of 10 to 100. The average number of photons
during the on and off states is defined as [19]:

(4.6)
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i,y =(P,/(2hvB, ))(7%). @.7)

— 2r
n,,=(P,,/(2hvB,))(~;ﬁ) (4.8)
where P,, is the average signal power, hv, the photon energy and B,, the single-sided
electrical bandwidth. In our case, P,, is given by P, which is defined in Equation (4.1).
Two types of digital signals can be used in OOK modulation: non-return-to-zero
(NRZ) and return-to-zero (RZ). NRZ signals have a 100 % duty cycle whereas RZ
signals have a 50 % duty cycle. The NRZ and RZ signals are illustrated in Figure 4.4 for

the same bit rate. We see that the NRZ signal occupies the full duration T of a bit while
the RZ occupies only half, This results in that an RZ signal requires twice the electrical

110011110101 10

(@

ol LT

|
T=1/B t

104

Figure 4.4: (a) NRZ and (b) RZ signals.

bandwidth of an NRZ signal. NRZ and RZ OOK modulation can be applied by directly
varying the injection current of the LED or by the use of external modulators.

4.1.3 Photodetection

The photodetector essentially converts a flux of photons to a corresponding photocurrent.
The process by which a photon stream is converted to a photocurrent is called
photodetection. It can be modeled in the following equation [27]:

a(0,1)

i(6)="Y h,(e-1,), 4.9)

m=]
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where #,(¢) is the photodetector impulse response function. The area of the photodetector
impulse response function is equal to the electron charge. r_ is the time of release of the
mth photoelectron and n(0,r) is the st¥mber photoelectrons released during the time
interval (0,f). The photodetector is always followed by an electric circuit to form an
optical receiver. Consequently, it is more appropriate to use the impulse function of the
h,(t) of the optical receiver. The transfer function of the optical receiver . (f) can be
obtained by the Fourier transform of its impulse response function A (f). It can have

different shapes to serve different purposes. One shape commonly used in digital
communication is the raised-cosine because it minimizes the intersymbol interference [8].
Its magnitude is defined as follows:

,

1 folf|<B-B,
n|f|+B,-B
H,(f)}=4cos*l =—~—=—| for(B-B,)<|f|<B 4.10
(f)=1cos (4 5o ) or(B-B,)<|f|<B, (4.10)
0, foqf|> B..
B, is the single-sided absolute receiver (electrical) bandwidth and is given by:
B, =1(1+p)B, 4.11)

where B is the roll-off factor and B, the bit rate. The roll-off factor changes the shape and
the bandwidth of of the optical receiver transfer function |H,(f)[. This is illustrated in
Figure 4.5. For B=0, for instance, IH,( f)| is perfectly rectangular and the single-sided
electrical bandwidth B, is half the bit rate. For digital communication systems using OOK-
NRZ modulation, a receiver bandwidth slightly larger is usually assumed. [6]

Assuming that each photon generates a corresponding photoelectron at the
photodetector, the average photocurrent (i) produced by the detection of a OOK-NRZ

modulated signal can be obtained by multiplying the average photon number recorded
during the duration of a bit by the electron charge g and the total (double-sided) receiver
(electrical) bandwidth 2B,. We obtain:

(i)=24nB.. 4.12)
In the same manner, the variance of the photocurrent is obtained by multiplying the

variance of the photon number by (2¢B,)’ as follow:

o’ = (2¢B)' ¢’ (4.13)
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Figure 4.5: Plot of the receiver transfer function |H, (f)| for different values of the roll-off

factor.

In a real photodetector, the efficiency of the conversion of photons to electrons is
not 100%. It is scaled by a factor (usually denoted 1) called the quantum efficiency.

Therefore, the real average photocurrent would be obtained by multiplying the average
photon number by 'q(2qB,) instead of only (ZqB,). Also, for the moment, we will assume

that the receiver circuit is noiseless, i.e., no thermal noise is added to the fluctuations of
the signal. This is a reasonable approximation when the signal level is large. The impact of
the thermal noise will be discussed later.

With the help of Equation (4.12) and (4.13), we can rewrite the various noise
terms encountered in the detection of linearly polarized optically amplified signals
identified in Chapter 3 (see Equations (3.55) and (3.56)) in terms of their equivalent mean
square photocurrents. They are as follows:

ASE: I,=P,(ng)/(hv)=ngmN_(G-1)2B)N  (4.14)
Signal: I =n(2ngB,) (4.15)
Signal squared: s=((GL ), p,.L) 4.16)
Shot noise: N, =(2ngB, L)1, (GI,)+1,) 4.17)
Signal-spontaneous noise: N, =(2(GI, ), 12,1, (22))/N @.13)
Spont.-spont. noise: Ny =(oull,) /N (4.19)
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Excess noise: N, =, L(GL)) /N (4.20)
where 7 is the quantum efficiency of the photodetector, I, and p_, are the input and
output coupling factors and L is the fiber loss between the optical filter and the optical
receiver. The parameter m, in Equation (4.14) takes into account the polarization of the
detected ASE. In our case, a polarizer is used in front of the optical receiver and m,
becomes equal to 1. The Equation (4.15) defines the average photocurrent of the signal
and 7 is the average number of photons representing the signal. N is the number of modes
as defined in Chapter 2 by Equation (2.35) and as we discussed in this chapter, it can be
approximated by the ratio of the optical to the electrical bandwidths in the case of large N.
Here the optical bandwidth B, is that of the optical filter and the electrical bandwidth is

the double-sided optical receiver bandwidth 2B,. Consequently, N is given by:

B

N=—2 4.21
28 4.21)
The sum of the various noise terms is:
N,=N,, +N,,8_,p +N,p_,p +N,,. 4.22)

Note that N,, is equal to the variance of the equivalent mean square photocurrent
{Equation (4.13))

4.2 Performance

The performance of @ transmission system depends on the signal level relative to noise.
When analog modulation is used, the signal is a continuous waveform and the
performance of the system is given in terms of SNR. When we use digital modulation, the
signal is represented by a series of seros and ones called bits and the performance is given
in terms of BER. There exists a relationship between the SNR and the BER, however, this
relationship is not always obvious. Although the SNR is not appropriate to evaluate the
performance of a digital system, it can provide some insight into the understanding of the
system behavior. Consequently, in the following, the performance of the system of Figure
4.2 will be studied in terms of both the SNR and the BER.

4.2.1 SNR in Absence of Thermal Noise
The general expression for the SNR is:
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_ Signal power

" Noise power

_ Mean square signal photocurrent
" Me: n square noise photocurrent

SNR
(4.23)

Since we assume an optical recei.  with no thermal noise, the noise of the system is
caused by the fluctu:ions in the phuion number only (photon noise). These fluctuations
can be evaluated by the photon number variance 62 or equivalently by its equivalent mean
square photocurrent N,,. The SNR becomes:

S _ S
N, Nyu+N_,+N,  +N_
First, we consider the system of Figure 4.2 in the case where the LED is directly OOK
modulated with a NRZ signal and without the EDFA (i.e., G=(1/h(t))=1). Assuming a
unity quantum efficiency for the photodetector (11=1) and no fiber loss (L=1), the SNR is

given by:

SNR =

(4.24)

__ S _ m _ N

" N,,+N, n+(@/N) N+m’

Here, n can be defined as the average number of photons per bit as follows:
i =4(7,, +7,) (4.26)

where 7, and 7,, are the number of photons during the on and off states, respectively and

are defined by the Equations (4.7) and (4.8), respectively. The Equation (4.25) has two
limiting cases:

SNR

(4.25)

1) forn<<N, SNR=7, 4.27)
2 forn>>N, SNR=N. (4.28)
Using Equation (4.21), these two cases can be rewritten as:
—__B -
(1) form << 53%, SNR=n, (4.27%)
B B
2 for n>>—=, SNR=~—2-, 28*
2) or n 28, SNR 25, (4.28%)

This result was found by Morkel et al [45].
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Now, if the EDFA is incorporated and the LED is still directly OOK modulated
with an NRZ signal, we have:

SNR=—>—= S (4.29)
Nwl N:hot+Ns-:p+N:p-xp+N¢x
For large gain G, we have two limiting cases:
(1 for << N, SNR-> S = h , (4.30)
N, prN
- S
) for A>> N, SNR—)-ﬁ—zN. 4.31)

ex

As we can see, from Equation (4.28) and (4.31), the excess noise of the LED ultimately
limits the SNR which becomes entirely determined by the number of modes even in the
case where an EDFA is used. However, as the number of modes N becomes large

compared to the signal power 7, the SNR becomes limited by the signal power and by the
EDFA characteristics.

4.2.2 BER in Absence of Thermal Noise

The BER is defined as the weighted sum of the probabilities of mistaking a zero for a one
and vice versa because of the presence of noise. In the case of a perfect extinction ratio
(r=90), the BER is simply found by determining the probability of having zero photons
during an on state [13]. As said in the Introduction, this gives an average number of
photons per bit of 21. (This assumes a Poissonian photon number distribution (best case)
and equiprobable zeros and ones.) This is known as the fundamental limit for direct
detection. The determination of the BER for 7 # e is more complicated and must make
use of the formalism of the Decision Theory [46]. In this case, photons can be recorded
even during the off state. Consequently, there is a region where the PDFs for the on and
off states overlap and in the case where the zeros and ones are equiprobable, the BER is
given by half the total overlaping area. This is illustrated in Figure 4.6. Mathematically,
we must find a decision threshold y,. which fixes a boundary between the detection of
ones and the zeros. The bits containing a number of photons that is greater than the
threshold number are detected as ones and the others as zeros. Then, the BER is obtained
by integrating (taking the sum for discrete PDFs) the overlapping region of the PDF of the
on and off states delimited by the decision threshold and divide by two.

The mathematical expressions for the BER are:

58



A - Wi
p (xl noﬁ )I
5 p(+ 7,,)
E
VAT :
'—loﬁ' J 'Ylo \ ﬁon X
Probability of mistaking Probability of mistaking
a one for a zero a zero for a one

Figure 4.6: Hlustration of the method for calculating the BER.

BER= %[ [ plxlA, Yo + L " plaff,, )dx] (for x continuous) 4.32)
BER= -{-[i plxf, )+ 2 p(x|rT‘,)y )] (for x discrete) (4.33)
x=0 x=Y,

where p(x,;) and p(xffi,,) are the PDFs for the off and on states, respectively. The
variable x here represents the photon number.
Assuming NRZ OOK modulation with 7,, and 7,, representing the mean number

of photons during the off and on states respectively and in the case where the noise has a
negative binomial PDF, the optimum decision threshold can be found analytically. It is
given by (see Appendix 4A for derivation):

=1v in((1+7,/N)/(1+7,,/N))
Yo n|(1+ V77, ) /(1+ N/R,,))

and since the photon number is a discrete variable, the BER is obtained with the use of
Equation (4.33)

An approximation of the BER can be obtained if the noise is assumed to be
Gaussian distributed with a variance given by the sum of the noise terms N, as defined in

4.34)
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Equation (4.22). In this case, the BER is related to the complementary error function [6,
19] as follows:

BER= %j; exp(—t2 )d t= —erfc(jQ_—) (4.35)
_ y/S(om)-/S(off)
where 0= N (o) \/Nm(oﬁ) (4.36)

This approximation is commonly used for digital intensity modulated system [19]. The
parameter O can be seen as a kind of SNR for a digital system and can be related to the
SNR defined in Section 4.2.1. Note that with the Gaussian approximation, a BER of 10
is obtained for a Q equal to about 6.

The BER is usually plotted as a function of the optical power just before the
receiver and the curves obtained follows a waterfall-like behavior. In the case of system of
Figure 4.2 where the LED is directly modulated with an NRZ-OOK signal, this power is
the average amplified signal power plus the ASE power. This corresponds to the average
++ *put number of photons after optical amplification and filtering multiplied by the photon

».ri. " and the bit rate, Substituting the EDFA parameters in the expression for the output
e of the BDI medium (Equation (3.42)) and multiplying it by hvB, we obtain:

P =m(t)hvB
=(Gr+P,)vB

where 71 is defined by (4.26). The optical power is often given in dB relative to one

milliwatt or dBm. The power can be converted from Watts to dBm by the following
formula:

(4.37)

Pin Watts) (4.38)

PindBm = lOlog( 00

4.2.3 Numerical Calculations

In this section, the BER performance of the system of Figure 4.2 is studied for the case
where the LED is directly NRZ-OOK modulated at a bit rate B of 1 Gb/s. The EDFA is
assumed to operate in the linear regime and its pumping is uniform throughout its length.
The value 0.8 is taken for the EDFA coupling factors y,, and . In addition, the
spectral slicing is assumed perfect, i.e., the optical filter has a rectangular linewidth and no
insertion loss. We assume that the optical receiver has no thermal noise and that its single-
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sided bandwidth B, is equal to 0.6 times the bit rate [6], i.e., B,=600 MHz. The value 0.8
is taken for the quantum efficiency 1 of the photodetector. Finally, the number of modes
N is approximated by the ratio of B, /2B, for values of this ratio greater than 10.

Our study consists of varying the various system parameters, i.e., the LED power,
the optical filter bandwidth, the gain and the noise factor of the EDFA and the LED
extinction ratio, and observing the their effect on the BER performance. The BER is
calculated using Equation (4.33) with the negative binomial PDF representing the noise at
the optical receiver. For the calculations we used a very powerful mathematical software
package called Mathematica [47]. The program listings can be found in Appendix 4B.

LED Power

To see the effect of the LED power on the BER performance of the system of Figure 4.2,
the LED power was varied from 2 to 50 pW (-27 to -13 dBm) while all the other
parameters were kept constant. We assumed an extinction ratio » of 100 for the LED, a
gain G of 30 dB with a noise factor N, of 1.5 for the EDFA and an optical filter
bandwidth B, of 0.5 nm (~62 GHz). This gives about 53 for the number of modes. The
BER is plotted as a function of the optical power at the receiver in Figure 4.7. This is
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Figure 4.7: BER curves as a function of the optical power at the receiver for different
LED power F,z,. (=100, G=30 dB, N,,=1.5 and N=53)
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obtained by varying the fiber loss L between the optical filter and the optical receiver in
Figure 4.2. From Figure 4.7, we see that for a small amount of optical power at the
receiver, the BER curves follow the usual waterfall-like behavior. However, we note that
BER floors are reached for large power at the optical receiver and that they are shifted
down for increasing values of LED power. The best sensitivity for our system is -50 dBm
(10 nW) and is achicved for an LED power of 50 uW (-13 dBm). This corresponds to an
average of 65 photons per bit. As the LED power is reduced, the sensitivity degrades. For
LED power less than 5 pW for instance, the BER never reaches the 10-? point. The BER
floor is highly dependent on the LED power. To better see this effect, its value is plotted
as a function of LED power in Figure 4.8. We see that a factor of two in input power
creates a shift in the BER floor of about five orders of magnitude. In the rest of this

section, the BER floor will be used as a point for comparison between the various
parameters.
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Figure 4.8: BER floor as a function of the LED power F,.,. (=100, G=30 dB, N=1.5
and N=53)

Because no simple relationship exists between the BER calculated with Equation
(4.33) and the SNR, the BER floer is somewhat difficult to explain. However, it is
possible to get some understanding of what is happening by looking at the expressions for
the noise terms (Equations (4.14) to (4.20)) and the limiting cases for the SNR (Equations
(4.30) and (4.31)). Amongs the noise terms, only that of the excess noise N, has a

quadratic dependency on the average signal photocurrent I,. As discussed in Section
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4.2.1, this term dominates the SNR when the ratio of the awerage number of photon
number per bit to the noise factor is larger than the number of modes. In our case, the
BER is limited by the excess noise for all the values of LED power except for 2 LW where
it is limited by the signal-spontaneous noise. The excess noise is due to the incoherency of
the LED and it fixes the quality of the signal at the begining of the system. The EDFA
amplification can not improve this quality but can only degrade it because of jts ASE.

Optical Filter Bandwidth (Number of Modes)

To look at the effect of optical filter bandwidth on the BER floors, we varied the number
of modes N and kept all other parameters constant. For the calculations, we chose 10 uw
(-20 dBm) for the LED power and 100 for the LED extinction ratio, 30 dB for the EDFA
gain and 1.5 for the noise factor as before. The range of values for N is 30 to 70 and that
corresponds to an optical filter bandwidth going from about 0.78 to 0.68 nm. Figure 4.9
shows the BER floor plotted as a function of the number of modes. As we can see, the
number of modes also has an important effect on the BER floor. An increase of ten in the
number of modes results in the BER floor being shifted down by two orders of magnitude.
Here again, the system performance is dictated by the excess noise and the reason of the
BER floor shift is due to the fact that the excess noise is inversely proportional to the
number of modes. Eventually, for larger values of the number of modes, the signal-
speutaneous and the spontaneous-spontaneous noises both overcome the excess neise and
consequently also contribute to the degradation of the BER.
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Figure 4.9: BER floor as a function of the number of modes N. (Pep=10 pW, =100,
=30 dB and N,,=1.5)
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EDFA Gain and Noise Factor

The effect of EDFA gain and noise factor on the BER floor was examined in the same way

as the two previous cases. This result is presented in Figures 4.10 and 4.11, respectively.

Figure 4.10 shows the BER floors obtained when the EDFA gain is varied from 10 to 30

dB and all other parameters are kept constant. Here we took 10 uW (-20 dBm) for the

LED power and 100 for the LED extinction ratio, 53 for the number of modes and 1.5 for
the noise factor. The effect of the EDFA gain on the BER floors is contrary to the two

previous cases. The BER floors are shifted upwards as the gain increases but by a

relatively small amount. As the gain goes from 10 to 30 dB, the BER floor goes from
about 8x10™" to about 2x10™"2, This was 2xpected since the gain does not enter in any

of the SNR expressions for large gain (see Equations (4.30) and (4.31)). In addition, we
notice that the BER floor seems to reach a maximum value for large gain. This value is
here also determined by the excess noise term. '
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Figure 4.10: BER floor as a function of the EDFA gain G. (F,;,=10 pW, =100, N, =1.5
and N=53)

Figure 4.11 shows the variation of the BER floor values as the EDFA noise factor
N,, goes from 1 to 5. This was obtained for the same LED power, extinction ratio and

number of modes as for the EDFA gain study above. In addition, we assumed 30 dB for
the EDFA gain, As we can see, the noise factor largely affects the BER floor. An upward



shift of about 8 decades results in the BER floor as the noise factor goes from 1 to 5. The
excess noise of the LED is here again responsible for the BER floors but the signal-
spontaneous noise also affects the BER as N,, goes up.
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Figure 4.11: BER floor as a function of the EDFA noise factor N,. (Pp=10 pW,
r=100,G=30 dB and N=53)

LED Extinction Ratio

Finally, the effect of the LED extinction ratio was also examined. To do so, we proceeded
the same way as before and varied the its value from 10 to 100 while keeping all other
parameters constant. The noise factor value was reset to 1.5 and we kept all the other
parameters identical as before. The effect of the LED extinction ratio on the BER floor is
also quite important as shown in Figure 4.12. The BER fioor is shifted down by almost
five decades when the extinction ratio is increased from 10 to 100. The increase of the
LED extinction ratio does not directly affect the SNR as defined in Section 4.2.1, it only
affects the effective contrast between the zeros and the ones seen by the optical receiver.
This contrast is however always limited by the ASE of the EDFA. Here, the system
performance is again limited by the excess noise of the LED and as the LED extinction
ratio increases, the minimum BER floor is determined by the number of modes.
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Figure 4.12; BER floor as a function of the LED extinction ratio r. (P,z,=10 pW, G=30
dB N,,=1.% «ni N=53)

Discussioii

We can summarize the effect of the various parameters on the BER performance as
follows. First, the best sensitivity is achieved for a high LED power. For a bit rate of 1
Gb/s, 64 photons per bit are required for an LED power cf 50 uW with an extinction ratio
of 100, a EDFA gain of 30 dB and an optical filter bandwidth of 0.5 nm. Second, BER
floors are observed for large power at the optical receiver and their value is highly
dependent on the LED power, the EDFA noise factor, the LED extinction ratio and the
number of modes. These BER floors are caused by the excess noise of the LED which
fixes the quality of the signal at the begining of the system. For small LED power and
large noise factor, the BER starts being affected by the signal-spontaneous and
spontaneous beat noises. Third, since the LED power and the number of modes enters in
the expression for the excess noise, they have a important effect on the BER fioor. The
EDFA noise factor and the LED extinction ratio are also imporiant. The EDFA gain is the
parameter that affects the least the value of the BER floors. Assuming that there is a
sufficient amount power of power at the optical receiver, the BER performance
consistently improves with increasing values of the number of modes, LED power and
extinction ratio. On the other hand, increasing values of the EDFA gain and noise factor
degrade the BER.
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4.2.4 Comparison with the Gaussian approximation

As mentioned earlier, an approximation for the BER can be obtained by assuming that the
fluctuations in the signal are Gaussian distributed with a variance given by the sum of the
noise terms. In that case, the BER is given by Equation (4.35). The BER floors predicted
using this approximation are compared to those of Figure 4.8. The comparison is shown in
Figure 4.13 where the Gaussian approximation is designated by a dashed line. In this
figure, the LED power is used as a parameter and is varied from -27 to -13 dBm (2 to 50

HW). For small LED power, the two methods are very close however, they get further
apart as the LED power increases The BER floor calculated with the Gaussian
approximation seems to reach minimum value for large LED power. This can be explained
by the fact that the approximation of Equation (4.35) has the parameter Q as argument for
the complementary error function. As mentioned earlier, this parameter can be seen as a
kind of SNR. It becomes determined by the square root of the number of modes for large
gain and large LED power. The minimum BER floor for the Gaussian approximation can
be easily determined as:
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Figure 4.13: Comparison of the BER floors for different value of LED power P,.
(r=100, G=30 dB, N,,=1.5 and N=53)
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Lo 22 Lo IV
BER~2erfc( Jz_)-zerfc( Jf) (4.39)

Since the plot of Figure 4.13 is obtained for a fixed number of modes of about 53, the
minimum predicted BER floor for the Gaussian approximation is about 2x10™. This
minimum value is indicated by an arrow in Figure 4.13.

The difference between the BER floor predicted according to the two methods for
calculating the BER can be attributed tc the fact that the Gaussian and the negative
binomial PDFs are fundamentally different in shape. For instance, the Gaussian PDF is
symmetric and entirely described by its mean and its variance. This means that its higher
order moments are all zero. The negative binomial PDF has an asymmetry determined by
its mean and its number of modes and its moments are given by Equation (2.39). Figure
4.14 illustrates the difference between the two distributions and their corresponding
decision thresholds. The solid lines designate the negative binomial PDF and the dashed
lines, the Gaussian PDF. The parameters used to generate the PDFs are indicated in the
figure.
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Figure 4.14: Negative binomial (solid) and Gaussian (dashed) PDFs and their decision
thresholds.

The actual BER curves calculated with the two methods are compared as a
function of LED power in Figure 4.15 where the number of modes is used as parameter.
In the figure, the solid lines designate the BER calculated assuming a negative binomial
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PDF and the dashed lines, the BER calculated with the Gaussian approximation. These
BER curves were obtained for an LED extinction ratio of 100 and an EDFA gain and
noise factor of 30 dB and 1.5, respectively. Also, we assumed that there was no fiber loss
before the optical receiver. The BER floor values for the Gaussian approximation are
easily predicted using Equation (4.39). The same comparison is presented but, this time, as
a function of the number of modes and with the LED power as a parameter in Figure 4.16.
This plot is very useful in that it allows us to determine quickly the minimum number of
modes and consequently the minimum optical filtering required to achieved a given BER
for given a LED power.
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Figure 4.15: Comparison of theBER curves as a function of LED power with the number
of modes as a parameter. Negative binomial (solid), Gaussian approximation (dashed)
(=100, G=30dB, N,,=1.5)
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Figure 4.16: Comparison of BER curves as a function of the number of modes with this
time the LED power as a parameter. (r=100, G=30 dB, N,=15).

4.3 Thermal Noise

So far, in our calculations, the optical receiver was assumed noiseless. In reality, however,
there is always thermal noise added to the detected signal caused by the movement of
charge in the optical receiver electrical circuit. The optical receiver thermal noise can be
expressed as the mean square thermal noise current generated by an equivalent resistor R,
as follows:

N, === (4.40)

where k is the Boltzmann constants, 7, the absolute temperature and B,, the receiver
electrical bandwidth. The resulting noise distribution at the optical receiver is then given
by a convolution between the photon noise and the thermsl roise PDFs. Thermal noise is
Gaussian in nature and its effect is more important when a stall amount %f power hits the
photodetector. In the limit of very small signa! power, the noise dist;ibution is essentially a
Gaussian PDF. For high received power, the effect of thermal nojs: is weacrally negligible
and we go back to a negative binomial PDF. Figure 4.17 shows the effect of tiermal noise
on the noise distribution for genetic parameters. In the figure, the dotted line designates a
negative binomial PDF with mean of 20, a variance of 6C and a number of modes of 10
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and the solid line designates the same negative binomial PDF after its convolution with a
Gaussian PDF symbolizing the optical receiver thermal noise. We assumed an effective
variance of 16 for the thermal noise. The dashed line designates a Gaussiar POF with a
mean and variance equal to that of the negative binomial. To perform the convolution, we
took the inverse Fourier transform of the product of the PGF of the negative binomial
PDF and the PGF of the Gaussian PDF. As we can see, the thermal noise not only
broadens the initial negative binomial PDF but also changes its original shape.
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Figure 4.17: Effect of the thermal noise on the noise distribution.

4.4 Number of Channels in a WDM applications

In this section, we calculate the maximum number of channels possible for a WDM
systems using spectral slicing such as the two shown in Figure 4.1. Since typical values for
the FWHM bandwidths of the LED power spectrum B,,;, and the EDFA gain spectrum

By are 100 (12.5 THz) and 30 nm (3.75 THz), respectively, we assume, to simplify the
calculations, that the LED power spectrum is flat over the EDFA bandwidth. In addition,
we assume that perfect spectral slicing can be accomplished with no guard band between
adjacent channels. These assumptions are illustrated in Figure 4.18.
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Figure 4.18: lustration of perfect spectrum slicing of an LED followed by an EDFA in
the case where the LED power spectrum is assumed flat over the EDFA bandwidth.

From this figure, the number of channels is given by:

#of Channels = B‘;’" , 4.41)

where B, here designates the optical filter bandwidth. Using the Gaussian approximation,
we found in the previous section that a Q of at least 6 was required to achieve an BER of
109, In addition, we found that the SNR was determined by the number of modes for
large signal power and large EDFA gain. We therefore have:

. B
SNR=Q*=N=~-—2 4.42
1Y) 5B (4.42)

Substituting Equation (4.42) into (4.41) along with the values of the SNR to achieve a
BER of 109, we get:

# of Channels = 57’2@;4. 4.43)

This formula was obtained by Liu [5]. Assuming that the optical receiver bandwidth
B, =0.6B=0.6 Gb/s, we obtain a maximum number of channels of 86.

If we look now at Figure 4.16 for an LED power of 50 uW, we find that a BER of
10 requires a number of modes of about 12. This gives:

# of Channels = -gi—”éi 4.44)

e
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Using the same values for EDFA bandwidth and for the optical receiver bandwidth, we
find that the maximum number of channels is now 260. This number is 3 time larger than
the one predicted by the Gaussian approximation.

4.5 Conclusion

In this chapter, the performance of a spectral slicing system was examined. After having
described the system, we studied the performance of one single optical carrier based on
both the SNR and the BER. We found that the excess noise of the LED ultimately limits
both the SNR and the BER of the system. This noise is also responsible for the BER floors
observed when a large amount of power is at the optical receiver. Since this noise is a
function of the LED power and the number of modes, these two system parameters have a
very important effect on the BER floors. The EDFA amplification does not improve the
system performance since the quality of the signal is fixed by the excess noise term at the
begining of the system. The performance is slightly degraded because of the ASE. We also
found that the two methods used for calculating the BER give similar predictions for the
BER floor for low LED power but start differing for large LED power. In fact, the P~
floor predicted by the Gaussian approximation reaches a minimum value for large
power due to the fact that the parameter Q saturates to a constant value in th
Finally, the performance of spectral slicing was evaluated in a2 WDM applir
found that the maximum number of channels predicted when the negative b;
assumed for the noise distribution is larger than the one predicted by
approximation.

In the next two chapters, the performance of spectral slicing will x
experimentally.
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5. Experimental Setup

In the previous chapter, we looked at the performance of spectral slicing of an LED with
and without the use of an EDFA from a theoretical point of view. We assumed good
characteristics for the components and examined the effect of the various system
parameters such as the LED power, the optical filter bandwidth (number of modes), the
EDFA gain and noise factor and the LED extinction ratio. In reality, however, due to the
reality of components, the performance is often worse than what is theoretically
achievable.

In this chapter, an actual spectral slicing system is studied experimentally. The
experimental system is first described and then, each of its components is characterized.

5.1 General Description

Before describing the experimental setup, we are going to say a word about the
measurement apparatus.

For most of the measurements, we used two sets of apparatus: the Bit Error Rate
Tester (BERT) and the Optical Power Meter (OPM) assemblies. Both sets are composed
of a series of instruments made by the American manufacturer Hewlett-Packard (HP). The
BERT assembly is used for waveform recording, (i.e., eye diagrams and rise and fall
times) and error counting. It is composed of a HP 54120B Digitizing Oscilloscope, a HP
70004A Display, a HP70842A Error Detector for bit rates in the range of 0.1-3 Gb/s, a
HP 54123A DC to 34 GHz Four Channel Test Set, a HP 70841A 0.1 to 3 Gb/s Pattern
Generator and a HP 70322A 0.1 to 4.2 GHz Synthesized Signal Generator. The last two
components of the BERT assembly are not used for measuring but for driving purposes.
The OPM assembly is used to monitor the optical power at different points in the optical
fiber link. It is composed of a HP 8153A Lightwave Multimeter used in conjunction with
HP 81521B Optical Heads and HP 81533A Interfaces. The optical heads can operate in
the wavelength range of 900 to 1700 nm with a dynamic range of -80 to +3 dBm. The
OPM assembly absolute reading accuracy is 3.5 %. There are two OPM assemblies. They
are labeled according to their GPIB addresses as #2: and #22. The OPM #22 is used for
all measurement unless otherwise specified.

The experimental setup is composed of three major parts: the LED transmitter, the
optical link and the optical receiver. The optical link is the part where the optical
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amplification and the spectral slicing occur. The setup block diagram is shown in Figure
5.1. In the following, each part of the setup is described and characterized.

LED N oOptica |—IN\| Optical
—/

Transmitter [—,/1  Link Receiver

Figure 5.1: Block diagram of spectral slicing setup

5.2 LED Transmitter

The LED transmitter is composed of two parts: a Veriteck microwave power amplifier
and a Mas-Tech LED. Its block diagram is shown in Figure 5.2.

Veritech
Amplifier =~ Mas-Tech LED

@;ML

The Veritech VMA3K10C-232 is a microwave power amplifier with a small signal
gain of 32 dB and a noise figure of 8 dB. Its maximum output power in the linear regime
is 17 dBm but it can be higher when operated in saturation. Saturation causes the Veritech
output waveform to be distorted (the output waveform gets chopped at the top and
bottom). The frequency response of the Veritech is approximately flat up to 10 GHz with
a ripple of about +1 dB. It is shown in Appendix 5A along with its main characteristics.

The Mas-Tech E15D1-002 is powerful edge-emitting type LED that comes in a
heérmetically sealed 14 pin dual-in-line package (DIP) module with a thermoelectric cooler
(TEC) and thermistor to provide temperature adjustment. When operated at a bias current
of 100 mA, its emission peak is located around 1550 nm and its output optical power is
about 20 uW. The TEC and thermistor allow operation of the LED at the different
temperatures. We made use of this feature to increase the LED output power. The optical
and electrical characteristics of the Mas-Tech LED are examined in the following

Figure 5.2: LED transmitter block diagram
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subsections. The details on the temperature control, the LED driver circuits are given in
Appendix 5B along with some more information on the Mas Tech LED characteristics.

5.2.1 Output Power

The curve obtained by plotting the optical output of semiconductor source versus bias
current is called L-I curve. This has been done for the Mas-Tech LED for different
temperatures. The measurement setup is shown in Figure 5.3 and the results are plotted in
Figure 5.4.The measurement just consists of recording the LED output power with the
OPM assembly for different bias current settings and temperatures. Note that in the
conditions specified by the manufacturer, i.e., for a bias current of 100 mA at 25 °C, we
measured an output power of about 23 pW for the LED. This corresponds to the device
specifications.

Mas-Tech LED
Q OPM
Assembly

Figure 5.3: Setup for L-I curve measurements
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Figure 5.4: L-I curves of the Mas-Tech LED for different temperatures.
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Digital OOK modulation is achieved by directly modulating the current of the
LED. In our case, this is accomplished by biasing the LED at a DC current and by
superimposing a pure AC current waveform to it. The L-I curves are fairly linear around
their middle section but strongly non-linear at their ends. Th s can cause some distortion
on the optical waveform and affect the actual optical extinction ratio. From Figure 5.4, we
see that the L-I curve obtained for a temperature of 5°C provides the largest output power
for the LED. Setting the DC bias at its inflexion point, i.e., 64 mA, we can choose a peak
to peak current swing of 108 mA in order to take advantage of most of the linear section
of the curve and avoid at the same time most of the non-linear regicn. From the L-I
curves, this results in an LED extinction ratio of about 26 to 1, or 14 dB. In the remaining
of the chapter, these settings will be referred to as the LED operating conditions.

5.2.2 Power Spectrum

To measure the LED optical specirum, we used a Digikrom 240 monochromator. A
monochromator is a device that makes use of a diffraction grating to decompose light into
its frequency components. The Digikrom 240 has a minimum resolution of 0.07 nm and an
insertion loss of about 8 dB. Combined with the OPM assembly, the power of each
frequency component can be evaluated and the power spectral density can be determined.
Both the monochromator and the OPM assembly were controlled by LabVIEW [48] which
is a GPIB compatible laboratory instrument control software. Figure 5.5 shows the setup
for spectrum measurements. The monochromator resolution was set to about 1 nm.

MDigikrc)m 240
Mas-Tech LED onochromator
Lab-
OPM
@70 N\ o,

Figure 5.5: Setup for the LED power spectrum measurements
Figure 5.6 shows the LED power spectrum measured in two different conditions.

In the conditions specified by the manufactuer, i.e.,for a bias current of 100 mA at room
temperature (25 °C), the LED spectrum peaks around 1521 nm and its FWHM bandwidth
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Figure 5.6: Mas-Tech LED spectra measured in the conditions specified by the
manufacturer (100 mA, 25 °C) and in the operating conditions (64 mA, of 5 °C).

is approximately 90 nm. This values a slightly off compared to the specifications. This can
be seen by comparing Figure 5.6 to Figure 5B.1 in Appendix SB. In the operating
condition, i.e., for a bias of 64 mA and a temperature of 5 °C, the LED spectrum peaks at
1517 nm and its FWHM bandwidth is about 80 nm. As we can see, the effect of cooling
the LED increases its output power but also shifts its emission peak.

5.2.3 Electrical Response

The electrical response of a semiconductor source indicates how fast it can be modulated.
We measured the electrical response of the Mas-Tech device using the setup shown in
Figure 5.7. An HP 8753A Network Analyzer and an HP 85046A S-Parameter Test Set
were used for the measurement. A BT&D model PDC4310 photodetector was used to
convert the LED optical power back to an electrical signal for the network analyzer. The
BT&D photodetector has a responsivity of 0.75 A/W and a fairly flat response up to
several gigahertz. In addition, the BT&D is followed by an SHF 90P RF amplifier and a
Mini-Circuit (MC) SLP-850 850 MHz low pass filter. The SHF amplifier has a small
signal gain of 23 dB and a noise figure of 7 dB. Its frequency response is approximately
flat up to 12 GHz with a ripple of about +1.5 dB. The SHF is used to boost the BT&D
photocurrent which is too small for the network analyzer, The MC filter is there for noise
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removal purposes. The BT&D, SHF and MC filter responses as well as their main
characteristics are given in Appendix 5C. The Mas-Tech LED was biased at 64 mA at a
temperature of 5°C. The network analyzer provides a sinusoidal waveform for which the
amplitude can be adjusted. However, to avoid the distortion by the Veritech which has a

maximum output of 17 dBm, the peak to peak current swing applied to the LED was
limited to 64 mA.

Veritech SHF

Network Analyzer Amplifier Mas-Tech LED BT&D Amplifier
Assembly

Figure 5.7: Setup for the frequency response measurement

The result for the measurements of the LED electrical response is shown in Figure 5.8. As
we can see, the LED electrical response has a fairly shallow roll-off up to 400 MHz and
then drops abruptly. Its maximum amplitude is down by 3 dB at around 225 MHz.
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Figure 5.8: Mas-Tech LED frequency response.
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When we applied the modulation, we noticed a small shift in optical power of
about 2 pW. This shift can be attributed to both the Veritech and LED distortion.

5.2.4 Optical Rise and Fall Times

The rise and fall time is also a measure of how fast a semiconductor source can be
modulated. For digital modulation, they impose a limit on the minimum width of the pulses
of light representing the bits. We measured the LED optical rise and fall times using the
setup shown in Figure 5.9.

BERT Assembi Veritech
.y RF  Amplifier Mas-Tech LED BT&D

Atten.

@of'@
2’-1 Pattern b_, 23dB
V=1.4 Vpp

B=100 Mb/s MC Filter SHF
f=850 MHz Amplifier

H

1l

Figure 5.9: Setup for the rise and fall time measurements

For the measurements, the BERT pattern generator was used to drive the LED and the
digitizing oscilloscope, to monitor the waveforms. The pattern generator settings were as
follows:

. Pattern: 27-1 pseudo-random sequence
. Peak to peak voltage amplitude: 1.4 V
. Bit rate: 622 Mb/s.

Figure 5.10 shows the pattern generator output in (a), the Veritech amplifier output in (b)
and the LED optical output as detected by the BT&D photodetector in (c). As we can see,
the driving waveforms (electrical) are almost perfectly square. The slightly rounded edges
observed for the waveform at the output of the Veritech amplifier (Figurs 5.10 (b)) is not
caused by the amplifier but by the coaxial cable and its connectors. Also, the LED optical
output waveform (Figure 5.10 (c)) appears distorted. This can be partly caused by the
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LED itself but also by the electrical response of both the BT&D photodetector and the
850 Miz electrical filter. The 850 MHz filter is used to remove the noise from the signal.
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Figure 5.10: Waveforms (a) Pattern generator, (b) Veritech amplifier and (c) LED
through the BT&D photodetector.

To measure the rise and fall times adequately, we need to find a pulse surrounded
by a long sequence of zeros to ensure that the pulse reaches its steady state value. Instead

of using a 622 Mb/s signal which has a pulse width of 1.6 ns, we used a 100 Mb/s signal
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that has a width 10 ns. The rise time of the pattern generator output is not affected by the
bit ratc settings, only the pulse width is changed. Performing the measurement at 100
Mb/s allows us to have longer pulses surrounded by zeros. The results of the rise and fall
time measurements appear in Figure 5.11. We obtained a rise time of 952 ps and a fall
time of 914 ps. This give a minimum pulse width of about 1.87 ns. This is slightly longer
than the pulse width of 622 Mb/s modulation and can account for some of the distortion

observed in the waveform.
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Figure 5.11: Mas-Tech LED rise (a) and fall (b) times

Here also, we observed a shift in the LED optical power when we turned the
modulation on. This time, the shift was about 6 uW. This causes the DC bias current point
to effectively move upward by 8 mA. Taking that into account, a new value for the
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extinction ratio can be calculated. The value obtained is 16 to I, or 12 dB. Finally, the

distortion observed in the optical waveform is suspected to affect the effective extinction
ratio, however, this effect is not quantified.

5.3 Optical Link

The optical link is the main part of the spectral slicing setup. It is where the EDFA
ammplification and the optical filtering occur. The optical link is composed of five
compoments: an input filter, a first variable optical attenuator (VOA), an EDFA, an output
filter and a second VOA with a 10% power monitor branch. The optical link components
are shown in a block diagram form in Figure 5.12. In the following, we will discuss the
characteristics of the optical filters and of the EDFAs only. The characteristics of the
attenuators are not discussed here since they are accessory to the setup. Their only use is

to vary the input power level to the EDFA and to the optical receiver. Their main
characteristics are however listed in Appendix 5E.

TRLabs EDFA
JDS Fitel R0O302 or JDS Optics
Input Filter VA4 VOA R0303 Output Filter 7000 VOA

X

_@_/@‘_(OL

Figure 5.12: Block diagram of the optical link
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5.3.1 Input Filter

The input filter applies the first slicing on the LED transmitter spectrum and reduses the
input power to the EDFA in order to avoid its saturation. The JDS TB1570 tunable
bandpass filter was used for this purpose. A justification of this is given at the end of the
section. The JDS Fitel TB1570 is a multilayer dielectric type tunable optical bandpass
filter. The wavelength tunability is achieved by a knob which controls the tilting angle of
the multilayer dielectric plate. The TB1570 filter is fiber pigtailed with Coring 9/125
SMEF28 type fiber and connectorized with FC/APC (Angular Physical Contact) type
connectors. The TB1570 has a range of tunability that goes from 1520 to 1567 nm and its
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bandwidth (FWHM), from 3.5 to 2.5 nm. It has an insertion loss that varies from 3.5 to
2.5 dB and a return loss which is less than -40 dB. We measured the transmittance of the
TB1570 filter using the Mas-Tech LED and the Digikrom 240 monochromator using the
setup shown in Figure 5.13. The resolution used for the scan was about 0.4 nm. Once
again, we made use of LakVIEW to control the instruments.

Digikrom 240

TB1570  Monochromator
Mas-Tech LED Filter

S/ AN

Figure 5.13: Setup for the measurement of the TB1570 transmittance

| {ijLab-
OPM View

Assembly

Figure 5.14 shows the measured transmittance of the TB1570 when centered at
1537 nm. Its FWHM bandwidth is about 3.7 nm. The insertion loss of the TB1570 was
also measured. It is 1.4 dB.
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Figure 5.14: Transmittance of the TB1570 filter at 1537 nm
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5.3.2 Output Filter

The output filier has two purposes: optical amplifier noise removal and additional LED
spectrum slicing. To achieve this, we used the JDS TB1500B filters. This filter is, as the
TB1570, a multilayer dielectric type tunable optical bandpass filter. It is also fiber pigtailed
with Coming 9/125 SMF28 type fiber and connectorized with FC/APC connectors. The
tuning range of the TB1500B goes from 1510 1o 1562 nm and its FWHM bandwidth goes
from 1.4 to 1.3 nm. Its insertion loss varies from 3.2 to 1.7 dB and its saturn loss is also
less than -40 dB. The measurement setup used is the same as Figure 5.13. Figure 5.15
shows the measured transmittance of the TB1500B when centered at 1537 nm. Its FWHM
bandwidth is about 1.3 nm and its measured insertion loss, 2.6 dB.
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Figure 5.15: Transmittance of the TB1500B filter at 1537 nm

The input filter reduces the input power to the EDFA and ensures that it operates
in the linear regime, i.e., not in saturation. In Chapter 3, we assumed that the same
filtering was applied to both the LED and the EDFA which resulted in the same number of
modes for both the negative binomial PDF describing the LED emission and the BDI
medium which models the EDFA amplification. However, the input filter introduced in the
experimental setup makes that, stricly speaking, the LED and the EDFA do not have the
same optical filtering anymore, The LED is effectively filtered twice whereas the EDFA,
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only once. This creates a difference in the number of modes of the negative binomial PDF
and of the BDI medium. In the case where this input filter is wide enough compared to the
output filter, it does not introduce much of a difference in the number of modes. The DS
TB1570 filter provides sufficient filtering to reduce the input power to the EDFA and at
the same time is wide enough to prevent the introduction of a large difference in the
number of modes. The percentage of difference in the number of modes can be calculated
by evaluating bandwidth of the TB1570 and the TB1500B filter cascaded and comparing
it with the bandwidth of the TB1500B filter alone.

5.3 EDFAs

The EDFA is used to amplify the LED output power to compensate for the spectral slicing
losses. Two EDFAs packaged at TRLabs were used in the optical link: EDFA #R0302
and EDFA #R0303. Both have similar characteristics which are described in the next
subsections. Two important characteristics are looked at: the gain and the noise. More
information on the packaging of these EDFAs can be found in Appendix SE.

EDFA Gain and inband ASE

The EDFA gain is determined by four factors: the erbium doping concentration, the fiber
length, the pump power and the input signal power. The first two factors are set by the
design requirements and are considered fixed (i.e. we cannot change them). However, the
other two can be varied. The pump power can be adjusted by varying the drive current of
the pump laser and the input signal depends on the particular application. The gain is
generally proportional to the pump power but inversly proportional to the input signal
power. For small values of input power gain is constant and is called the small signal gain,
As the input power is increased, the EDFA enters in the saturation regime and the gain
starts to decrease. In addition to amplifying the input optical signal, the EDFA also
produces a small amount of optical noise. This noise is caused by the amplified
spontaneous emission or ASE. The amount of ASE produced by an EDFA is determingd
essentially by the same four factors that determine the gain. The ASE behaves essentially
like the gain. It is constant for smali input powers and decreases when the EDFA is in
saturation, i.e., when the input signal power gets large.

The gain of both TRLabs EDFAs was measured using two methods. We will call
the first one the maximum ASE method and the second one, the polarization method [49].
The measurement setups are shown in Figure 5.16 and 5.17, respectively. The setups are
similar except for a polarization rotator and a polarization splitter in the polarization
method setup. A 1537 nm Northern Telecom distributed feedback (DFB) type laser is
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used as the input signal to the EDFAs. This laser has an output power of about 1 mW. It
is followed by the JDS 7000 optical attenuator wl.ich is used to control the EDFA input
power. The input signal power to the EDFA can be monitored with an OPM assemibly at
the 10 % output of the attenuator. The EDFA is followed by a JDS TB15003 optical filter
for optical noise removal purposes. As the input signal power to the EDFAS is varied, the
output power after the filter is recorded with a second OPM assembly. The output power
contains the amgplified signal but also some ASE. The actual EDFA gain is determined by
the ratio of the output to the input power to the EDFA once the ASE has been taken into

account.

15837 nm
NT DFB

Isolator

@’

S/N 3664
-

JDS 7000 EDFA R0302 T
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Figure 5.16: Measurement setup for EDFA gain using the maximum ASE method.
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Figure 5.17: Measurement setup for the EDFA gain using the polarization method.
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The maximum ASE method uses the fact that the ASE is maximum and
approximately constant at low input signal power to the EDFA. Since the power at the
output of the EDFA P

out

contains the amplified input signal power GF,, and some ASE

P, and since the ASE power is a also function of the input signal power
(Pysg =P, ASE(Pslg))’ we have:
F,= P:Ig+PASE(ng)‘ .1

The EDFA gain can be estimated by substracting the maximum ASE power P, from
the output power and dividing by the input sigan! power as follows:

P =Pt =G_{PASEM _PASE(P:ix)]. 5.2)

G= out
Py Fy,
As we can see, for large input signal power, the gain obtained with this method is close to
the real EDFA gain. However, as the input signal power gets small, it becomes difficult to
determined the gain accurately because it is determined by the ratio of two small
quantities. Consequently, the maximum ASE method provides a way to measure the gain
of the EDFA but the method is less accurate as the input signal power gets smaller.

The second method, the polarization method, allows us to measure both the gain
and the ASE power of the EDFA. It uses the polarization of the light to isolate the
amplified signal from the ASE. It is in principle more accurate but also more complex and
less stable due to polarization maintaining problems. The output of a DFB laser is
generally highly linearly polarized while the ASE is entirely unpolarized. By using a
polarization rotator in conjunction with a polarization splitter, it is possible to isolate the
input signal from the ASE. In fact, if the degree of polarization of the DFB laser is high
enough and if the polarization splitter provides a good isolation between the two
polarizations, there will be half the ASE power P, in each of the polarization splitter

branches and the amplified input signal power GF,, in only cne as indicated in Figure
5.18.

Pol. GFuy +4Fise

CFig+ Puss —>\spliter) | ,
2 L2 ASE

Figure 5.18: Visualization of the polarization method.
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Both the gain and the ASE of the EDFA can be obtained using this method. Note that a
factor of two must be added to the measured ASE to obtained the total ASE power. The
insertion loss of the optical filter must also be taken into account.

The gain versus input signal power to the EDFA is plotted for different pump drive
currents for EDFA #R0302 in (a) and #R0303 in (b) in Figure 5.19. The white symbols
designate the gain measured according to the maximum ASE method and the black ones,

the polarization method. Both methods give the same values of the gain within
approximately 1 dB.
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Figure 5.19: Gain measurement (a) EDFA #R0302, (b): EDFA #R0303
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In the same way, the inband ASE is plotted as a function of the input signal power
to the EDFA and for different pump drive currents in Figure 5.20 for EDFA #R0302 in (a)
and #R0303 (b).
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Figure 5.20: Results for the ASE measurements. (a) EDFA #R0302
(b) EDFA #R0303

From Figure 5.19 and 5.20 (a), we see that EDFA #R0302 has a small signal gain
of about 28, 25 and 15 dB and an inband ASE power of about -9, -12 and -23 dBm at
160, 120 and 80 mA pump drive current, respectively. Because of saturation, the gain -
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starts to decrease around -30 dBm and is down by 1 dB at about -27 dBm. In the same

way, we can see, from Figure 5.19 and 5.20 (b), that EDFA #R0303 has a small signal
gain of about 33, 30, 25 dB and an inband ASE power of abaut -4, -7 and -12 dBm at

50, 120 and 80 mA pump drive current, respectively. As for EDFA #R0302, the gain of
EDFA #R0303 has decreased by 1 dB around -27 dBm.

From these measured gain and ASE values, we can determine the EDFA noise
factor N,, as a function of the pump drive current and the EDFA input signal power. N,
is used to characterize the performance of optical amplifiers. An ideal amplifier would

have an N,, of 1. To calculate the noise factor, we use the following formula:
P =2N,(G-1)hvB, (5.3)

Solving for the noise factor N,,, we find:
P

N, = m (5.4)
The result of this calculation is shown in Figure 5.21 for both EDFAs. The first
observation is that EDFA #R0302 shows better performance than #R0303 with an average

N,, value slightly under 2.5 compared to 3. The higher N,, values found at higher input

signal power can be attributed to isolation problems and should not be taken into account.
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Figure 5.21: Noise factor N,, for (2) EDFA #R0302 and (b) #R0303.

5.4 Optical Receiver

The optical receiver used in our system is a BNR OC12 receiver. Its main characteristics
are described in the following subsections.
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5.4.1 BNR OC12 Receiver

The BNR OCI12 receiver is a digital receiver optimized for OC12 operation (622 Mb/s). It
is composed of an ANADIGICS model ATA06210 AGC (automatic gain control)
transimpedance amplifier with a PIN detector of 0.7 A/W responsivity. This unit is
followed by two ADVANTEK 1.5 GHz variable gain amplifiers and a noise filter. The
overall nominal sensitivity of the receiver is -33 dBm at OC12. The schematic of the BNR
OCI2 receiver is given in Appendix SF along with additional information.

5.4.2 Electrical Response

A typical frequency response of the BNR OC12 receiver was provided by Bruce Beggs
from BNR Ottawa and is reproduced in Appendix 5F. The 3 dB single-sided bandwidth is
around 360 MHz and the roll off follows the response of a fourth order Butterworth filter.
This gives a single-sided equivalent rectangular bandwidth of approximately 370 MHz.

5.4.3 Sensitivity

The sensitivity of an optical receiver is defined as the power required for a BER of 109,
The sensitivity of the BNR OC12 receiver was measured using setup is shown in Figure
5.22. The Mas-Tech LED was digitally modulated at OC12 with a 27-1 long pseudo-
random sequence of peak to peak amplitude of 108 mA as previously for the rise and fall
time measurements. Gradually, the optical power going into the BNR OC12 receiver was
increased from a very small value to the point where the BERT records a BER of 109,

JDS 7000 BNR OC12
BERT Assembly RF Xﬁ,’;','?.ffé} Mas-Tech LED Attenuater Receiver
Attenuator
——Hasm=a= @1 F HNBDE
— =64 A
I
"1 Pattem
V=14 Vp

B=622 Mb/s

Figure 5.22: BNR OC12 receiver sensitivity measurement setup.
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This measurement was entirely automated by the use of LabVIEW. The driving waveforms
are the same as in Figure 5.10 (a) and (b). The LED optical output waveform and eye
diagram as detected by the OC12 receiver are shown in Figure 5.23. In this figure, the
waveform and the eye diagram appear relatively square. This is due the fact that the BNR
OCI2 optical receiver has an AGC amplifier that clips the top and bottom of the optical
waveforms .The corresponding OC12 receiver sensitivity curves appear in Figure 5.24.
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Figure 5.23: LED optical output waveform (a) and eye diagram (b) as detected by the
BNR OC12 receiver.
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Figure 5.24: BNR OCI12 receiver sensitivity curve. (solid line: actual, dashed line:
theoretical)

The performance of an optical receiver is always limited by thermal noise of its
electrical components. As mentioned earlier, the thermal noise is Gaussian in nature and
the expression for its ¢quivalent mean square photocurrent was given in the previous
chapter (see Equation (4.40)). As also mentioned in this chapter, in the case of Gaussian
noise, a Q of 6 is required to obtain a BER of 10. Assuming that the SNR is
approximately equal to 0%, we obtain:

12
Q*=36=SNR= -;‘2- (5.5)

th
The signal photocurrent is given by photodetector responsivity times the optical power,

I, =RF,,. Taking R=0.7 A/W and P,,= -30dBm = 1uW, we obtain for the thermal
noise photocurrent squared: 1.36x10™"* A2, This gives an R, of 452 Q. In order to
account for the LED extinction ratio (12 dB) this value increases to 580 Q. The
theoretical OC12 receiver sensitivity curve is compared to the actual one in Figure 5.24.
We notice that the actual OC12 receiver sensitivity curve is slightly shallower than the
theoretical one. This is cause:1 by the fact that some additional sources of noise are present
in the optical receiver. These were not taken into account here.

95



5.5 Conclusion

In this chapter, we described an experimental spectral slicing setup and characterized each
of its components. This setup will be used in the next chapter for a siudy of the
performance of spectral slicing.
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6. Experimental Results

In the previous chapter, we described an experimental spectral slicing system and
characterized each of its components. In this chapter, we present the results of a series of
BER measurements that was performed on this system. These nesults are compared to the
theory developed in the earlier chapters.

The chapter is divided into four parts. In the first part, we present an example of
power budget. In the second parts, we perform a noise analysis to see which of the noise
terms is dominant for our system. In the third part, the system parameters are varied and a
series of BER results is presented and compared with the theory where possible. Finally,

the chapter ends with a discussion on spectral slicing in a WDM application and a
conclusion.

6.1 Power Budget

The power budget of an optical communication link is the determination of the power
levels at different important points in the link . This measurement allows us to track down
which components in the link introduce the most loss and how they affect the overall
system performance. Here we present an example of power budget measurements for the
case where the EDFA R0302 is in the spectral slicing link. The setup is shown in Figure
6.1. The EDFA R0302 is operated for a pump laser drive current of 160 mA which give a
gain and a noise factor of about 28 dB and 2.5, tespectively. The polarization splitter used
just before the OC12 receiver is to provide finearly polarized light; its insertion loss is
about 0.6 dB. The power is measured at the six different points identified on Figure 6.1.
with the OPM assembly #22. The tesults & summarized in Table 6.1.

© @ ® ONMONNO
JDSF™ JDSOptics”  BNR OC12
Mas-Tech LED TB1570 VA4 VOE 5{;\--“- TB15008 POl 7000 VOA Recelver

Splitter
X o0 >
@R T &2‘@"@“}" Db
1=64 mA

_ = )
T=6°C =160 mA Monitor

Figure 6.1: Setup for the power budget measurement.
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Point # Power Difference

(dBm) (dB)

1 -14.9 -

2 -31.2 -16.3

3 -33.8 -2.6

4 -9.6 +24.2

5 -13.2 -3.6

6 -16.6 -34

Table 6.1: Power budget results

This simple measurement shows that in the case where the two variable optical
attenuators (VOAS) are set for minimum attenuation, the power at the OC12 receiver is -
16.6 dBm which is well above its sensitivity (i.e., -30 dBm). The measurement also
indicates that most of the loss in the system is due to the filtering.

6.2 Noise Analysis

A noise analysis allows us to compare the various noise terms discussed earlier and verify
that when the optical power at the receiver is large, the dominant noise is the photon
noise. The expressions for the equivalent mean squared photocurrent of the signal and the
various noise terms were defined in Chapter 4 (see Equations (4.14) to (4.20)). As
mentioned in the previous chapter, because of the TB1570 filter in front of the EDFA, a
correction factor that we called double filtering factor was introduced in these equations.
This factor was determined by taking the ratio of the bandwidth of the TB1570 and
TB1500B filters cascaded to the that of the TB1500B filter alone. It is evaluated to
approximately 0.85. This gives a number of modes of about 280. A comparison between
the noise terms is presented for the setup of Figure 6.1 in the case of a constant input
power to the EDFA (measured at point #3 on Figure 6.1) of -36 dBm. The results are
shown in Figure 6.2. The listing of the program used for the calculations can be found in
appendix 6A. '

As we can see from this figure the thermal noise of the receiver dominates the
noise up to an optical power at the receiver of about -25.5 dBm where N,

s~sp

approximately equal. N,_, and N, come next with slightly smaller values. As the
received power increases N,»» N, and N, all overcome N,,. Around -20 dBm, they

and N, are
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Figure 6.2: Equivalent mean square noise photocurrents plotted as a function of the
optical power at the receiver.

are about one order of magnitude larger than the thermal noise. At this point, the noise is

definitely dominated by the photon noise. The terms N, and N,,_ ., dominate over N,

because of the relatively large noise factor of EDFA R0302 and number of modes.
Eventhough this plot was obtained for only one set of system parameters, it will be useful
to explain the BER results presented in the next section.

6.3 BER Measurements

In this section, the results of a series of experimental BER measurements are presented.
First, we looked at the effect of the input power to the EDFA, then the EDFA gain and
noise factor and finally the optical filter bandwidth (number of modes). In each case, the
measured BER floors are compared to the those predicted theoretically using both the
negative binomial PDF and the Gaussian approximation methods to calculate the BER.
(see Equations (4.34) with (4.34) and (4.35) with (4.36)) The setup for the BER
measurements is shown in Figure 6.3. It is very similar to the OC12 receiver sensitivity
measurement seen in the previous chapter except for the addition of the spectral slicing
optical link between the LED transmitter and the OCI12 receiver. Here again, the
polarization splitter placed just before the OC12 receiver is used to provide linearly
polarized light. The settings on both the BERT assembly and the LED are the same as for
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the OC12 receiver sensitivity measurement and here also, LabVIEW was used to control
the instruments and facilitate the data aquisition.

. JDS Fitel
Veritech JDS
BERT Assembly g Amplifier Mas-Tech LED TB1570 VA4 VoA
Attenuator
| @%.@_ A of
O
BNR QC12 JDS 7000 R0302 or
Receiver Attenuator pq.  TB1500B R0303
O
= SR LA
O

Figure 6.3: BER measurement setup

Using this setup, the BER was measured as a function of the optical power at the OC12
receiver. To obtain significant BER values, we waited until 35 errors were recorded on the
BERT. This is a commonly assumed value to evaluate BER down to 10, The required
measurement time can be evaluated by the following simple formula:

35
I, =
(Bx BER)
where B is the bit rate. At OC12 (B=622 Mb/s), the time required to obtain a BER of 10
is approximately one minute.

6.3.1 EDFA Input Power

6.1

In Chapter 4, we looked at the effect of the LED power on the BER performance of a
theoretical spectral slicing system. We found that the sensitivity improved and that the
BER floor shifted down with increasing value of the LED power. In this section, we also
look at the effect of the LED power however, the LED power was measured after the
TB1570 filter in the setup of Figure 6.3 and consequently, the name input power to the
EDFA is more appropriate. Figure 6.4 shows the measured BER plotted as a function of
the optical power at the OCI12 receiver for different values of the input power to the
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EDFA. The values of input power to the EDFA range from -31.2 to -37.7 dBm. This
figure is obtained for the case where the EDFA R0303 operated with a pump drive current
of 160 mA is used in the system of Figure 6.3. This gives a small signal gain of about 33
dB with a noise factor of 2.8. The OC12 receiver nominal sensitivity curve is also shown
on Figure 6.4 for comparison.
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Figure 6.4: BER curves as a function of the optical power at the OC12 receiver with the
input power to the EDFA as a parameter. (EDFA R0303 @ 160 mA, gain G=33 dB, noise
factor N,,=2.8, polarization splitter used, number of modes N=280)

The BER curves follow a general waterfall-like behavior as for the receiver
sensitivity curve at least for low optical power at the OC12 receiver. As the power at the
receiver increases, BER floors are observed and their value is shifted down for larger
values of input power to the EDFA. Note that the 10 point is never reached. As
discussed in Chapter 4, these BER floors are caused by the excess noise of the LED. The
plot comparing the noise terms of the system (Figure 6.2) demonstrates how the excess
noise of the LED and the EDFA beat noises dominate over the other noise terms as the
optical power at the OC12 receiver becomes large. The smallest value for the BER is
about 5x109 and is obtained for the largest input power to the EDFA (-31.2 dBm). The
BER floors can be compared to those calculated theoretically using the negative binomial
PDF and the Gaussian approximation methods. The calculated BER floor values are
obtained with the Mathematica programs used in Chapter 4. The listings of the programs
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can be found in appendix 6A. A comparison between the calculated and measured BER
floors is shown in Figure 6.5. In this figure (see upper part), the solid line designates the
BER floor predicted with the negative binomial PDF and the dashed lines that predicted
with the Gaussian approximation, respectively. The small dark squares represent the
measured values for the BER floor. As we can see, the calculated BER floors for both
methods seem to overestimate the measured BER floor at low input power to the EDFA
and seem underestimate it when this power is large. This results in only a moderate
agreement and the reasons for this will be given later in the discussion section.
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Figure 6.5: Calculated and measured BER Floors as a function of input power to the
EDFA for linealy polarized and unpolarized light. (EDFA gain G=33 dB, noise factor
N_=2.8)
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As mentioned in Chapter 2, the number of modes of unpolarized light is twice
larger than that of linearly polarized light for the same filtering and as discussed in Chapter
4, the BER performance improves with an increase in the number of modes. This can be
verified by removing the polarization splitter before the OC12 receiver. Removing the
polarization splitter in the setup of Figure 6.3 not only increases the number of modes by a
factor of two, but also increases the power at the OC12 receiver. The results of the BER
measurement as a function of the power at the OC12 receiver are shown in Figure 6.6 for
the same values of input power to the EDFA as for the case treated just above. As
predicted, the removal of the polarization splitter produces an improvement of the
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performance. Now, the 10-9 point is reached for two values of the input power to the
EDFA. Comrared to the OC12 receiver nominal sensitivity, there is a sensitivity penalty of
approximately 5 dB for an EDFA input power of -31.2 dBm, and 8 dB when the input
power to the EDFA is reduced to -33.5 dBm. For an input power of -35.7 dBm and
below, the BER never reaches the 109 point. The BER floors are compared to the
calculated ones in Figure 6.5. In this figure (see lower part), the dotted line designates the
BER floor predicted using the negative binomial PDF method and the small-dashed line
designates that predicted with the Gaussian approximation method. The measured values
for the BER floor in this case are indicated by the two white squares in the figure. As for
linearly polarized light, the calculated BER floors for unpolarized light overestimate the
measured BER floor for low input power to the EDFA and underestimate it when this
power gets large. The figure allows a quick comparison between the BER floors for the
case of linearly polarized and unpolarized light at the receiver.
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Figure 6.6: BER curves as a function of the optical power at the OC12 receiver with the
input power to the EDFA is a parameter. (EDFA R0303 @ 160 mA, gain G=33 dB, noise
factor N,,=2.8, polarization splitter removed, number of modes N=560)

In this section, the effect of the input power to the EDFA on the BER performance
has been confirmed. Increasing values of input power to the EDFA produces an
improvement of the BER sensitivity as well as a downward shift of the BER floor. In
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addition, the effect of the polarization is also confirmed. However, a comparison between
the measured and calculated BER floors showed only a moderate agreement.

6.3.2 EDFA Characteristics

As discussed in Chapter 4, the characteristics of the EDFA used in the spectrally slicing
system affect also the BER performance. For instance, we found that the noise factor had
a relatively large effect on the BER floor compared to the gain. In fact, for the system
studied i Chapter 4, a variation of a few tenths in the value of the noise factor shifts the
BER floor by several orders of magnitude whereas the change of two orders of magnitude
in the gain only shifts the BER floor by a factor 2 or 3. In the previous chapter, we
characterized the two TRLabs EDFAs and determined their gain and noise factor as a
function of the input signal power for three pump drive currents. In this section, we
compare the measured BER performance of the system of Figure 6.3 when the EDFA
R0303 is replaced by the EDFA R0302.

Noise Factor

For a pump drive current of 160 mA, the EDFA R0302 has a gain and a noise factor of 28
dB and 2.5, respectively. This noise factor is smaller than that of EDFA R0303.
Consequently, if we replace the EDFA R0303 by R0302 in the system of Figure 6.3, we
should observe improved sensitivities and lower BER floors for the same input power to
the EDFA.The BER measurements were repeated for the case where the polarization
splitter is not present before the OC12 receiver (unpolarized light). The measured BER
curves plotted as a function of the optical power at the receiver for different input power
to the EDFA are shown in Figure 6.7. As expected, the use of EDFA R0302 improves the
BER performance. For the same values of input pewer to the EDFA, the sensitivity
penalty compared to the OC12 receiver nominal sensitivity is 3.5 and 4.5 dB for an input
power of -31.6 and -34 dBm, respectively, as opposed to 5 and 8 dB previously. For an
input of -36 dBm and below, the 109 point is never reached and BER floors are observed.
The measured BER floors obtained here are compared to the calculated ones and to those
obtained with the EDFA R0303 in Figure 6.8. In this figure, the case of N,, equal to 2.8

corresponds to the EDFA R0303 and the case of N,, equal to 2.5 corresponds to the
EDFA R0302.
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Figure 6.7: BER curves as a function of the optical power at the OC12 receiver with the
input power to the EDFA as a parameter. (EDFA R0302 @ 160 mA, gain G=28 dB, noise
factor N,=2.5, polarization splitter removed, number of modes N=560)

107 Noise factor N_ = 2.8
..... Casssion
10'5 Neg. binomial
O  Moasured
-6 Noise factor N_ = 2.5
s 10 ==~ Gaussian
o o Neg. binomial
L 1077
5
m 10°®
107 ;
s Sad ‘ LY ‘\
10 10 ¥

-39 -38 -37 -36 -35 -34
input Power to EDFA (dBm)

Figure 6.8: Comparison of the BER floors as a function of the input power to the EDFA
obtained with EDFA R0302 @ 160 mA (N,,=2.5) and R0303 @ 160 mA (N,,=2.8)

(polarization splitter removed, N=560).
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Gain

The effect of the gain on the BER performance was also discussed in Chapter 4. It is
relatively small compared to that of the input power to the EDFA and of the noise factor.
This can be verified experimentally by reducing the gain of the EDFA R0302 and
repeating the BER measurements. To reduce the gain, we simply decrease the pump laser
drive current of the EDFA. However, in doing so, the noise factor also changes slightly.
The EDFA R0302 appears to exhibit the smallest changes in the noise factor as function of
the pump drive current and has therefore been used for the measurement. The small signal
gain of EDFA R0302 is about 28 dB when the pump current is set at 160 mA and this
value drops by 3 dB to 25 dB when this current is set at 120 mA. The BER measurements
were repeated again and the results are shown in Figure 6.9. As we can see, the
performance is practically not affected by the 3 dB reduction of the gain. The penalty on
the nominal sensitivity seems to have slightly reduced by approximately less than 0.5 dB
and the change on the BER floors is not noticeable as expected. In the same way as
before, the BER floors are compared in Figure 6.10. Note in this figure that the calculated
BER floors for both values of gain sit almost exactly on top of each other. The measured
BER floor values are also pretty close for both gains.
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Figure 6.9: BER curves as a function of the optical power at the OC12 receiver with the
input power to the EDFA as a parameter. (EDFA R0302 @ 120 mA, G=25 dB, N,=24,

polarization splitter removed, N=560)
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Figure 6.10: Comparison of the BER floors as a function of the input power to the EDFA
obtained with EDFA R0302 operated with a pump current of 160 mA (G=28 dB) and 120
mA (G=25 dB).

The gain is a function of input power to the EDFA. At low input power, the gain is
approximately constant and is called the small signal gain or linear gain. As the input
power is increased beyond a certain value, the gain starts to decrease because the EDFA
starts operating in the saturation regime. As seen in Chapter 5, for the EDFA R0302
operated at a pump current of 160 mA, the 1 dB gain compression is obtained for an input
power of about -27 dBm.

The use of an input filter before the EDFA reduces the input power to prevent
saturation operation. If this filter is removed however, the input power becomes too large
and the EDFA is in saturation. Since the gain of an EDFA in saturation is lower, the
performance is expected to be degraded. Here, we present a comparison between the case
where the TB1570 filter is used in front of the EDFA and the case with no input filter. For
this study, we keep the effective input power spectral density the same for both cases. For
the comparison, the gain of EDFA R0302 must be decreased in the first case to match the
saturation gain obtained when no input filter is present in front of the EDFA. Using the
Figure 5.23, the saturation gain of EDFA R0302 was determined for an input of -19.6, -
21.6 and -23.6 dBm when operated at 160 mA. The corresponding gain values are
approximately 23, 24 and 25 dB, respectively. To obtain about the same small signal gain
the pump drive current of EDFA R0302 must be set to 110, 115 and 120 mA. We
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repeated the BER measurements and obtained the results shown in Figure 6.11. The
agreement is very good for all values of input power to the EDFA.
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Figure 6.11: Comparison between the BER curves measured as a function of the optical
power at the receiver obtained when the EDFA R0302 is operated in the linear and the
saturated regimes. (power splitter removed N=560)

In this section, the effect of the EDFA characteristics on the BER were studied. First, we
found that the EDFA R0302 gives a better BER performance than the EDFA R0303 due
mainly to its smaller noise factor. Second, we found that a reduction of the EDFA gain
from 28 to 25 dB does not affect much the BER. Finally, we observed that the effect of
the saturation of the EDFA only corresponds to a reduction of the effective EDFA gain.
All these findings and observations confirm the theoretical predictions.

6.3.3 Optical Bandwidth

Two important parameters are affected by the optical filtering in the spectral slicing
system. The first one is the total optical power incident on the photodetector and the
second one is the number of modes of the photon number distribution. As seen in Chapter
4, the BER performance is largely affected by the number of modes. Both the sensitivity
and the BER floor values get smaller with an increasing number of modes. To measure the
effect of the optical filtering on the BER performance, we replaced the output TB1500B
filter by a Queensgate QMF filter. This is a piezo-tuned Fabry-Perot type that has a
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FWHM bandwidth of about 0.8 nm and an insertion loss of 7.2 dB. This optical bandwidth
corresponds to about 330 modes. Because of insufficient power at the OC12 receiver due
to the high insertion loss of this filter, we could not obtain well defined BER floors; only
the beginning of the floors was observed. This can be seen in Figure 6.12 where the
measured BER curves obtained for the case of where the EDFA R0302 operated at a
pump current of 120 mA and the Queensgate filter are used in the setup of Figure 6.3.
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Figure 6.12: BER curves as a function of the optical power at the OC12 receiver with the
input power to the EDFA as a parameter using the EDFA R0302 @ 120 mA and the
output Queensgate QMF filter. (gain G=25 dB, noise factor N,,=2.4, polarization splitter
removed, number of modes N=330)

In Figure 6.13, we present a comparison between the calculated and measured
BER floors for an input power to the EDFA of about -36 dBm. In this figure, the solid
line designates the negative binomial PDF method and the dashed line, the Gaussian
approximation method. The two little squares represent the measured BER floors for the
case where the TB1500B filter and the Queensgate filter are used, respectively as output
filters. The agreement between the calculated and measured BER floors is relatively good.
Note however that strictly speaking, the point obtained for the Queensgate filter is not the
true BER floor value since the final BER floor could not be obtained in that case because
of a lack of power at the receiver.
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Figure 6.13: Comparison of the BER floor as a function of the number of modes for an
input power to the EDFA of about -36 dBm using the EDFA R0302 @ 120 mA (gain
G=25 dB, noise factor N,,=2.4, polarization splitter removed)

In this section, the effect of a reduction in the optical filter bandwidth was studied.
As we expected, a reduction of the optical bandwidth reduces the number of modes and in
a degradation of the BER performance.

6.4 Discussion

The quality of the agreement between the calculated and measured BER can be attributed
to two main reasons. First, it can be due to some assumptions we made in our model for
the description of the statistical behavior of the optically filtered amplified LED emission.
Second, it can be caused by the fact that our degree of control on the experimental system
parameters may not be sufficient.

The first reason can be exainined by reviewing our assumptions. We assumed first
that that optically filtered LED could be described by a filtered thermal source. This
assumption is reasonable since the LED emission consists of spontaneous emission of
photons which has a thermal behavior [17]. Then we assumed that the number of modes is
given by the ratio of the optical to the electrical bandwidth in the case of large value of
this ratio (>10). This is also justified in our case since the number of modes is never less
that a few hundred. The assumption that the EDFA was pumped uniformly and that it was
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operated in the linear regime may not be the cause of problems although this is
questionable for the cases where the input to the EDFA is larger than about -27 dBm
which occurs only for unfiltered LED input. The most problematic assumption was
certainly to assume the same number of modes for both the negative binomial PDF that
characterizes the LED emision and for the BDI medium which describes the EDFA
amplification. In our case, the optical filtering on the LED is different from that of the
EDFA and consequently, strictly speaking this assumption is not truly valid. Even if the
difference in the number of modes resulting from that is relatively small, it could affect the
photon number PDF at the output of the system and consequently the BER. The second
main reason to explain the quality of the agreement between the calculated and measured
BER can be examined by looking at the relative importance of each of the experimental
system parameters and the method we used to obtain them. As we saw in Chapter 4 and
also in this chapter, the LED power and extinction ratio, the EDFA noise factor and the
number of modes can all shift the BER floors of the system by several decades for
relatively small variations in their value. Although we believe that the LED power and the
number of modes can be determined quite accurately, it is not the same for the LED
extinction ratio and the EDFA noise factor. As mentioned in Chapter 5, a shift in the
optical power was observed when the LED was modulated. Even if the LED extinction
ratio was modified to take this shift into account, this problem is not fully understood.
Also, the method used to measure the EDFA noise factor was not very stable because it
involved polarization control which is not simple to do. We believe that the noise factor is
probably the less accurate parameter in our system. Finally, other factors such as the
distortions of the waveform by the LED, the RF amplifiers and the clipping effect of the
automatic gain control of the OC12 receiver could also cause some additional problems.

6.4.1 WDM Application

As we did at the snd of Chapter 4, we can calculate the maximum number of channels that
our experimental spectral slicing system would give if it was used in a WDM application.
The TB1500B has a FWHM bandwidth of 1.3 nm. If we assume a total available optical
bandwidth is limited by the EDFA bandwidth, i.e., 30 nm, the maximum number of
channel is (using Equation (4.41)):

30 nm
1.3nm
This of course assumes that perfect spectral slicing can be achieved. If we take a 1 nm
margin on the bandwidth for each channel, the total number of channels is @luced to

Max # of Channels =

=23 6.2)
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about 13. Each of these channels is modulated at OC12 (622 Mb/s) which means a total
throughput of 8.1 Gb/s for the WDM system. Assuming a WDM system such as the one
of Figure 4.1 (a) in which one EDFA only is placed after the spectsal slicing WDM, we
can evaluate the distance over which our 13 channels can be transmitted. To do that, we
perform a link power budget calculation which is summarized in Table 6.2. The best
sensitivity obtained for our experimental spectral slicing system (-27 dBm) was
accomplished when we used the EDFA R0302 operated at 120 mA (G=25 dB and
N,,=2.4) and when the input power to it was -31.4 dBm or 720 nW (see Figure 6.9). This

input power to the EDFA is obtained for an LED power of -15 dBm or 32 pW. This gives
a system gain of 37.0 dB. Assuming a FWHM bandwidth of 90 nm for the LED, the
spectral slicing loss can be obtained by taking the ratio of the FWHM bandwidth of the
TB1500B filter to that of the LED. This gives a loss of 18.5 dB. We assume also an
additional loss of 2 dB for the optical carrier that is centered at the wavelength the furthest
from that of the LED emission peak and 4.5 dB and 2 dB for the spectral slicing WDM
and the tunable filter insertion losses, respectively. Keeping a margin of 3 dB, that leaves 7

dB for the transmision loss. Assuming finally a fiber loss=0.25 dB/km, we obtain a
transmission distance of 28 km.,

LED power (dBm) -15.0
EDFA Gain (dB) 25.0
Sensitivity (dBm) =270
Available System Gain (dB)=| 37.0
Losses(dB)
Spectral Slicing 18.5
Wavelength offset from peak of LED 2.0
WDM Insertion Loss 4.5
Tunable filter Insertion Loss 2.0
System Margin (dB) 3.0
Total Loss= | 30.0
Transmission Loss (dB) 7.0
Distance @ 0.25 dB/km (km) 28

Table 6.2: WDM system link power budget
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6.5 Conclusion

In this chapter, the BER performance of an actual spectral slicing system was evaluated
and compared with the theory developed in the previous chapters. In the first part, we
presented an example of power budget and then, we performed a noise analysis in which a
comparison was made between the noise terms of the system. This was followed by a
series of BER results presented as a function of various system parameters. Finally, we
enumerated possible reasons to explain the quality of the agreement obtained between tiie
theory and the experiment and discussed the performance of our experimental spectral
slicing system in a WDM application.
The following chapter will summarized the work accomplished in this project.
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7. Conclusion

This work has presented a study of the performance of spectral slicing of LEDs for fiber
optic transmission systems. This study has provided us with a better understanding of
both the spectral slicing method and the EDFA amplification process as well as with
some indication on the limitation of the spectral slicing method to generate optical
carriers in an optical FDM or WDM application. The motivation behind this work was to
explore an alternative to the need for several semiconductor laser sources with very tight

specifications on the operating frequency generally required in FDM transmission
systems.

7.1 Overview of the Results

In Chapter 2, we modeled the LED emission based on its internal statistics (spontaneous
emission) and found that the output photon emission of a filtered LED can be described by
a negative binomial PDF. Also in this chapter, we introduced the notion of modes. We
found that the number of modes of a negative binomial PDF is related to the ratio of the
detection time to the coherence time of the LED or equivalently to the ratio of the optical
filter bandwidth to the electrical detector bandwidth. Finally, we identified a term in the
variance of the negative binomial PDF that is dependent on the number of modes. This
term is often called the excess noise term and is due to the incoherency of the LED.

In Chapter 3, we introduced the BDI medium to model the output photon emission
of an EDFA operating in the linear regime. The birth, death and immigration rates were
associated with the stimulated emission, the stimulated absorption and spontaneous
emission, respectively, occurring inside an EDFA. A key theoretical result was that the
resulting PDF of a filtered optically amplified LED is a convolution between two negative
binomial PDFs. Specifically, in the case where both the negative binomial characterizing
the filtered LED emission and the BDI medium describing the EDFA amplification have
the same number of modes, that is when the same filtering is applied to both the LED and
the EDFA, the resulting PDF reduces to a single negative binomial. Finally, in the last
section of this chapter, we associated the BDI parameters to the physical quantities
characterizing an EDFA such as the gain, the noise factor and the optical bandwidth and
identified in the variance of the BDI output the various beat noise terms encountered in
the detection of optically amplified signals.
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In Chapter 4, we used the theory of Chapters 2 and 3 to model a spectral slicing
system composed of an LED, an EDFA, an optical filter and a noiseless optical receiver.
Using this model, we were able to obtain the BER as a function of various system
parameters such as the LED power and extinction ratio, the EDFA gain and noise factor
and the optical filter bandwidth. We found that the BER is ultimately limited by the excess
noise of the LED which causes floors in the BER curves as a function of the power at the
optical receiver. We studied the sensitivity of these floors as a function of the system
parameters. We found that all the system parameters except the EDFA gain have an
important effect on them. Also in this chapter, we compared our model for calculating the
BER to an approximate model often used in digital communication which assumes
Gaussian noise at the optical receiver. We showed that the BER floors predicted with the
two models are relatively close for low LED powers but differ quite significantly as this
power becomes large. In fact, the Gaussian approximation model predicts a minimum
BER floor for a large LED p “er. Finally, in the end of Chzpter 4, we presented a
calculation of the maximum number of channels achievable for our theoretical spectral
slicing system in a WDM application.

Finally, in Chapter 5, we described a experimental setup designed to verify the
theory of the earlier chapters. We characterized each of the components and in Chapter 6,
we presented a series of BER results as a function of the LED power, the EDFA gain,
noise factor and the optical filter bandwidth. In addition, we observed the effect of the
polarization of the light and the effect of saturation of the EDFA on the BER
performance. The results of the BER measurements confirmed the existance of BER
floors predicted in Chapter 4. These floors were studicd as a function of the system
parameters and compared with our model and with the Gaussian approximation. The
trends predicted in Chapter 4 were similarly observed and the comparison between the
measured and calculated BER floor values showed a reasonably good agreement. Finally,
we presented an example of a power budget in the case where our experimental spectral
slicing system was used in a WDM application. The result of this calculation

demonstrated that 13 channels modulated at OC12 (622 Mb/s) could be transmitted over
28 km.

7.2 System Improvements

As we saw in Chapters 4 and 5, both the BER sensitivity and the BER floors improve with
increasing LED power; consequently, a more powerful LED in the spectral slicing system
would improve the BER performance. Powerful LEDs are difficult to get in reality
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especially in the 1.5 um range. The LED used in our experimental spectral slicing system
has an output power of about -15 dBm (32 uW) and is considered a high power LED in
the 1.5 um range. There exist more powerful LEDs in the 1.3 um range that could be
used; however, in that wavelength range EDFAs could not be used. Even if the LED
provides more power, we can not achieve a better sensitivity than that of the optical
receiver. Consequently, using an optical receiver having a better sensitivity could further
improve the performance. Also, a faster LED with a driver circuit optimized for digital
modulation could reduce the distortion of the optical waveform and also improve the LED
extinction ratio and the performance. Finaily, since the extinction ratio is always degraded
by the added noise of the EDFA an additional improvement of the systen: performance
could be obtained by the use of an EDFA that has a small noise factor.

7.3 Future Work

This project, unlike others taking place at TRLabs, has not been built on top of a previous
one. Consequently, a lot of digging had to be done at the beginning before being able to
actually get some results. However, now that most of this part has been done, it should
make things easier for a follow up project.

There is some additional work to be done on both the theoretical and the
experimental sides. First, on the theoretical side, some work could be done to include the
case of nonuniform pumping and the saturation of the EDFA into the BDI model and the
effect of a different optical filtering on the LED and the EDFA. On the experimental side,
it could be useful to verify the PDF of LED emission alone and that of the output of the
EDFA. Finally, a more in depth system approach would be required in order to perform a
capacity study for an eventual implementation of a WDM system using spectral slicing.
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Appendix 2A: Bandwidth Definitions

Optical Spectrum
Shape T, AV pn Avg, Av,
S(v)
Rectangular:
N
—=, |Vi<B/2
B M /B B B B
0, otherwise
Lorentzian:
( A ] Y(2my) 2y ny 2my
2 2
Yi+v
Gaussian:
2
S, exv(-;?) (2no) | 24226 | 270 26

Table 2A.1: Bandwidth definitions
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Appendix 2B: Expressions for the Number of
Modes

Optical Spectrum | Autocorrelation Number ef Modes
Shapes Function N
S(v) |s(7)|
Rectangular:
——Sin (2“3’:) 7 (2"’:’8:); u RBT, u-~
%, Ivl< B/2 (27Br) e O
0, otherwise
Lorentzian: .
7 2(2myT)
A 4nyT +exp(—4nyT) -1
( - ) 2) exp(_zm) [ ny p( Ty ) ]
Yo +v
Gaussian:
, (2roT)’
So exp(—;?) S, exp(-2n%6t?) [ﬁ(ZucT) erf(2n0T) + exp(-(2n0T)?) - l]

Table 2B.1: Expressions for the number of modes
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Appendix 4A: Decision Threshold Derivation
for the Negative Binomial PDF

According to the maximum likelyhood criterion, the receiver decision rule is based on the
a posteriori probabilities P(s|z) as follows:

H,
P(s,|z) 2 P(s2). (A1)

H
This means that hypothesis H, will be chosen if P(s,|z) is greater than P(sl |z) and H, if
the contrary happens. We can express the a posteriori probability in term of the
conditional probability distribution of z, p(zls,), using the Baye's theorem:

P(se) = 257 (z':‘()z I;(s‘). (4A2)
Substituting (A2) in (A1), we obtain:
A
p(zlsl) > P(so) (4A3)

p(zlso) lf,, P(sl) .
In the case of equally likely symbols s, which is the usual case, equation (A3) becomes:

plas) % Ps,) _
oek,) £ ) “A9

Now, assuming that the probability distribution p(zls,) is a Negative Binomial as defined

by equation (1), we have:

[(n+N) 1 1
nIT(N) (1+0,/N)" (1+N/m,)"

If n,, and 77, represent the mean number of photons in the case of IM modulation for the

P(zlst) = P("lﬂ;) = (4AS5)

off and on states, equation (A4) becomes:
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T(n+N) 1 1
plnE,)  n'T(N) (1+7,/N)" (1+N/m,,)"
plnir,,) " T(n+N) 1 1

nIT(N) (1+7,/N)" (1+N)7, )"

plnfa,,) (1+(7,/N) "(1+(V/m,)Y ®
” P("I'ij_[l*'(ﬁZ/N)} [1+(N/ﬁ:—) E L. (4A6)

Taking the logarithm on each side, we finally get the expression for the decision threshold:

}; ]n((l-l-ﬁ,,,,/N)/(l'*'ﬁaﬂ/N)) —
"5 Wl wm, o) (W)
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Appendix 4B: Program Listings
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initmath
(ssressressrsssneess Mathematica  Initialization  **ttescessscscceens)
(***** Load Mathematical Packages *****)

<<Statistics’ DiscreteDistributions’ ;

<<Graphics'Graphics" ;

(***** Set Plots Defaults *****)

$DefaultFont={"Helvetica-Bold",14}; SetOptions[Plo:, PlotRange->All, Axes->None,
Frame->True,AspectRatio->1]; SetOptions|[ListPlot,PlotRange->All, Axes->None,
Frame->True, AspectRatio->1];

(.'.'t".l..tt'ﬁt' End of Mathematica lnitialization QQ.....Q'.....Q..')
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constants

(""'..'.'."t"'..'t'.'.'constants tQQ.Q.Qt'.".'."t""..".')

pi=3.141592653589793238462643383279502884197169399375105820974
944592307816406286208998628034825342117068;

hp=6.626176 10*-34; (*Planck's Constant*)
v=2.99792458 10°8; (*Speed of Light*)
q=1.6021892 10*-19; (*Electron Charge®)
kB=1.380662 10*-23; ("Boltzmann Constant*)
T=298.; (*Room Temperature in Kelvin®)
(PerecevsessusssssusnstiatEng  of  Constantsttrtertestssessssescase
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thparam.prx

(..Qt..t""t".'."'..

Input
mt=1;

Nsp=1;

GdB=30;

G=10~(0.1 GdB);
lambda:-1540 10*-9;
nu=v/lambda;

Blout=0.5 104-9;

Bout=v (Blout/(lambda*2));
muin=0.8;

muQut=0.8;

B=1000 106;

Be=0.6 B;

Eff=0.8;

Fn=1;

r=100; (*20 dB*)

P0dBm=-13;

P0=10%(0.1 POdBm - 3)//N;
Bi0= 100. 10*-9;

BO=v (BlI0/(lambda*2));
outputfilename="thber1a-13" ;

(Q.'.'."t!tltﬁ.t't'..t End of

Paremeters

Qt'...'.'.".."'it'....)

(*Polarization of Light at photodetector*)

("Spontaneous Noise Factor*)
("EDFA Gain dB*)

(*Signal Wavelength*)

(*Output Filter Equivalent rectangular BW*)

Input

129

(*EDFA Input Coupling Efficiency*)
("EDFA Output Coupling Efficiency*)
(*Modulation Bit Rate*)

(*Electrical Bandwidth (Raised Cosine Assumed)*)

(*LED Extinction Ratio*)

("LED Source Power: -13 dBm=50 uW")

("LED rectangular bandwidth*)

(*Output data Filename*)

'Q".'..t't...'..ﬁ.')

Parameters



thbernb.prx

(Q..'....Q"t‘.'t'.'tt'..t.t"'t.".'t'.’t."..‘t"'..'.t'.’.)

(* *)
(* This program has been created by Eric Cauchon (August 1993) *)
(* *)

(* This program gives the BER versus power at received of a spectral slicing system * )
(*composed of an LED that is DIRECTLY modulated, an EDFA, an optical filter andan * )
("optical receiver. *)
(* The LED photon distribution is modeled by a Negative BOomial distribution and  * )
("the EDFA amplification is modeled by a BDI (birth-death-immigration) model *)
(*introduced by Shimoda et al.(1980) and extended by Teich et al.(1989-1992) *)
(* *)

('.O'.t.t'..Qt..t't.".'t.ttt..t'..Qt.'titt't.i't't'.."‘.ﬂ")

(*<<initmath;*) (*Read initialization file for Mathematica*)
<<constants; (*Read program constant file*)
<<thparam.prx; (*Read parameter file for Ber calculations*)

(Q...‘t'iit"t"'.. lnput Distribution Parameters (LED) .i....tt.i't...)
PO= PO (mt/2);

nOON=(PO 2 r)/((r+1) hp nu 2 Be); (*Average Input # of Photons for ON*)
nOOFF=(PO 2)/((r+1) hp nu 2 Be); (*Average Input # of Photons for OFF*)
NM= mt (Bout)/(2 Be); (*Number of Modes of the Source*)

(*** Built-in Negative BOomial pdf ***)
NBDist[alpha_,N_]=NegativeBOomialDistribution[alpha,alpha/(N+alpha)];
varNBD[x_]J=(muin muOut L x)+((muin muOut L x)*2)/NM; (*Negative BOomial
variance*)

nav[OFF_,ON_]=(OFF+ON)/2;

('..'0..'.""'.".." BDl Parameters (EDFA) 'ﬁ""."'.!"...'.")

M=mt (Bout)/(2 Be); (*Number of Modes of the BDI Medium*)
t=Log[G)/Bout; (*Time of Traversal*)
a=(Nsp Bout); ("Birth Rate*)
b=a-Bout; (*Death Rate*)
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c=Ma; (*Immigration Rate”)
h=Exp[(b-a) 1];

k=(a/(b-a)) (h-1);

(*****Variance of BDI Medium *****)

outvar[x_,L_]=(((muin muOut L x)+ muOut L (c/a) k)/h+({({((muin muOut L x)+
muOut L (c/a) k)/h)*2)/NM) ((2 Eff q Be)*2);

("t.'.t"'..i'.'.t'

Disp'ay Parameters t.'t".'t"'.'.....'Q.'Q.")

Print["INPUT DISTRIBUTION: Negative BOomial"};
Print["Number of Modes=",NM];

Print["Average LED Power= ",PO," = ",POdBm];
Print["Extinction Ratio=",1];

Print["BDI MEDIUM:"];

Print["Birth Rate a=",ScientificForm|[a,6]};

Print["Death Rate b=",ScientificForm[b,6]];

Print["Immigration Rate c¢=",ScientificForm[c,6]];

Prin{["Time of Traversal t=",t};

Print["Spont. Emission Factor Nsp=(a/(a-b))=",ScientificForm[Nsp,6]];
Print["Number of Modes (c/a)=",ScientificForm[M,6]];
Print["h=",ScientificForm[h,6],"  k=",ScientificForm{k,6]];
Print["Gain (1/h)=",ScientificForm[1/h,6]];

Print["BDI Transfer function (c/a)k/h=",ScientificForm[(c/a)k/h,6]];
LR R R LR T R R

(++revssvsersesasnier  OISSON'S Noise Terms ***ecrsssssesesssacass)
(***** Spontaneous emission *****)

Psp=(c/a) (k/h) hp nu (2 Be); (*=mt (k/h) hp nu Bout*)

Isp=Psp (Eff q)/(hp nu);

(***** Signal *****)
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Is[x_]=x (2 q Eff Be) ( Bout/BO);

S[x_,L_]=(muin muOut L (Is[x}/h))*2;

Nperbit[x_,L_]=(Eff muOut L (muin ({(Is[x])/(2 q Eff Be))/h)+(c/a)(k/h)));
(***** Excess noise term introduced by the LED source *****)
Nex[x_,L_}=((((muin muOut L {is{x}/h))*2)/NM));

(***** Noise terms *****)

Nshot[x_,L_]=(2 q Be muOut L)((muin (is[x]/h))+Isp);

Nsigsp[x_,L_]=(2 (Is[x)/h) muin (muOut*2) Isp (L*2))/NM (*((2 Be)/Bout);*)
Nspsp[L_]=((muOut L Isp)*2)/NM; (*((2 Be)/Bout);*)

Nth=0;

(***** Summation of the Noise components *****)
Ntot[x_,L_]=NexIx,L]+Nshot[x,L}+Nsigsp[x,L]+Nspsp[L];

(***** Received optical power in Watt and dBm ****")
Prx{L_]=((nav[Is[nOON],Is[nOOFF])/h ((hp nu)/(Eff q)) muin + Psp) muOut L);
PrxdBmiL_]=10 Log[10,1000 Prx[L]])//N;

(t.'."t""ttttt'..t.t BER ca|cu|ati°ns QQO"".."'.."Q.i"t'd.)

BERNB={}; (*Initialization of vector containing PrxdBm and BER®)
L=.; (*Initialization of the attenuation variable*)
jinc=2;

(***** BER Calculation Loop ****%)
For[j=0,j<61,j=j+jinc,
Print[f-c--eccccmmmccemcnccccrecccrccrccccctcvencrccrmcecnccnn-

Print"BER CALCULATIONS"];

LdB=ILC-60+j; (*Attenuation calculation in dB*)
L=10*(0.1 LdB)//N;

(+s++sxsererrevsss  Aionuation and Power Display *rertrtressssssessss)
Print{"LdB=",LdB,” L=",L];

Print["PrxdBm=",PrxdBm[L}//N};

(+tesssessussnssnieanes  Nojsg  Term  Display  *ttestessesressasnsene)
Print"--c-ccccccemmcmrmiciiccernceccecenan "1:

Print["NOISE COMPONENTS"];
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Print["ASE Power Psp=",Psp"=",10 Log[10,1000 Psp}//N};
Préntlﬂﬁt.tt.'.".t'i'Olsson-Bol MOdGl"“"“'"“""]:
Print[" ON OFF";

Print["S= *,S[NOON,L}/N," ", S[NOOFF,L}/NJ;
Print[*"Nex= ",Nex[nOON,L]/N," ",Nex[nOOFF,L}//N];
Print["Nshot= ",Nshot[nOON,L}/N," *.Nshot[nOOFF,L)//N];
Print["Nsigsp=",Nsigsp[nOON,L}//N," *,Nsigsp[nOOFF,L)//N];
Print["Nspsp= ",Nspsp[L}//N];

Print["Nth= ",Nth//N];

Print["Ntot=  ",Ntot[nOON,L)/N," " Ntot[nOOFF,L}//N];
Print["outvar=",outvar[(nOON ( Bout/BO)),L}//N," *outvar[(nOOFF (
Bout/B0O)),L])//N];

(****+**+errereNgaative BOomial BER Calculations *t***srsesssessssessy
NM=Round[NM];

DTNB=Round[If[Nperbit[n0OFF,L]>0,NM
Log[(1+Nperbit{nOON,L}/NM)/(1+NperbitinOOFF,L}/NM)])/Log[(1+NM/Nperbit[n0
OFF,L])/(1+NM/Nperbit[nOON,L])],0])//N; Print{"DTNB=",DTNB];

BERnbbdi=.;

BERnbbdi=SetPrecision[0.5 ((1-

CDF[NBDist[NM,Round[Nperbit{n0OFF,L]]}, DTNB])+CDF[NBDist[NM,Round[Nperbit[n
OON,L}]],DTNB]),30}//N;

(+#sssesersssunsrsnarenes  Nogative BOomial BER Display

it.i.t.tﬁ't'i"iﬁti.‘.t)

’Print["BERnbbdi=".ScientificForm[BERnbbdi.6]];
(*** Creation of BER vector ***)
BERNB=Append[BERNB,{PrxdBm|L},BERnbbdi};
L=. ;

K

PO=.;

(Qt'.*ﬁt.ttt"ﬁt"tﬁttt BER curve Plotting ..Q.Q..Qtt't'.'tt.!t".)
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Print["Plotting..."};
bernb=LogListPlot{BERNB,PlotJoined->True,FrameLabel->{"Received Optical Power
(dBm)","BER","Negative BOomial Approx., POdBm="ToString[POdBm],""}];
(ressssseessrreesassss Writing Data to a  File **tteesssssssssessasaan
(***The format used is space seperated numbers***)
stmp=OpenWrite[outputfilename, FormatType->OutputForm];

Print["Writing data into ", outputfilename," ..."];
WriteString[stmp,"PO=",ToString[POdBm],” dBm\n"J;

WriteString[stmp,"PrxdBm *," " "BER\n"];
For[jj=1,jj<Round[(61/jinc)+1],jj++,

Write[stmp, BERNBI[iilll[1]]." ", FortranForm[BERNBI[jjJ){[21]} 1
l;
Close[stmp];
(vevssssevvaneseavsanaes  Eng  of  Program  tttttesresetessssesesscse)
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thbergg.prx

(.Q..'..""t....'."'t.."t'.'.."'i"....'..Q".t.."'.t'..)

(* *)
(* This program has been created by Eric Cauchon (August 1993) ‘)
(* ')

(* This program gives the BER versus power at received of a spectral slicing system * )
(*composed of an LED that is DIRECTLY modulated, an EDFA, an optical filter and an * )
(*optical receiver. ‘)
(* The LED photon distribution is modeled by a gaussian distribution with a mean and * )
(“variance of a negative BOomial passed through and the a BDI model introduced by . )

(*Shimoda et al.(1980) and extended by Teich et al.(1989-1992) *)
(° *)
R R R R PR R R R
(*<<initmath;") (*Read initialization file for Mathematica®)
<<constants; (*“Read program constant file®)
<<thparam.prx; ("Read parameter file for Ber calculations®)

(Q"'.ﬁﬁ.i".ttlnput Distribution Parametefs (LED) 't.t.'t.it.tttl'..)
PO= PO (mt/2);

nOON=(PO 2 r)/((r+1) hp nu 2 Be); (*Average Input # of Photons for ON*)
n0OFF=(PO 2)/((r+1) hp nu 2 Be); (*Average Input # of Photons for OFF*)
NM=mt (Bout)/(2 Be); ("Number of Modes of the Source*)

(*** Built-in Negative BOomial pdf ***)
NBDist[alpha_,N_]=NegativeBOomialDistribution[alpha,alpha/(N+alpha)];
varNBD[x_]=(muin muOut L x)+((muin muOut L x)*2)/NM; (*Negative BOomial
variance*)

nav[OFF_,ON_]=(OFF+ON)/2;

('..tt'.'.tt..tt.." BD' Parameters (EDFA) Q""'t.t.t'tﬂtt'...t.)

M=mt (Bout)/(2 Be); (*Number of Modes of the BDI Medium*)
t=Log[G)/Bout; (*Time of Traversal®)
a=(Nsp Bout); (“Birth Rate®)
b=a-Bout; (*“Death Rate®)

135



c=M a; (‘Immigration Rate*)
h=Exp{(b-a) t];

k=(a/(b-a)) (h-1);

(***** Variance of BD! Medium *****)

outvarx_,L_]=(((muin muOut L x)+ muOut L (c/a) k)/h+((((muin muOut L x)+
muOut L (c/a) k)/h}*2)/NM) ((2 Eff q Be)*2);

(.Q.'t"t't....t'.".... Disp'ay Parameters ."'."Q..."."...".)

Print["INPUT DISTRIBUTION: Negative BOomial"];
Print["Number of Modes=",NM];

Print["Average LED power= ",PO," = ",POdBm];
Print["Extinction Ratio=",r};

Print["BDI MEDIUM:"];

Print["Birth Rate a=",ScientificForm[a,6]];

Print[*"Death Rate b=",ScientificForm[b,6]];

Print["Immigration Rate c=",ScientificForm[c,6]];

Print["Time of Traversal t="t];

Print["Spont. Emission Factor Nsp=(a/(a-b))=",ScientificForm[Nsp,6]];
Print[*"Number of Modes (c/a)=",ScientificForm[M,6]];
Print["h=",ScientificForm[h,6],"  k=",ScientificForm[k,6]];
Print{"Gain (1/h)=",ScientificForm[1/h,6]];

Print[*"BDI Transfer function (c/a)k/h=",ScientificForm[(c/a)k/h,6]];
o A R R R L E L T Sy,

(tsrresssstssnsiiniins OIGGON'S  Noise Terms **essestsssssssssenses)
(***** Spontaneous emission *****)

Psp=(c/a) (k/h) hp nu (2 Be); (*=mt (k/h) hp nu Bout*)

Isp=Psp (Eff q)/(hp nu);

(***** Signal *****
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Is[x_]=x (2 q Eff Be) ( Boui80);

S[x_,L_]J=(muin muOut L (Is[x]/h))*2;

Nperbit[x_,L_]=(Eff muOut L (muin (((!s[x]}/(2 q Eff Be))/h)+(c/a)(k/h)));
(***** Excess noise term introduced by the LED source *****)
Nex[x_,L_}=((((muin muOut L (Is[x]/h))*2)/NM));

(***** Noise terms *****)

Nshot[x_,L_]=(2 q Be muOut L){(muin (Is[x)/h))+Isp);

Nsigsplx_,L_]=(2 (is[x[/h) muin (muOut*2) Isp (LA2)}/NM; (*((2 Be)/Bout);*)
Nspsp[L_]=((muOut L Isp)*2)/NM; (*((2 Be)/Bou::.")

Nth=0;

(***** Summation of the Noise components *****)
Ntot{x_,L_]=Nex[x,L]+Nshot[x,L]+Nsigsp[x,L]+Nspspi[L];

(*+ressssssasennsenes  Gaussian BER  Formulag **ttettssssesssessses)
Qx0_,x1_,L_]=(Sqrt[Sfx*,L]]-
Sqrt[S[x0,L]])/(Sqrt[Ntot[x1,L]]+Sqrt[Ntot[x0,L]]); BER[x0_,x1_,L_]=0.5
Erfc[Q[x0,x1,L})/Sqrt[2]];

(***** Received optical power in Watt and dBm *****)
Prx[L_]=((nav[is[nOON],Is[n0OFF]}/h ((hp nu)/(Eff q)) muin + Psp) muOut L);
PrxdBm[L_]=10 Log[10,1000 Prx[L]}//N;

(t".t."'t'tit.tttt.li. BER ca'culations .Qt'.t't..'....'i't..'.)

BERG={}; (“Initialization of vector containing PrxdBm and BER*)
L=.; (*Initialization of the attenuation variable*)
jinc=2;

(***** BER Calculation Loop *****)
For[j=0,j<61,j=j+jinc,

Print"'BER CALCULATIONS"};

LdB=ILC-60+j; (*Attenuation calculation in dB*)
L=10%(0.1 LdB)//N;

ssrsssessssersssesspyionuation and Power Display  tterttteessessessens)
Print["LdB=",LdB," L=",L};
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Print["PrxdBm=",PrxdBm[L}//N];
(".0'.'-&&'...""."'..t Noise Terlm Display ..Q'..'."."'..'.'.'.)

Prinf"NOISE COMPONEN" "

Print["ASE Power Psp=",Psp*’. ¢ 1Log*0,1000 Psp}//N];
Print[resssossseseeeas0lsgon-BDI  Moeyitereeereessssseay.
Prin*  ON OFF";

Print["S= *S[NOON,LY/N,"  ",S[n0OOFF,LJ/NJ;

Print["Nex= ",Nex[nOON,L}/N," *,Nex[nOOFF,L}//N);

Print["Nshot= ",Nshot[nOON,L}//N," *,Nshot[nOOFF,L)/N];
Print["Nsigsp=",Nsigsp[nOON,L}//N," " Nsigsp[n0OOFF,L}/N];

Print["Nspsp= ",Nspsp[L}//N};

Print["Nth= ",Nth//N];

Print["Ntot=  ",Ntot[nOON,L})//N," *,Ntot[nOOFF,LJ//N];
Print["outvar=",outvar[(nOON ( Bout/BO)),L}/N," *outvar[(nOOFF (
Bout/BO)),L})//N];

(*esssssssnssanissss Gaygsian BER  Display  ****teessessesssesnns)
1L B R L "1
Print["BER=",ScientificForm[BER[nOOFF,n0ON,L},6]];

(*** Creation of BER vector ***)
BERG=Append|[BERG,{PrxdBm|L],BER[n0OFF,n0ON,L}}];

L=. ;

|

PO=.;

(streessscsessssenss BER  Curve  Plotting  ttttteettesesessessienies)
Print["Plotting..."];
bergg=LogListPlot|BERG,PlotJoined->True,FrameLabel->{"Received Optical Power
(dBm)","BER","Gaussian Approx., POdBm="ToString[POdBm],"}};
(vereresessessssssiiogriting Data fto @  File  *ttteteesssessessannncs
(***The format used is space seperated numbers***)
stmp=OpenWrite[outputfilename, FormatType->OutputForm];
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Print[*Writing data into ", outputfilename," ..."];
WriteString[stmp,"PO=", ToString[POdBm]," dBm\n"];

WriteString[stmp,"PrxdBm *,* *, "BER\n"};
For[jj=1.jj<Round[(61/jinc)+1],jj++,

Write[stmp, BERGI[ijlll[1]]," *, FortranForm[BERGI[jlii[=1] );
1
Close[stmp];
(PresrestesstesssssssiniEng  of  Program  tettettettessessesecseen
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Appendix 5A: Veritech Amplifier Information

Model: VMA3k10C-232
Bandwidth: 3 kHz to 10 GHz
Small Signal Gain: 32 dB (typ.)
Power Output: +17 dBm (min.)
Gain Ripple: 1 dB (max.)
Group Delay: 1400 ps (typ.)
Rise Time: 55 ps (typ.)
Noise Figure: 8 dB
DC Current at +15 V: 600 mA (max)
DC Current at -15 V: 50 mA (max)
Frequency Response:
(as measured by us)
Sy log MAG SCALE 1.0 dB/div

REF 0.0dB
1.0dB/

:FV
\/

START 0.100000000 GHz
STOP  20.000000000 GHz

Figure 5A.1: Veritech VMA3k10C-232 amplifier frequency response
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Appendix 5B: Mas-Tech LED Information

LED Specifications:
Model: E15D1-002 (Edge-Emitting)
Absolute Ratings:
Forward Bias Current: 150 mA
Reverse Voltage: 1V
Cooler Current: 1.2 A
Operating Temperature: -20 to +65 °C
Optical and Electrical Characteristics:
(Bias Current: 100mA, Temperature: 25°C)
Output Optical Power: 24 uW
Forward Voltage: 145V
Centerwavelength: 1531 nm
Optical Bandwidth (FWHM): 108 nm
Rise and Fall Times: 2 and 3 ns, respectively (typ.)
Cooler Capacity: 40°C (min.)
Thermistor Resistance: 10 kQ (typ.)

Figure 5B.1 shows the optical spectrum of the Mas-Tech LED as provided by the
manufacturer.

D . 22.
BIE 05580
# OF MODES» |
2.5 —
v ENY 48
o !/’ E15D1~002
dBn
/ \ S/N 025887
l.g : \ Imax (ma) 10
\ PO @ Imax (uW) 24
/ Vf @ Imax (Volts) 1.45
N
1250, 0 1500, Onm 1750, 0

SPN
K
LMK

Figure 5B.1: Mas-Tech LED E15D1-002 power spectrum
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LED Hardware

A number of electronic circuits were required to ensure that the LED be properly and
safely operated. All these circuits were designed by TRLabs Laboratory Manager, Mr.
Dave Clegg, with the exception of one which was designed by a former master's student at
TRLabs, Ken Benterud. In addition, the LED and its circuitry were put in a aluminum box
to protect them from the external environment. The design, the building and the packaging
were done at TRLabs. Here is the list of the LED circuits:

Laser Bias Insertion Unit-02

Thermoelectric Cooler-02 (K Benterud, modified version)
Pump Laser Drive Unit-01 (modified version)

Positive and Negative Regulator-02

Digital Voltmeter and LED Display-02

Al

Drive Circuit

The simplified version of the Mas-Tech LED drive circuit is shown in figure 5B.1. It is
essentially a variable current source which provides the DC bias on the LED plus an AC
modulation input branch. A ferrite bead and an inductor L=100 nH in the vertical branch
provite AC isolation and a capacitor C=100 nF in the modulation branch provides DC
isolation. Since the LED dynamic resistance is around 4 ohms a resistor R of 47 ohms (47
is the closest nominal value to 46 ohms) has been added to the modulation branch to
match the 50 ohms coaxial transmission line that carries the modulation to the LED. The
DC bias current can be adjusted by a knob on the LED box front panel. The actual LED
drive circuit is a lot more complicated than the one presented here because it contains a
series of safety features and additional circuitry to insure stable operation. More complex
LED drivers optimized for digital modulation [50, 51] could have been used but this one
was chosen for simplicity.

TEC Control

The Mas-Tech LED patkage comes with a TEC system and a thermistor. The TEC is
based on Peltier effect [52] which states that by passing an electric current through a
junction of different metals, heat can be created or absorbed at the junction. This device is
used to cool the LED down to increase its output power. The thermistor is a device that
has an electrical resistance that varies generally non linearly with temperature. The LED
thermistor has a negative temperature coefficient, that is its resistance drops with
increasing temperature. The TEC control circuit consists essentially in a feedback loop in
which the TEC is driven by an unbalance signal coming from a resistor bridge containing
the thermistor and a variable resistor. The desired temperature can be set by a knob on the
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LED :Yﬂ
R C

AC
Modulation

Variable DC
Current Source

Figure 5B.1: Simplified version of the Mas-Tech LED driver

LED box front panel which controls the bridge variable resistor. The resistor bridge circuit
is shown in figure 5B.2 (a).

: R5
R3
WEL R4
+'VR1 R6
R2!
R2 *Rth
C
(a) (b)

Figure 5B.2(a): Thermistor bridge . (b) TEC comparator

From the circuit, Rth is easily determined by the simple equation:

Rth= —— (5.1)

With R1=5k, R2=R3=10k and VR1=0-10k, the range values for Rth goes from 6.67k to
40kQ which corresponds to a temperatuic raage going from 35 to -5°C.
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The unbalance signal is sent to a comparator shown in figure 5B.2 (b). This is
basically an integrator that drives the TEC according to the unbalance signal from the
bridge. The component values are: R4=R5=3kQ, R5=R7=100kS2 and C=15nF. This gives
a loop gain of 33.3 with a RC time constant of 15 ms.
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Appendix 5C: BT&D, SHF and Mini-Circuit
Filter Information

BT&D Photodetector

Model: PDC4310

Absolute Ratings:
Reverse Voltage: 10 V (max.)
Forward Current: 500 pA (max.)
Forward Voltage: 0.5 V (max)
Operating Temperature: 5 to 50 °C

Optical and Electrical Characteristics:

(Temperature: 25 °C and Reverse Bias: 5 V)
Responsivity at 1550 nm: 0.75 (typ.)
Return Loss: 30 48 (typ.)
3 dB Bandwidth: 25 GHz (typ.)
Flatness: 1.5 dB (typ.)
Loss in Responsivity at 1 GHz: 1 dB (typ.)
Chip Capacitance: 0.12 pF (typ.)
Dark Current: <1 nA (typ.)

Electrical Frequency Response:

(as measured by us)
3.!
a8 la
T 0¥
~ d V“M
8 A/ )
g 9 WH'J‘"
B |
g ] !
g
1 ]
TR T s o ok SO SNl NS NS TSI SN N T S
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Frequency (GHz)

Figure 5C.1: BT&D photodetector electrical frequency response
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SHF Amplifier
Model: 90 P
Bandwidth: 10 kHz to 15 GHz
Small Signal Gain: 23 +1 dB
Gain Ripple: £1.5 dB
Output Power at 1 dB Compression: +10 dBm
Maximum Input: 0 dBm (630 mVpp)
Rise Time: <30 ps
Overshoot: <8 %
Noise Figure: 7 dB (typ.)
Voltage Supply: +12 V, 110 mA
Frequency Response:

(as measured by us)
S, log MAG SCAIE 1.0 dB/div

REF -5.0dB
1.0dB/

’:AﬂL.EO HB/div

S,

W\ﬁ

START 0.100000000 GHz
STOP  20.000000000 GHz

Figure 5C.2: SHF 90 P amplifier frequency response
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Mini-Circuit Filter
Model: SLP-850
Passband (Loss<1 dB): DC to 780 MHz (min.)
3 dB Bandwidth: 850 MHz (nom.)

Frequency Response:
(as measured by us)
CH1 Sp4q log MAG A d8/ REF =40 dB 1 ~2.7733 d3
eq roz. 19| 1p AT
c2 ’_‘r\.\
Smo
4
STAAT .300 MH2z STOP 2 000.000 000 MHI

Figure 5C.3: Mini-Circuit SLP-850 filter frequency response
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Appendix 5D: Characteristics of Attenuators

Two attenuators are used in the optical link. The first one is to reduce the input power to
the EDFA and the second is to reduce the power hitting the photodetector. The
attenuation is provided by an attenuating medium of variable thickness that is carefully
moved in and out of the optical path. The following describes the main characteristics of
the vwo attenuators used in the optical link.

JDS Fitel VA4 Attenuator

The JDS Fitel VA4 is an portable variable optical attenuator calibrated at 1300 and 1500
nm to provide continuous variable attenuation up to 40 dB with an accuracy of 0.5 dB.
At 1500 nm, it has an IL of 2.5 dB and it can handle power level as high as 200 mW. It
also has -35 dB backreflection.

JDS Optics 7000 Attenuator

The JDS Optics 7000 is a programmable and GPIB controllable variable optical attenuator
that provides continuously variable attenuation up to a total light block (e attenuation)
with 0.1 dB increments. It is calibrated at 0.83, 1.3 and 1.55 pm. It can handle a maximum
power of 200 mW and has an insertion loss of about 3.3 dB at 1550 nm. its
backreflection is -50 dB.
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Appendix 5E: TRLabs EDFAs Information

The two TRLabs EDFA packages are essentially identical. They consist of a Lasertron
pump laser with its driver, two WDMs and a length of erbium doped fiber (EDF). A
WDM (wavelength division muliiplexor) is basically a frequency sensitive coupler. One
WDM is used to combine the 980 nm pump with the 1550 nm signal to be send through
the length of EDF. A second WDM is used after the EDF to seperate the pump from the
useful signal. The schematic is shown in figure 5E.1.

ErdiugibDoped
Laser 1oer
Driver [ Egmp 980 nm 1550 nm Amplifier
Circuitry ser : Output
ifi Residual
ﬁ,’,','f,’t"f'er1 550nm 980 nmp AT 980 N pﬁrs,:g“

Figure SE.1: Schematic of TRLabs EDFA packages.

Components:
Pump: Lasertron QLM9S450001
Output Power: 50 mW (typ.)
Input WDM: Gould
Erbium doped fiber: National Optics Institute #4
Output WDM: SIFAM
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Appendix 5F: BNR OC12 Receiver
Information
The schematic of the BNR OC12 receiver is shown in figure SF.1.
Vee Voo uF Vee vee
o.1yF g Boad” 10y DEsa Noise Filter I
— Gosr
0.047m: ﬁ v 0 047 ].I.F
Vee 0.1uF  39nH °-1|lfD
0.1uF in+ out+ L { 1 in+ out+ _r‘
a—| Fiber I in- out- 3pF == 3pF in- out- -
Connactor " I I 56 D
0.1uF L Gain CTRL 0.1yF  3gH Gain CTRL 0.1pF
1 [ Vea Vee Ves  Ves
Anadigics V Avantek tek
ATA-06210 IVA-05208 etk

Figure 5F.1: Schematic of the BNR OC12 receiver.

Anadigics AGC Transimpedance Amplifier:
(typical values at 25°C)

DC Characteristics:

Responsivity: 0.7 A/W
Transresistance: 10 kQ

Input Impedance: 280 Q

Input FET Leakage Current: 50 nA
Supply Current: 35 mA, 5V

AC Characteristics:

Transresistance: 4 kQ

Input Capacitance: 0.4 pF

3 dB bandwidth: 450 MHz

Input Noise Spectral Density: 3.75 pA/vHz
Input Current Noise: 54 nA rms

Optical Overload: -3 dBm

Optical Sensitivity: -33 dBm
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AGC Time Constant: 10 ms
Avantek Amplifiers:
(typical values at 25°C)

Power Gain: 30 dB

Gain Flatness: 0.8 dB

3 dB bandwidth: 1.8 GHz

Gain Control Range: 30 dB

Noise Figure: 9 dB

Output at 1 dB Compression: -3 dBm

Group Delay: 400 ps

Supply Current: 35 mA, 5 V.
Frequency Response:

MEM logMAG 10dB/ REF0dB  1:-3.0317dB
CHi = ke 362.781 124 MHz

am

ore MARKER [1-ots

AVG st. 19114 MHZ
16

START .500 000 MHz STOP '1000.000 000 MHz

Figure 5F.2: BNR OC12 receiver frequency response. (Bruce Beggs, BNR Ottawa)
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Appendix 6A: Program Listings
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berparameters2a

(ﬁti"i."."i."'.'.'.

|npu' Paremetefs Q.Q'.'Q'.QQ....Q.'QQ'..‘)

mt.-2; (*Polarization of Light at photodetector*)
Nsp=2.8; (*EDFA #R0303 @ 160 mA pump Spontaneous Noise Factor*)
GdB=23; ("EDFA #R0303 Gain @ 160 mA pump in dB*)
G=107(0.1 GdB);

lambda=1537 10A-9; ' (*Signal Wavelength*)
nu=v/lambda;

Blin=5.2 10%-9; (*Input Filter JDS TB1570 Equivalent Noise BW*)
Bin=v (Blin/(lambda*2));

Blout=1.94 107-9; (*Output Filter JDS TB1500B Equivalent Noise BW*)
Bout=v (Blout/(lambda*2));

DFfactor=0.85; (*Correction introduced because of Filter Cascade*)
muin=0.8; ("EDFA Input Coupling Efficiency*)
muQut=0.8; (*EDFA Output Coupling Efficiency*)
B=622 10%6; (*Modulation Bit Rate®)
Be=373 10%6; (*OC12 Receiver Electrical Bandwidth *)
Eff=0.57; (*OC12 Receiver Quantum Efficiency*)
RI=580; (*OC12 FE Receiver Noise Resistor (Sensitivity=-30 dBm)*)
Fn=1; (*OC12 Receiver Noise Figure®)
r=15; (*12 dB*) (‘LED Extinction Ratio*)
PindBm=-38; (*Input Signal Power to EDFA*)
Pin=104(0.1 PindBm - 3)//N; ‘
outputfilename="ber2a38" ; (*Output data Filename*)
(sereverresssssssniissgng  of  Input  Parameters seasessssennsaniianes
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exbernb.prx

(t.t.....'.."t...ttt.'.ﬂ'.'....'t 'Q'tttt.'t."""t."..".)

(* ™)
(* This program has been created by Eric Cauch'  (August 1993) *)
(* Modified version of the progra.:: thbernb.prx *)
(* *)

(* This program gives the BER versus power at received of a spectral slicing system * )
(*composed of an LED that is DIRECTLY modulated, an EDFA, an optical filter and an * )
("optical receiver. *)
(* The LED photon distribution is modeled by a Negative Binomial distribution and  * )
(*the EDFA amplification is modeled by a BDI (birth-death-immigration) model *)
(*introduced by Shimoda et al.(1980) and extended by Teich et al.(1989-1 992) *)
(* ‘)

l'tt."...'.."t"'.'t'.".'t.'.'tt""Qt't'.."'t'i.'.'ﬁ."')
)

(“<<initmath;*) (*Read initialization file for Mathematica*)
<<constants; (*Read program constant file*)
<<berparameters2a; (*Read parameter file for Ber calculations*)

(t'tttt't.i.t.t lnput Distribution Parameters (LED) 'tt't..ttt"tttt.‘)
Pin= Pin (my2);

nOON=(Pin 2 r)/((r+1) hp nu 2 Be); (*Average Input # of Photons for ON*)
nOOFF=(Pin 2)/((r+1) hp nu 2 Be); (*Average Input # of Photons for OFF*)
NM=DFfactor mt (Bout)/(2 Be); (*Number of Modes of the Source*)

(*** Built-in Negative Binomial pdf ***)
NBDist[alpha_,N_]=NegativeBinomialDistribution[alpha,alpha/(N+alpha)];
varNBD(x_]=(muin muOut L x)+((muin muOut L x)*2)/NM; ("Negative Binomial
variance*)

nav[OFF_,ON_]=(OFF+ON)/2;

(#rer2esesemssssssisss BD|  Parameters (EDFA) **+tssssssssssssssansy

M=mt (Bout)/(2 Be); (*Number of Modes of the BDI Medium®*)
t=Log[G)/Bout; (*Time of Traversal')
a=(Nsp Bout); , (*Birth Rate*)
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b=a-Bout; (*Death Rate*)

c=Ma; (*Immigration Rate*)
h=Exp[(b-a) 1];

k=(a/(b-a)) (h-1);

(***** Variance of BDI Medium *****)

outvar{x_,L_]=(((muin muOut L x)+ muOut L (c/a) k)/h+((((muin muOut L x)+
muOut L (c/a) k)/h)*2)/NM) ((2 Eff q Be)r2);

(iﬁ..ﬁ"'tttﬁﬁt.."t

Display Parame‘efs ‘ataG.ta.n.oaato...-t...'c)

Print["INPUT DISTRIBUTION: Negative Binomial");
Print{"Number of Modes=",NM];

Print["Average input Power= ",Pin," = ",PindBm];
Print["Extinction Ratio=",r];

Print["BDlI MEDIUM:"};

Print["Birth Rate a=",ScientificForm[a,6]];

Print["Death Rate b=",ScientificForm[b,6});

Print["Immigration Rate c=",ScientificForm{c,6)];

Print["Time of Traversal t=",t};

Print["Spont. Emission Factor Nsp=(a/(a-b}))=",ScientificForm[Nsp,6]};
Print["Number of Modes (c/a)=",ScientificForm[M,6]];
Print["h=",ScientificForm[h,6],"  k=",ScientificForm(k,6]}:
Print["Gain (1/h)=",ScientificForm[1/h,6]];

Print["BDI Transfer function (c/a)k/h=",ScientificForm[(c/a)k/h,6]):
Prinmt[ e-ccrccemeieeicii i

(rreevsnsenavarvnsseaISSON'S  Noise Terms *+tettsssessssesssssensy
(***** Spontaneous emission *****)

Psp=(c/a) (k/h) hp nu (2 Be); (*=mt (k/h) hp nu Bout’)

iIsp=Psp (Eff q)/(hp nu);
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(*ere’ &;ignal seees)
Is[x_j=x (2 q Eff Be) (DFfactor Bout/Bin);

Six_kJv(muin muOut L (Is[x}/h))*2;

Npedil(x ,L_]=(Eff muOut L (muin (((Is[x)/(2 q Eff Be))/h)+(c/a)(k/h)));
{***** RAyess noise term introduced by the LED source *****)
Nex[*_,A_l~((((muin muOut L (Is[x}/h))*2)/NM));

(**** Ppise terms *****)

Nshollx.L_J=(2 q Be muOut L)((muin (Is[x}/h))+sp);

NsigsPl#, ,L_]=(2 (Is[x]/h) muin (muOut*2) Isp (L*2))/NM (*((2 Be)/Bout);*)
NspsPlL.j=((muCut L Isp)A2)/NM; (*((2 Be)/Bout);")

Nth=((4 k8 T) Fn Be)/RI;

(***** Syynmation of the Noise components *****)

Ntot[*_ A I=Nex|x,L]+Nshot[x,L]+Nsigsp{x,L]+Nspsp[L];

(***** Royeived optical power in Watt and dBm *****)
Prx[L1{inav(Is[nOON],IS[nOOFFIVh ((hp nu)/(Eff q)) muin + Psp) muOut L);
PrxdBmfl_J=10 Log[10,1000 Prx[L]}//N;

RRLRIATAVALLLLLITEIITE BER Calculations e AL TLLE A
BERNBL{), (*Initialization of vector containing PrxdBm and BER®)
L=,; (*Initialization of the attenuation variable®)
jinc=2;

(***** RRA Calculation Loop *****)
For[j=Q,|<61,j=]+]jinc,

Printf'BEA CALCULATIONS");

LdB=ILCAD+; (*Attenuation calculation in dB*)
L=10*(Q,) LdB)/IN;

(nna'\,\,-unn Attenuation and Power Display n....."nn.nnn-)
Print['Lyf-"LdB," L=*.L];

Print["®ydBm=",PrxdBm[L]//N];

‘nna'v,,...nn.....- Noise Term Display n..--.......n."nn.)
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Print"NOISE COMPONENTS"];
Print["ASE Power Psp=",Psp"=",10 Log[10,1000 Psp}//N];
Print[I'tQ"t"QOQt"io'sson-BDl MOdB""“"“"“"“];

Print[" ON 0 H o

Print["S= ",S[nOON,L)/N,” ", S[nOOFF,L)/N];

Print["Nex=  ",Nex[nOON,L}/N," *,Nex[nOOFF,L}J//NJ;

Print["Nshot= ",Nshot[nOON,L]/N," *,Nshot[nOOFF,L}//N];
Print["Nsigsp=",Nsigsp[nOON,L}//N," *,Nsigsp[nOOFF,L)/N];
Print["Nspsp= ",Nspsp]L}//N];

Print[*"Nth=  ",Nth//N];

Print["Ntot= ",Ntot[nOON,L}//N," " ,Ntot[nOOFF,L}//N];
Print["outvar=",outvar[(nOON (DFfactor Bout/Bin)),L}//N," " outvar[(nOOFF
(DFfactui .. ~ieY),L)/IN];

(rrerteerreee cogative  Binomial BER  Calculations  *tessstessssssseses)
NM=Rou::: i/

DTNB=Round|!f[Nperbit{n0OFF,L}>0,NM
Log[(1+Nperbit[nOON,L}/NM)/(1+Nperbit[nOOFF,L}/NM)}/Log[(1+NM/Nperbit[n0
OFF,L])/(1+NM/Nperbit[nOON,L])],01)//N; Print["DTNB=",DTNB];

BERnbbdi=.;

BERnbbdi=SetPrecision[0.5 ((1-
CDF[NBDist[NM,Round[Nperbit[n0OFF,L]]],DTNB])+CDF[NBDist[NM,Round[Nperbit[n
O0ON,L]]],DTNB]),30]//N;

(...t.ﬁ'..t.'.t.t Negative Binomia' BER Display "'.t.'.'t..'....t..')

Print["BERnbbdi=",ScientificForm[BERnbbdi,6]);
(*** Creation of BER vector ***)
BERNB=Append[BERNB,{PrxdBm|L],BERnbbdi}};
L=. ;

1

Pin=.;

(."'.'..""QQQ.'.Q' BER Curve Plotting '0".‘."..’0"."'....Q.)
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Print["Plotting..."];
bernb=LogListPlot[BERNB,PlotJoined->True,FrameLabel->{"Received Optical Power
(dBm)","BER","Negative Binomial Approx., PindBm="ToString[PindBm],""}];
(+ssssssresesssssiass Writing Data to @ Filg *teettresssssesssencine
("**The format used is space seperated numbers***)
stmp=OpenWrite[outputfilename, FormatType->OutputForm];
Print("Writing data into ", outputfilename," ..."];
WriteString[stmp,"Pin=",ToString[PindBm]," dBm\n"];
WriteString{stmp,"PrxdBm ".* ", "BER\n"];
For[jj=1,jj<Round[(61/jinc)+1},jj++,

Write[stmp, BERNBI[jilll[1]]," *, FortranForm[BERNBI[jjill{2]]] );
1
Close[stmp];

('.QQ."Q!...'...Q‘.Q’. End of Program tt..tttt"'t.ﬁ.'..tt't.'t')
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exbergg.prx

(.ttt'tt"'Q*'QiQ'ttt'ﬂ"""'t'.'.."'tt"'t'..i.'.'t."‘...)

(* ")
(* This program has been created by Eric Cauchon (August 1993) *)
(* Modified version of the program thbergg.prx *)
(* ')

(* This program gives the BER versus power at received of a spectral slicing system * )
(*composed of anLED that is DIRECTLY modulated, an EDFA, an optical filter and an  * )
("optical receiver. ‘)
(* The LED photon distribution is modeled by a gaussian distribution with a mean and * )
{*variance of a negative binomial passed through and the a BDI model introduced by * )

(*Shimoda et al.(1980) and extended by Teich et al.(1989-1992) *)
(* )
R P R R PP R
(*<<initmath;*) (*Read initialization file for Mathematica*)
<<constants; (*Read program constant file*)
<<berparameters2a; (*Read parameter file for Ber calculations®)

(ttt..ttt'.tﬁitlnput Distribution Parameters (LED) .t'ttt.t.t.'.itttt)
Pin= Pin (mt/2);

nOON=(Pin 2 r)/((r+1) hp nu 2 Be); (*Average Input # of Photons for ON*)
nOOFF=(Pin 2)/((r+1) hp nu 2 Be); (*Average Input # of Photons for OFF*)
NM=DFfactor m{ (Bout)/(2 Be); ("Number of Modes of the Source®)

(*** Built-in Negative Binomial pdf ***) '
NBDist[alpha_,N_]=NegativeBinomialDistribution[alpha,alpha/(N+alpha)];
varNBD[x_]=(muin muOut L x)+«{{muin muOut L x)*2)/NM; ("Negative Binomial
variance*)

nav[OFF_,ON_]=(OFF+ON)/2;

(resresssssavessses  BD|  Parameters (EDFA) **etvsecsessescusssens)

M=mt (Bout)/(2 Be); (*Number of Modes of the BDI Medium*)
t=Log[G}/Bout; (*Time of Traversal®)
a=(Nsp Bout); (*Birth Rate*®)
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b=a-Bout; (*Death Rate*)
c=M a; (*Immigration Rate*)
h=Exp[(b-a) 1];

k=(a/(b-a)) (h-1);

(***** Variance of BDI Medium *****)

outvar[x_,L_]=(((muin muOut L x)+ muOut L (c/a) k)/h+((((muin muOut L x)+
muOut L (c/a) k)/h)*2)/NM) ((2 Eff q Be)*2);

(.."ttt.t'tt'.tti.t.'!t Display Parameters "'t..'.."'.'tt'.ii")

Print["INPUT DISTRIBUTION: Negative Binomial"];
Print[*Number of Modes=",NM];

Print["Average Input Power= ",Pin," = ",PindBm];
Print{"Extincticn Ratio=",r];

Print{"BDI MEDIUM:"};

Print["Birth Rate a=",ScientificForm[a,6}];

Print["Death Rate b=",ScientificForm[b,6]];

Print["Immigration Rate c=",ScientificForm[c,6]];

Print["Time of Traversal t="t];

Print["Spont. Emission Factor Nsp=(a/(a-b))=",ScientificForm[Nsp,6]];
Print["l.umber of Modes (c/a)=",ScientificForm[M,6]];
Print["h=",ScientificForm[h,6],"  k=",ScientificForm[k,6]];
Print["Gain (1/h)=",ScientificForm[1/h,6]];

Print(*"BDI Transfer functicn {c/a)k/h=",ScientificForm[{c/a)k/h,6]];

(ssesesssavenssainiess OISSON'S  Noise Terms ****tvssssessssensanss)
(***"* Spontaneous emission *****)

Psp=(c/a) (k/h) hp nu (2 Be); (*=mt (k/h) hp nu Bout*)

Isp=Psp (Eff q)/(hp nu);
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(*****  Signal *****
Is[x_]=x (2 q Eff Be) (DFfactor Bout/Bin);

S[x_,L_]=(muin muOut L (Is[x}/h))*2;

Nperbit[x_,L_]=(Eff muOut L (muin (((Is[x])/(2 q Eff Be))/h)+(c/a)(k/h)));
(***** Excess noise term introduced by the LED source *****)
Nex[x_,L_]=((((muin muOut L (Is[x)/h))A2)/NM));

(***** Noise terms *****)

Nshot[x_,L_]=(2 q Be muOut L)({(muin (Is[x])/h))+isp);

Nsigsp[x_,L_]=(2 (Is[x)/h) muin (muOut*2) Isp (L*2))/NM; (*((2 Be)/Bout);")
Nspsp[L_]=((muOut L Isp)*2)/NM; (*((2 Be)/Bout);*)

Nth=((4 kB T) Fn Be)/Rl;

(***** Summation of the Noise components *****)
Ntot[x_,L_]=Nex[x,L]+Nshot[x,L]+Nsigsp[x,L]+Nspsp|L];

(rsrresseesssassiienss Gayssian BER  Formulas  *teettessesstssescans
4[x0_,x1_,L_]=(Sqrt[S[x1,L]]-
Sqrt[S[x0,L]])/(Sart[Ntot[x1,L])+Sqrt[Ntot[x0,L]}); BER[x0_,x1_,L_]=0.5
Erfc[Q[x0,x1,L}/Sqrt[2]];

(***** Received optical power in Watt and dBm *****)
Prx[L_]=((nav[Is[nOON],Is[nOOFF]//h ((hp nu)/(Eff q)) muin + Psp) muOut L);
PrxdBm([L_]=10 Log[10,1000 P¢xjL]J//N;

(Qt*.tt'tt..i"ﬁ"’tt.'tt BER Ca|cu']ations i..'t't'.tt..'t.'t.t'..)

BERG={}; (*Initialization of vector containing Prxd™m and BER®)
L=.; (“Initialization of the attenuation variable®)
jinc=2;

{***** BER Calculation Loop *****)

For[j=0,i<61,j=j+jinc,

Print["BER CALCULATIONS"};
LdB=ILC-60+j; (*Aitenuation calculation in dB*)
L=10~(0.1 LdB)//N;

ﬁ.'t't"tt'..'..t"A‘tenuation and Power Disp|ay "t.".t.....t."t.ﬁ)
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Print["LdB=",LdB," L=",l};
Print["PrxdBm=",PrxdBm{L}//N];
(....'tt..tt.."'tt't... Noise Term Display t."""t'.’.ttt't't.t)

Print["NOISE COMPONENTS"J;

Print["ASE Power Psp=",Psp"=",10 Log[10,1000 Psp}//N];
Print[rs******++*+*2420|550n-BDI  Model*******s+sssssssay,
Prinf* ON OFF");

Print["S= ", S[NOON,L)/N,” *,S[nOOFF,L)/NJ;

Print[*"Nex= ",Nex[nQON,L)//N," ",Nex[nOOFF,L)//N];

Print["Nshot= ",Nshot[nOON,L}//N,” ",Nshot[nOOFF,L)//N];
Print["Nsigsp=",Nsigsp[nOON,L}//N," " ,Nsigsp[nOOFF,L)//N];
Print["Nspsp=“,Nspsp[L}//N];

Print["Nth= ",Nth//N};

Print["Ntot=  ",Ntot[nOON,L}//N," " N{ot[nOOFF,L}/N];
Print[*outvar=",outvar[(nOON (DFfactor Bout/Bin)),L})//N," *outvar[(nOOFF
(DFfactor Bout/Bin)),L})//N};

(vesessesssrenanssss Gayssian  BER  Display  *ttetetrertssessesssene)
PRt e el "1
Print["BER=",ScientificForm{BER[nOOFF,n0ON,L],6]];

(*** Creation of BER vector ***)
BERG=Append[BERG,{PrxdBm[L},BER[nOOFF,n0ON,L}}];

L=. ;

l;

Pin=.;

(veessessecsrssasers  BED  Curve  Plotling  ttttereessssstressasasnens
Print["Plotting..."};

bergg=LogListPlot[BERG, PlotJoined->True,FrameLabel->{"Received Optical Power
(dBm)","BER","Gaussian Approx., PindBm="ToString[PindBm),"}];
(erstereestessssetetyriling Data to @ File  tteeeeesssesssssssssss

(***The format used is space seperated numbers***)
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stmp=OpenWrite[outputfilename, FormatType->OutputForm);
Print["Writing data into ", outputfilename,” ...");
WriteString[stmp,"Pin=",ToString[PindBm]," dBm\n"|;
WriteString[stmp,"PrxdBm "* ", "BER\n"};
Forljj=1.jj<Round[(61/jinc)+1],jj++,

Write[stmp, BERGI[ijlli{1]}," ", FortranForm[BERG][jjlI{[2]]} };
1
Close[stmp];

('tﬁt..i'.'.t.tt.t‘"’p"t'End

Of Progfam 't'tiiﬁ...'.ttt.ttt'tt.t)
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