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Abstract

Subcarrier multiplexing efficiently uses the available fiber bandwidth in video trans-
mission. Semiconductor lasers are usually used as optical transmitters in such systems.
A semiconductor laser exhibits nonlinear characteristics. Nonlinearity degrades system
performance. For nonlinearity compensation, a nonlinear predistortion block is assumed
to be incorporated prior to the laser. Characteristics of this nonlinear block invert those
of the laser. Performance of the subcarrier multiplexed system with and without pre-
distortion is evaluated by harmonic distortion and intermodulation distortion analyses.
Nonlinear distortion level decreases significantly when predistortion is employed prior
to the laser. This enhancement results in system requirements for carrier-to-noise ratio

being met.
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Chapter I

Introduction

1.1 Introduction

Subcarrier Multiplexing is an efficient use of the available fiber bandwidth in video
transmission. Video signals modulate carriers which are equally spaced in the available
bandwidth, Fig.1.1 depicts a block diagram for a subcarrier multiplexing system. Mod-
ulated carriers are combined to form the electric input signal to the laser. The output
optical signal reaches the receiver via fiber. At the receiver it photodetector converts
the optical power to an electrical signal. The electrical signal is demultiplexed by the

bandpass filters and then demodulated.

A semiconductor laser has nonlinear characteristics. The input current of a semi-
conductor laser has to exceed a certain threshold level in order for any optical output to
result. Laser light-current (L/I) characteristic is shown in Fig.1.2. Nonlinearity causes
generation of new frequencies. Applying a large signal (o the system causes Nonlincar
Distortion (ND). In the case when there are several small input signals, their phasor
sum results in a signal that is equivalent to a large signal applied to the system. So the
overall effect of them is like the effect of a large signal that yiclds Nonlincar Distortion.
In CATV transmission, several subcarriers are multiplexed to modulate a single laser
diode light. Each of the subcarriers current can be represented by a phasor which has a
particular amplitude, frequency and phase. The totel current that forms the input current
to the laser, is the phasor sum of the amplitude and the phase of subcarriers. If this
sum, or tofel current, exceeds the range between the bias current and threshold current,

zero-level clipping occurs in the output power. This is shown in Fig.1.3.
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Figure 1.1. Block diagram of a subcarrier multiplexing system
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Here, the totel modulated current that is applied to the laser diode i$ isotar Whose
amplitude can be larger than the range between bias current and the laser threshold
current. In this case, zero-level clipping occurs ‘at the output optical power. If the
number of carriers is small, the total modulated current does not go below the threshold

current and no clippping occurs. Optical modulation depth is defined to be:

Ip
Ib - If.h

(1.1)

m =

where I, is the peak amplitude of the input current, I, is the bias current of the laser and
I, is the threshold current. When the number of carriers is not small, we can choose
a small modulation depth for each carrier so that the effective optical modulation depth
(OMD) is not so large to cause the total current to go below the threshold. The effective

modulation index is

(1.2)

where N is the number of subcarriers, m; is the optical modulation depth of the iy,
carrier[1]. If NV is increased, m, is increased so we can have larger modulation indices

leading to a lesser transmitted power.

On the other hand, as the input-output characteristics of the laser shown in Fig.1.2
suggests, the output optical power saturates for large values of input current. This is
another source of nonlinearity in the characteristics of the laser. The first source of
nonlinearity in semiconductor lasers is due to the threshold current which cannot be
linearized since this is an inherent property of the semiconductor lasers [2]. The second
source is due to saturation which debends on the value of the total input current. The

total value depends on the number of subcarriers and the individual modulation indices.
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Figure 1.3. Total current in multiplexing is the phasor sum of the subcarrier currents.



Linearization of the laser characteristic yields in using a larger number of channels
without the problem that was mentioned and also larger modulation indices can be used
easing the power budget requirements. This can be done by introducing a predistortion
block prior to laser diode. The predistortion characteristic inverts that of the laser diode.
Hence, the overall system exhibits less nonlinearity than the laser diode itself. In other

words, nonlinearity of the laser has been compensated.
1.2 Proposed Approach

A laser diode has an input in the form of an electric current and an output in the
form o'f light or photons. So it can be analyzed like other systems by its input-output
characteristic. This characteristic is represented in the form of the curves shown in
Fig.1.2, This is a solid presentation of a laser. When input current to a semiconductor
laser is more than the threshold current, stimulated emission of photons starts. The
density of the electron carriers and the density of emitted photons are measures as input
and output signals of a Iaserﬁ diode. Electron carriers are in the conduction band of the
semiconductor material and the emitted photons are in the lasing mode or stimulated
state of the material. Otherwise, the output is just spontaneous emission of photons.
Dynamic behaviour of a semiconductor laser is expressed by a set of nonlinear differ-
ential equations known as rate equations. Rate equations relate output photon density to
the input injected current and take into account the parameters which are due to material
properties or are external parameters applied to the laser. For a single-mode laser rate

equations are:

dN I, N

T ST I N1~ eS)S | (13.0)



ds S N ,
F = Do = No)(1 = e$)$ = = +TAT (1.3.6)

with

S = density of photons in lasing mode

N = density of electrons in the conduction band of the semiconductor
N, = Transparent carrier density

I, = injection current

g = optical power gain

V = volume of the active laser region times electronic charge

T, = Spontaneous electron lifetime

ren = photon lifetime

B = probability of spontaneous emission of a photon in lasing mode
€= power gain compression parameter

' = Optical confinement factor

To linearize the characteristic in the active region we need a model. Since laser non-

linearity has memory, a Volterra-Series expansion has been shown (o be an appropriate

model for the system [3].

For practical application of the Volterra series for system representation, the system

must be a weakly nonlinear one. In this way, only a few Volterra transfer functions need

be taken into account. If the system has a strong nonlinearity in its characteristic such

as kinks, jumps or hard limitations, it cannot be expressed by a few Volterra transfer
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functions and the associated series representation converges very slowly in this case.

Semiconductor lasers exhibit a weak nonlinearity when the current is well above
threshold. Therefore, Volterra transfer functions of low order are employed in their
modelling. In this case, up to a third order transfer function modelling is adequate
[3].14]. An inverse system is proposed based on the Volterra transfer functions which

models the laser predistortion characteristics.
1.3 Contributions

For nonlinearity compensation, we introduced a predistortion block to be incorpo-
rated prior to the laser. The characteristics of this predistortion block inverts those of the
laser. The performance of the subcarrier multiplexed system with and without predis-
tortion is evaluated by harmonic distortion and intermodulation analyses. The proposed
predistortion reduces the amount of nonlinear distortion, significantly. We carried out
the harmonic distortion analysis by applying a single-frequency tone to the input and
observing the amount of harmonic distortion at the output. However, we evaluated the
intermodulation distortion at the output in a frequency domain approach. Both analyses

showed significant reduction of nonlinear noises.

We applied the proposed system to different modulation schemes utilized in CATV
transmission. Without the predistortion block, the requirements for CNR (carrier-to-
noise ratio) for some systems are not met. The reason is of course the nonlinear
distortion which degrades the system performance. We showed that with the predistor-
tion block these requirements are met, due to the reduction of nonlinear noise in the

system,



1.4 Thesis Organization

Chapter 2 provides a review of the related work. Laser nonlinearity modeliing has
been introduced. The amount of nonlinear distortion noise with these models has been
compared with experimental results. The comparisons have shown agreements, so these

models can predict nonlinear behaviour.

Chapter 3 provides an analysis of the rate equations and introduces the Volterri
transfer functions that model the dynamic behaviour of the laser. The inverse system

which is also based on Volterra transfer functions is also introduced.

The performance of both systems is evaluated by harmonic disiortion analysis and

intermodulation distortion analysis in chapter 4.

Chapter 5 is a summary of the method for implementation of the proposed predis-

tortion block.

Chapter 6 presents the results that were obtzined by computer simulations. The
simulating programs run on a Sun Workstation. The accuracy of these results is dis-
cussed. In this chapter, performance comparison of the nonlinear laser system and the

linearized system will be demonstrated, as well.

The overall conclusions of this work and some suggestions for future research are

discussed in chapter 7.



Chapter 2
Review of Related Work

This chapter is a brief review of the related work. Some terms and definitions
that have been used are explained. A schematic of a complete subcarrier multiplexing
system is shown in Fig.1.1 in the introductory chapter. Consider the transmussion laser

and photodetector system shown in Fig.2.1.

In performance analysis of an analog system, the ratio of rms carrier power to
rms noise power at the output of the optical receiver is calculated. There are different
sources of noise in a system. Noise power is the sum of powers of source noise or
transmission laser noise, receiver noise or photodiode noise, amplifier noise and in case
of multiplexing systems; intermodulation noise. When multiple czirrier frequencies pass
through a nonlinear device such as a laser diode, signal products other than the funda-
mental or original frequencies can be produced which are called intermodulation (IM)
products. Third-order types are at frequencies f; + f; — fx , also known as triple-beat
IM products and 2f; — f; , which are known as two-tone third-order IM products. If a
passband signal contains a larger number of equally spaced carriers, several IM terms
will exist at or near the same frequency. This is known as beat-stacking. Beat-stacking
is measured in composite-second-order (CS0) and composite-triple-beat (CTB). CSO is
defined as the ratio of the peak carrier power to the peak power in the composite 2nd-
order IM tone at the carrier frequency. CTB is the ratio of the peak carrier power to

the peak power in the composite 3rd-order IM tone at the carrier frequency.

10
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2.1 Literature Survey

Subcarrier multiplexing (SCM) is an efficient technique in multiple-access lightwave
systems particularly cable-television (CATV) applications. There are some impairments
in SCM system; (he relative intensity noise (RIN) of the transmitting laser, the thermal
and electronic noise of the receiver, shot noise of receiving photodiode and nonlinear
distortion (NLD) within the transmitting laser which is caused by the light-current (L/)
characteristics of the laser. Nonlinear distortion at the transmitter limits the power per
signaling channel. In other words, each signal has to be kept at a limited power level
before transmission. This is done by limiting the optical modulation depth. Linearization

of the L/ curve would eliminate this impairment. However, the optical power cannot be

to this is to have a limit on the maximum allowable number of channels, capable of
maintaining a specified CNR for a given laser power level. To achieve a certain amount
of CNR, the optical modulation depth per carrier should be less than & , where N is
the number of carriers. However, this is too conservative, hence some NLD is accepted
when modulation index is larger than this value. Consequently, the combination of this
minimum distortion and the shot noise, leads to a fundamental limit on the maximum

. allowable number of channels while a given value of CNR is maintained [2].

In a directly modulated semiconductor injection laser the major distortion that is
of concern is third-order intermodulation distortion. Third order products of two fre-
quencies w; and wo are 2w, —we and 2wy —w; , which may be frequencies within the
transmission channel and are considered distortion. Lau and Yariv [5] have studied the
IM products of a semiconductor laser and their dependence on different parameters such

as optical modulation depth, signal frequencies, laser bias level, etc.

Their observations were that:
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(1) At low modulation frequencies, all tested lasers showed low intermodulation
products of below -60 dB level, even at optical modulation depths around 100 percent.

Here, low frequencies are about a few hundred MHz.

(2) The second harmonics of the modulation signals increase roughly as the square

of the OMD, while the IM products increase as the cube of the OMD.

(3) The ratio of the IM product amplitude to the signal amplitude increases at a

rate of 40dB/decade as frequency increases [S].

A theoretical analysis of intermodulation and harmonic distortion in semiconduc-
tor lasers was carried out by Darcie, et.al.{6]. They extended the analysis of Lau and
Yariv [5] to incorporate additional distortion terms and damping due to gain compres-
.sion. They expressed the magnitudes of second-order harmonic distortion, third-order

harmonic distortion and intermodulation distortion relative to the optical carrier density

by:
2HD fi2
LY _oMD— 2.1
c 72020 (2.1)
4 2
3HD 3 L (B +3(8)
SZY - S(OMDY -k - :
o =2 OMD GG 23
and
' 4 2 21rf|3'r
IMD 1 2 (B) = 34" + F™
¢ =2 OMO T e (23)

and g(f) is the inverse of the small signal frequency response of the device which is

given by
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ey (2.4)

/4

A2
g(f)=[{(f—i) -1} +(

here ¢ is a gain compression damping coefficient. 7, is the average photon lifetime and

go is the gain slope. Here C is the carrier power.

Way [7] estimated the large-signal nonlinear distortion from a directly-modulated
single-mode GaAlAs laser diode by using a large-signal equivalent circuit model. A
large-signal circuit model of a complete laser diode was first introduced and modificd
by Tucker [8],[9]. Way [7] verified his large-signal circuit model for predicting the
nonlinear distortions in large-signal intensity modulation. He used various types of large
microwave signals to directly modulate the laser diode and for all cases the simulation

results matched well with the measurements [7].

Another model based on the equivalent electrical circuit of fasers was presented by
Lin et.al. [10]. They also reported measurements of the second harmonic distortion in
InGaAsP lasers.

Analysis of nonlinearities of laser diodes should be considered without predistor-
tion first in order to have a reference for the performance enhancement achicvable by
predistortion. Experimental results on harmonic distortion were obtained for various
laser structures [11]. These agree with results obtained by using the rate equations for

a precise description of distortion in the lasers.

Volterra kernels of semiconductor lasers were derived by Czylwik [3] for the first
time. He analyzed the nonlinear distortions by using Volterra scries obtained from the
rate equations of the semiconductor laser. We will discuss the Volterra scries expansion

of the rate equations in detail in Chapter 3.

The optimum design of Subcarrier Multiplexing Lightwave systems requires a lin-

15



earized optical transmitter. An optical predistortion linearizer of directly modulated DFB
lasers was used by Childs et.al.[12]. Composite-second-order (CSO) and Composite-
triple-beat (CTB) are measurements of the worst case sum of the second and the third
order distortion products produced over the entire video band. The predistortion circuit
consists of a nonlinear device that generates distortion products equal in amplitude but
opposite in phase with the distortion products produced in the device under test which
can be either a DFB laser or a Mach-Zehnder modulator coupled to a nigh-power optical
source. A predistortion technique was described that reduces the dominant distortion
of a DFB laser and external modulator by 12 and 14 dB, allowing a relatively large
increase in the modulation index. The dominant distortion of a DFB laser is CSO and

of an external modulator is CTB.
A block diagram of the predistortion linearizer that was used is shown in Fig.2.3.

Reduction of distortion can be done by feedforward techniques. The distortion is
assessed by detecting the output of the modulator in a loop which contains a detector
and after amplification the linear term is subtracted out. Another modulator driven by
the extracted distortion signal provides a signal which is added to the original signal and
the distortion component is cancelled. A distortion suppression ratio of more than 15 dB
over the range of 50-300 MHz and more than 25 dB in the range of 300-500 MHz was
achieved [13]. Another method in feedforward compensation is almost the same but
with some difference in coupling of the primary and the secondary beams. A part of the
optical signal from the primary laser is picked up and sent directly onto a photodiode.
The resulting electric signal is compared with the original modulation, in order to
generate an error signal which is sent to a secondary laser. But the optical beam from
the secondary laser is not coupled immediately into the primary beam. The alternative
configuration is to transmit the primary and secondary signals separately, either on two

different fibers, or as WDM signals on the same fiber. A relative adjustment of the

16



phase between the two signals would then be performed in cach receiver before the
final subtraction. This method is more suitable for a distributed access trunsmission
because the difference between the central wavelengths of the two lasers, the primary
and the secondary would propagate at different speeds along the transmission fiber. They
would come more and more dephased relative to each other during their propagation.
This method showed a reduction of 54 dB in the third order intermodulation distortion

with a 0.8 modulation index and for 3 TV-channels.

Treating a laser as a nonlinear device with memory was verified by Way [14].
A frequency-dependent and a frequency-independent nonlinear characteristics for high-
speed laser diode was experimentally demonstrated [14]. For an operating condition,
with a modulation depth below sixty percent, the RF bandwidth over which the laser
diode can be considered to be memoryless is generally very narrow. For higher modu-
lation depths, of above seventy-five percent the effect of LD memory is not significant.
The conclusion was that the phenomon of frequency-dependent nonlinearity is a reason
to treat LD as a nonlinear device with memory. If the nonlinear distortion has to be
predicted for wideband signal transmission, alternatives such as circuit modelling or

Volterra series expansion must be used.

17
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Chapter 3

Semiconductor Lasers

3.1 Basics

Semiconductor lasers work on the basis of interaction between the light and matter.
In semiconductor materials two energy states are considered for the atoms, Suppose the
higher energy state is F,, and the lower one is E;. If a photon of energy equal to the
difference between these energy states; E), — Ey, is incident on the material an electron
in state £; may absorb it and makes a transition to the state E,. Alternatively, when
the atom is in a higher state which is state E), it can make a transition to the lower
energy state E; and emit a photon at a frequency f for which £, — E - hf, where
h = 6.626 x 10~3 Js is the Planck’s constant. The emission process occurs in two

ways:

(1) Spontaneous emission in which the atom returns 10 the lower energy state in a

random manner.

(2) Stimulated emission, when a photon with an energy equal to the £, — £ interacts
with the atom in the upper energy state and causes it to return to the lower state with
the creation of a second photon, The emitted photon has the same energy and the same
frequency as that of the stimulating one. So the result is a coherent light with a narrow
linewidth. On the other hand, the light associated with the stimulating photon and the
emitted one is in phase and has the same polarization. Therefore, coherent radiation is

obtained.

Stimulated emission does not happen when the atom is in thermal equilibrium. In

19



this state, the density of the electrons in the lower energy level E; is more than the
density of the electrons in the upper energy level E;,. The light amplification or lasing
condition happens when the injected current is larger than a threshold value, I,,. This
phenomenon is called population inversion and is accomplished by injecting electrons
into the material, As the name suggests, in this state the density of the electrons in the
upper energy state Ej, is larger than the density of the electrons in the lower energy
state E;. Fig.3.1. shows the changes of the optical output power in terms of the injected

current into a semiconductor laser.
3.2 Laser structure

To maintain the lasing condition in amplified coherent emission, mirrors are placed
at the two ends of the amplifying medium. The optical cavity in this way is playing the
role of an oscillator as it provides a positive feedback for the photons by reflection on

~the mirrors at either end of the cavity. The basic structure is shown in Fig.3.2. [15).
3.3 Laser Modes

The optical radiation within the resonance cavity sets up a pattern of electric and
magnetic field lines called the modes of the cavity. These can conveniently be separated
into two independent sets of transverse electric (TE) and transverse magnetic (TM)
modes. According to the laser diode structure shown in Fig.3.3., modes can be described

in terms of longtitudinal and lateral sizes of the resonator cavity.
Lasers can operate in two different types:

(1) Single-mode
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Figure 3.1. Light-current characteristic of a semiconductor laser.
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(2) Muiti-mode

The output spectrum for a broad area injection laser consists of a series of wave-
length peaks corresponding to the different longitudinal medes within the structure.
For single mode operation, the optical output from a laser must contain only a single

longitudinal and a single transverse mode.
3.4 Laser Nonlinearity

There are two principal light sources used for fiber optic communications appli-
cations. These are injection laser diodes (ILDs) or semiconductor laser diodes and
light-emitting diodes (LEDs). A major difference between LEDs and luscr‘diodes is
that the optical output from an LED is incoherent, whereas that from a laser diode is
coherent. In a coherent light source, the optical energy (in the form ol emitied photons)
is produced in an optical resonator cavity. A light source is a coherent source when
it is highly monochromatic and directional. In the laser diodes the optical energy re-
leased from the cavity has spatial and temporal coherence which means that it is highly
monochromatic and the output beam is very directional. Since in a LED there is not
any optical resonator cavity, there is not any wavelength selectivity and the output light
of an LED is not coherent. The output radiation of an LED has a broad spectral widih,
so it is not appropriate for broadband analog applications. Laser diodes have coherent
optical outputs and are appropriate for broadband analog applications especially when
a number of subcarriers has to be imposed on a specified wavelength to be transmitted
through a fiber. Both of these light sources; LEDs and lasers exhibit nonlinearity dis-
tortions at their outputs. Light emitting diodes; LLEDs, have nonlinear distortions due
to effects depending on the carrier injection level, radiative recombination and other
mechanisms. In certain laser diodes, there can be nonlinearities in the curve for optical

power output versus diode current as shown in Fig.3.4.
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These nonlinearities are the results of inhomogeneities in the active region of the
device. Power swilching between the dominant lateral modes in the laser cause them,
as well. These are generally referred to as kinks. In modern laser diodes using the
described structure with some additional features, these kinks are not formed. However,

power saturation can occur at high output levels because of active-layer heating.

Laser diodes are appropriate optical sources for wide-band analog applications pro-
vided a method is implemented to compensate for nonlinearities of the device. In an
analog system, the time-varying electric analog signal s(t) is used to intensity modulate
an optical source about a bias current point I , as shown in Fig.3.5. The optical output

power can be expressed by eq.(3.1) [15]):

P(t) = Pg[l + ms(t)] ) (3.1)

in which Py is the optical power output when there is no signal (s(t) = 0) and m is the

modulation depth (m = -25—).

[} th

The parameter AT is the variation of current around the bias point. As we explained
before, to prevent distortions in the output signal, the modulation must be confined to
the linear region of the input-output curve. If AT is greater than I — I, (m greater than

100 percent), the lower portion of the signal is cut-off and zero-level clipping occurs

.. which is a severe distortion. Typical m values for analog applications are in the range

of 0.25 to 0.50. It should be noted that here we are referring to the total modulation
depth in subcarrier multiplexing case which is m, = m;v/N , since this total modulation
depth is the modulating factor in intensity modulation of the laser and its effect on each
subcarrier is given by m; = % In analog applications any device nonlinearity creates
frequency components in the output signal that are not present in the input signal. The

important nonlinear effects are harmonic and intermodulation distortions of the signal.
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If the input to a nonlinear device is z(t) = Acoswt , the output will be:

y(t) = Ao + Aj coswt + Ag cos 2wt -+ A cos 3wt + ... (3.2)

The output signal consists of a component at the input frequency, usually referred to
as fundamental component, plus other components at zero frequency, at the second
harmonic frequency 2w, at the third harmonic frequency 3w and higher harmonic fre-
quencies. The presence of components with frequencies that are multiples of the input
frequency is referred as harmonic distortion. The amount of n'* — order distortion or

nth-harmonic distortion in decibels is:

A o
nt" — order harmonic distortion = 20log — 0 (3.3)
1

Another important nonlinear effect that should be determined is intermodulation
distortion. To determine the intermodulation distortion, the modulating signal of a
nonlinear device or the input signal to the device is chosen to be the sum of two cosine

waves or two tones:

z(t) = Aj cosunt + Ag coswat (3.4)

The output signal will then be of the form

y(t) = Z Bpn cos(mw) + nuws)t (3.5)

m,n

where m and n are positive and negative integers (n = 0,1, £2,...). This signal includes

all the harmonics of w; and wo plus cross-product terms such as wz — wy, w2 + wy,wWe —
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2wy, ws+ 2w and so on, The sum and difference frequencies give rise to intermodulation
distortion. The sum of the absolute values of the coefficients m and » gives us the
order of the intermodulation distortion. For example, the second-order intermodulation
prodlicts are at frequencies w; % wp, the third-order intermodulation products are at
wy % 2ws and 2w ws; and so on, In general, the odd-order intermodulation products with
m = n+ 1 are the major sources of problem, since they may fall within the bandwidth
of the channel. In practice, the third-order terms are significantly more important than
higher-order terms which are significantly smaller. All other intermodulation products

can be eliminated with appropriate bandpass filters in the receiver.

The amount of intermodulation distortion depends on optical modulation depth. For
modulation depths around 0.5, total harmonic distortion in laser diodes are in the range
of 30-40 dB below the output at the modulation frequency. Second and third order
harmonic ‘distortions as a function of fundamental frequency are shown in Fig.3.6 and
3.7. The intermodulation curves almost follow the same characteristics as harmonic
distortions. The curves showing the second and third order intermodulation are in
Fig.3.8 and 3.9.

Intermodulation distortions change with bias current. Intermodulation distortion
is high when bias current is near threshold. As the bias is increased relatively lower
intermodulation distortion is obsereved. However, for much higher bias currents, dis-
tortion increases , since the operating point is near the laser saturation region. There
is a bias current that gives the minimumlij‘tiiStorlion and this is half a way from the
threshold current and the current for whic}iil the power saturation starts, For this amount
of bias current, the optimum bias point a;id consequently less distortion arc obtained.

We considered this value for the bias current in other parts of our work.
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3.5 Dynamic Response of Semiconductor Laser

Semiconductor injection lasers exhibit a complex dynamic behaviour. The dynamic
behaviour of a semiconductor injection laser is expressed by the rate equations. There
are quantum-mechanical rate equations for the electrons density and photons density
which give information about the time development of the photon amplitude, frequency,
phase and also about the statistical properties related to quantum fluctuations. In many
cases, where only the time dependence of the mean photon number is of interest and an
interaction of modes with a very narrow wavelength spacing does not occur, the analysis
can be performed by the much simpler classical rate equations for the electron density
in the active layer and the photon density. There are cases which the photon numbers in
the modes are of concern but for single-mode semiconductor lasers information about
photons density in the operation mode is adequate. We proceed with the assumption of

having a single-mode laser and its associated rate equations [16].

Dynamic response of a laser diode is expressed by the rate equations which are
two coupled equations relating the density of the injected electrons to the density of the

emitted photons [16].

-E = '*V- - :r-: - g(N - No)(l - ES)S (36&)
ds S N
= =DV — No)(1 - €S)S - P ro— | (3.6.)

The parameters of the equations have been described in Chapter 1.

This set of equations express the transient behaviour of a semiconductor laser. Rate

equations are appropriate when the following assumptions are valid:
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(1) Laser is operating in a single-mode state and the injected current is above
threshold. In the multimode case, the inhomogeneous distribution of the electron and

photon densities must be taken into account.
(2) The population inversion is homogeneous in an ideal cavity.

(3) The gain coefficient is a linear function of the injected carrier density N where
N is greater than a minimal value N,, or in other words, laser is above the threshold
state, Parameter ¢ , which is called the optical-field-dependent gain compression was
taken into account by Tucker [17] who first inlroduc_f;d,.n large signal model for the rate
equations. Typical values of the parameters are shown in Table 3.1, These values are

for Ortel SL-620 laser [7].

The derivative of N with respect to time; 4¥, is the rate of change of carrier
density. This value is related to the rate of carrier injection into the active region
which is the ratio of the bias current to the volume of the active region. The second
term; “?N;’ describes the decrease in the carrier due to spontaneous emission and the
last term expresses carrier decrease due to stimulated emission which gives risc (o the
nonlinear effects of the laser diode because it is a product of the values related to the
input and output. Rate of change of photon density is given by ﬁ% The product term
which is the first term on the right hand side of second equation is the rate increase due
to stimulated photon emission. Similar to the equation for carrier density, the sccond
term;—%, gives the rate of loss of photon by radiati'a'n“and absorption. Last term is
the increase of photon density due to spontaneous emission which occurs in the lasing

mode with probability of S.



Parameter Description Values Units
L Threshold current 21 mA
v Volume of active region 1.44E-35 m*-coulomb

times electronic charge

Tph Photon lifetime 2 ps
Ty Electron lifetime 3.72 ns
N, Transparent carrier density 4,6E24 m=3
g Optical gain coefficient 1E-12 s~ im3
r Optical confinement factor 0.646 -

B Spontaneous emission factor 0.001 -

€ gain compression factor 2.6E-23 m3

Table 3.1. Laser parameters

Each of the parameters in the rate equations have their own contribution and effect
in a stimulated emission state. For example, I , which is the ratio of the volume of
the active region to the model volume and is called optical confinement factor is a
parameter that is less than unity meaning that all the emitted photons are not confined
lo the active region. N, is a threshold value for carrier density, below this threshold-g
is negative, i.e., does not correspond to a stimulated state. In order for the optical gain
y g, to be positive, the carrier density; N, should be larger than N,. The value for N,

is related to the threshold current of the laser. An approximation of N, is:

N, = (3.7)

The expression of threshold current of the laser can be derived by solving the rate

equations in a static state of the laser with bias points of (I, Sg). In this case the

derivative terms 4 are set to zero,

0= =~ — —g(N = N,)(1-€8)S (3.8)
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0=Tg(N - N,)(1-€S5)S - S + 1",8i (3.9)
Tph Ta

Threshold current is given by the intersection of the two approximately straight
lines of the light/current characteristics of the laser for the currents less than 7, and

currents greater than I;,. This analytical solution yields :

vV 1
hipn=—(——+N, 3.10
th Tsp(g‘rpu ) (3.10)

This expression for I;;, has been used in our simulation programs.

3.6 Volterra Series

The output of a linear system; y(t), is obtained by the well-known convolution

integral of the impulse response of the system and the input:

y(t) = / " )t - P (3.11)

00

If a system is nonlinear, the relation between the output and the input can bhe

expressed in a Volterra series form as [18]: -

+oo +oo  pdoo
y(t) = f hi(m)z(t — 7)dm + / / ho(ry, m)a(t = 1)a(t — To)dridmy

-0

] +o0
+... 4 / / B {T1, 70y ey T} (t = T0)(t = T2)n{t = T )dmidro.dry (3.12)
—_—0 -0
for an integer n.
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The functions k. (71, ™, ..., T») are called the Volterra kernels of the system. Another

way of expressing the series is by Volterra operators denoted by Hy[z(t)] where:

+o0 +060 .
Haulz(t)) = j: /; ha(T1, 72, ooy Tzt — 1) 2(t — T2)2(t — Th)dT1dTe...dT (3.13)

The Vollerra series is a power series with memory and the integrals of it are forms
of convolution integrals. Many physical systems exhibit a nonlinear behaviour modelled

by a nonlinear differential equation expressed as:

y(t) = Hlz(t)) = Hi[z ()] + Hr[z(t)] (3.14)

where H, is the first order Volterra operator of the system and H. rep}esents the re-
maining terms of Volterra series representation of the system. *.[z(t)] is obtained by
expanding the nonlinear terms in the differential equation in a Taylor series expansion.
Also, the Volterra transfer functions for frequency domain analysis can be derived from
the equation by the same approach. After the nonlinear term is expanded in its Taylor
series, a s.mgle frequency tone; ¢/t , is applied as an input to the system and the
coefficients of e/=* form the first order Volterra transfer function of the system. A
second order Volterra transfer function is derived by applying the sum of the two single
frequencv tones as inputs to the system and taking into account the coefficient of the
tone with the frequency which is the sum of the two applied frequencies. This results in
intermodulation distortion for second order systems. The same approach is applicable

to obtaining Volterra transfer functions of higher order.

Volterra series can be applied in order to find the inverse of a nonlinear system,

The p* order inverse of a given nonlinear system H is defined as a system that when
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connected in tandem with A results in another system for which the first order Volterra

kernel is a unit impulse and the second to the p** order kernels are zero.

Some nonlinear systems can be represented in terms of a limited number of Volterra

operators. If @ is the system operator then:

k
Qlz(t)] = > Qulx(t)] (3.15)

n=1

in which @, is the n‘*-order Volterra operator of the system Q and & is an integer.
Therefore, one of the applications of the p**-order inverse is in linearization of nonlinear

systems..

Practical applications are usually for the systems that are weakly nonlincar so that
only a few Volterra kernels need be taken into account. Semiconductor lasers without
kinks or jumps fulfill this condition and a well-behaved semiconductor lascr exhibits
very little nonlinear distortion when it is modulated around an operating point well
above the threshold current. Therefore, only Volterra kernels of low order must be taken
into account. Experimental results have shown that a series expansion containing the
kernels hy, ha and kg are enough to predict the behaviour of the laser and intermodulation

distortion at its output [3]. In our work, the frequency domain transform of the kernels

are used.

A laser characteristic is expressed by a pair of nonlinear differcntial cquations
known as rate equations. This set of equations presents the light-current characteristics
for a semiconductor laser. Also, the combination of these equatioris gives a nonlincur
differential equation relating the input current to the output photon dénsity. The Volterra
transfer functions of the laser are dérived by first expanding the nonlinezr terms of this

equation in Taylor series around the bias point and then applying an appropriate input.
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Fourier transform of the Volterra kernels of the system are derived by applying tones
as input to the system. In each case, coefficients of a tone with a specified frequency
form the desirable transfer function of the particular order. For a first order function, the
cocfficients of the tone whose frequency is equal to the applied frequency are considered.
The second order function is the sum of all the coefficients of the tone which has a

frequency equal to the sum of the two input frequencies [18].
3.7 Volterra model of laser diode and predistortion block

The stimulated emission term in the rate equations formed by the product of the
photon and electron densities causes the laser nonlinearity, The system has memory
because the output and the input are related by differential equations. Before proceeding
with the Volterra series expansion of the rate equations, first the coupled rate equations
arc combined in one equation expressing the input current in terms of the output photons.
By solving the second equation for N we can combine two equations in one, relating

the input current to the optical output. The steps are as follows [3]:

as _ Tg(N = N} (1 -¢S)S - 5 + Fﬁﬂ (3.16)
dt Tph Ty

ds

.éé — [Co(1 = €8)S + LN _ Tg(1 - eS)SN, — = (3.17)

t Ty Tph

ds S 1

N =2 £ 2 LTyl - eS)SN, - 3.18
[dt Toh 9(1 - €5) ]Fg(l—-eS)S-i-% (3.18)

By substitution of N from above computations in the first equation:
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S S '8N,
I, N, ds 4 5. LoN,
LA —+ 1 - eS)S Toh___ T
v =7, Tl vl ]r g(1— e5)S + 12

d {[ﬁ S FﬁN

S -+ ET-‘f]} (5.19)

Since this equation is a nonlinear differential equation, a closed form solution has
not been found for it. Also, for the memory in the system, a Volterra-series approach for
solving it is an appropriate approach. The Volterra transfer functions for this equation

can be derived by the expansion of the nonlinear term into a Taylor serics [4].

Assuming a bias point (I, Sy), the input current and the optical output can be

written as:

Iy+it) =1,

Sy+s(t)y=35

Substituting S = 8, + s(t) and 1, = [, +i(t) in eq.3.19 results in :

IL+it) N, 1 1,1 B
174 —Ts+[r+ (A—A35+H" -I-Mt, )]
[ds Sb+b MﬁNa]
Tph Ty
dS  Suts MBN \ ‘
{[ Toh .y ][A Az""' Hs* + Ms'} (3.20)

The above expressions will simplify to:
i(t) = a + {ds(t) + es'(¢) + fs"()}

~{1s(t)? + ms(8)s' (L) + ns(L)s" (L) + ns'(£)* } %
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x {rs(t)® + ost)?s'(t) + ..} (3.21)

The constants d, e, f,1,... are expressed in terms of laser parameters in Appendix C.
Volterra transfer functions for laser input-output characteristics are derived from eq.3.23.
Since this equation gives the input current in terms of the output, we first derive the
buckward Volterra transfer functions for the system which treats s(t) as their inputs and
then forward Volterra transfer functions are derived which treat i(t) as the input of the
system. In this way, both models for the laser and its inverse system are achieved.

Suppose s(t) = ¢, substitution in eq.3.21 results in:

i(t) = & + {de™ + e(fw)e?t + fjw) e} — (2t + . (3.22)

Taking the coefficients of ¢/t we have B)(w) which is the first order Volterra

transfer function:

Bi(w) = d+ jew — fu? - (3.23)

To derive second order Volterra transfer function g(t) = et 4 ¢7«2! is substituted

in eq.3.21 and the coefficients of e/l +w2)t form By(wy,ws):

By(w,wa) = =2l — jmw; +wa) + nfwy +wa)? (3.24)

\

In a similar way, third order Volterra transfer function is derived, i.e., substitution

of s(t) = et + 72! 4 e?»t in eq. (3.3) and taking the coefficients of the term

el (witwatwy)t.

Ba(uw,wa,ws) = 6r — 2g9{w) + wo + r.;.r:;)2 + 2jo(wy + wo + wy) (3.25)
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Now, suppose we want to interpret the inverse functions of By, By and By ; say
Fy, F, and F3, respectively. Each block in Fig.3.10 corresponds to a Volterra operator.
The first order operators as B, and Fy are similar to linear system transter function. If
a sum of two tones e/t 4 ¢w2t is applied as input to the second order operators B3»
and F; , the outputs include terms as ef«it, e/t and ¢/ +w2)t, Output of the third
order operators include terms of ¢f(«1+w2lt gand ef(2watw)t which correspond to third
order intermodulation distortion. We will first proceed for time domain description of

the output of a Volterra system and obtain the transfer functions of the block diagram

shown in Fig.3.10.

Assume that a p,,-order Volterra system acts like an operator on its inpul and denote

this operator with H,,, where:

+00 + oo
HP[a(t)] = / ] h‘P(TlaTQ: ey Tp)m(tl - Tl)w(l-? - T'Z)
. -—d -0
E(tp = Tp)dridTa. dT, {13.26)
So the operation of second and third order Volterra systems with an input equal o

the sum of two tones e/t + efwat is:

+oo  ptoo . ;
Hala(t)] = ,/ / ha(uy, ug) (P14 7) o Fealizal)
-0 -
(eFwr(t—u) 4 pdwalt=u2)yday, oy

= 2Hy (w1, ws )X TeDt & Ho(wy,un )1t + Hy(ws, wy)e?Pest (3.27)

and the third-order systém:
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Figure 3.10. Block diagram presentation of laser diode and

its inverse system modelled as Volterra series.
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+00 pd00  ptoo
Hala(t)) = / f f ha(uy, ug, us)a(t — w)alt = uz)a(t — ua)dudugduy
—0Q -0 b ]
= Ha(wy,wy,w)e?™t + Hy{ws,wy, wp)e™

+Ha(wy,w, we)e? @+t 4 Hal), wg, wo)ed Bzt (3.28)

The two sets of transfer functions in Fig.3.10 correspond to inverse systems. The

first order functions have a simple relation; like linear systems:

Biw) = (3.29)

The second-order function, Fy(w;,ws) is obtained by applying an input equal to
giwit 4 givet to the system and then cancelling the terms of efi+w2)t which correspond

to the operation of the second order system.

a(t) = efrt 4 it (3.30)

By[a(t)] = Bi(w )" + B2t (3.31)

So the output of an overall second order system would be:

y(t) = By(w1)&*'t + By (w2)e?™?t + By(wy, wy)ed (W1wedt (3.32)

Now, this is considered as an input to another second order system, say Faly(t)].

The final output is:
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e(t) = Fi(w1) Bi(w1)e™!* + Fi{wa) By (we)e?™?*
Fy{w + wa) Ba(wy,wo)ed W1 twalt 4 Fy (wy, wo) By (wy) By (wy)ed (w1 Fwakt
+ Fp (w1, w1 + we) By (w1) Ba(wy, we)e? Bwitwalt
+Fy(wa,wn + wp) By (wa) Ba(wy, wp)el 1 +3wa)t (3.33)

The coefficients of e/{«1+wa)t should be zero in order that the overall sytem acts

like a linear system; Fa(wi,ws) should be:

_ —B2(wl:w2)
FQ(LUI,WQ) = Bl (0)1)32(“"2)31 (L:.H +w2)

(3.34)

Consider the systems shown in Fig.3.10. In a similar way, F3 is determined. The
input in this case consists of three tones, e/“1* + ezt + e3¢, The output of the first

system is:

y(t) = Bi(w)e™* + By{wg)e?? + By (ws)e™
+Ba{wi, wa)e! W19 4 By(wy, wy)ed 1 ten)t
+ Bo(wg, wa)ed@2twa)t 4 Ba(wy, wy, wa)ed (W1 Tuztwalt (3.35)

This is an input to the cascade system. The coefficient of the term ed(w1+wz+walt jp

the final output should be zero and this way F3{w,,ws,ws) can be expressed as:

-1 B
By(wy +ws +w3)Bl(wl)Bl(w?)‘Bl(w3)[ 3wy, we, wa)—

E'!(wls‘-‘J?swﬂ) =

By{wa,wy) Balwi,we +wa)  Ba(wr,ws) Ba(we,wy + w3)
By (wa + ws) Bi(wy +ws)
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Bi(w + ws) '
Now that the transfer functions of the system are determined, the performance of

the system for input tones can be evaluated by meuns of the operators and the transfer

functions.

We obtained B transfer functions of the laser. Since the Volterra model tor laser is

represented by the inverse transfer functions of B, in this way Volterra models for both

laser and its inverse system have been derived.
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Chapter 4

Performance Analysis

In the previ'ous chapter we introduced the Volterra series medel for the laser diode
and its predistortion block. The predistortion block serves as the inverse system for the
laser diode. The cascade of this block and the laser diode block exhibits a much lower
nonlinear distortion level. Nonlinearity measurements can be done by measuring the

harmonic distortion and intermodulation distortion levels at the final output.

4.1 Harmonic Distortion Analysis

Performance of the two systems in cascade for harmonic distortion can be evaluated
by applying a sinéle frequency tone to the input. Since the cascade blocks are inverse
of each other, the overall system performs almost as a linear system and the level
of harmonic distortion at the output is very small. To proceed with the analysis, a
frequency domain approach is used. If y(t) is the output of operator H, in equation

(3.7), the frequency domain description of this output is:

1 +00  p+o0 +0o0
Yp(w) = W/:m /;m Hp(w - W] — Wa.. —wp,wl,wg,...,w,,)

-0

Alw — wi —wa = .. —wy)A(w) A{we)... Alwp) dwr dws...dwy (4.1)

Recalling Fig.3.10 from previous chapter, the frequency domain description of the

output y(¢) is:
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+o0
Y(w) = B (w)AWw) + % f_ Ba(w - wi,wi) Alw — wi) A(wi )y

+oa  pdo0
+__(211r)2 f Ba{w — wy —wa,wy,w2) Alw — wy — wo) Alw ) A we)duwdue  (4.2)

-0 -0

If a(t) is e’ then by the fact that A{w) = 6(w — w,) we get:

-+ 00
Y (w) = B1{wo)(w — w,) + -21; f By (w — wi,w)6{w — wy ~ we){w) — wo)dwy

1 +o0  pdo0 )
+(27)2f | By(w—w —wo,wi, we)8{w — wi — wa — we) (W) ~wo)d (w2 — wo)dw dwy
—o0 J—co

(4.3)

and;

1 .
Bo{we, wo)b(w — 2we)+ (—21]_—)233 (Was Wo, Wo)6{w = Jwu) (4.4)

1

Y(w) = By {wo){w—wo) + 5

Now, y(t) is an input to the second system with Volterra transfer functions as F
so in eq. (4.2) A(w) and B(w) are substituted by Y(w) and F{w), respectively. The .
frequency domain description of the final output is C(w) which consists of lerms of
6w — w,) With n = 1,2,...,9. A detailed computation of this output can be found in

Appendix A. The coefficients of é-functions in C(w) are:
6w —wo) :
F (wa)Bl(wo) =1 (45)
O{w — 2w,) :
1 .
o [F1(2w,) Bolw,, wo) + Folwe,wo) B2 (w,)] (4.6)
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0w — Juw,) ¢

67"1"_)_2.[1?1(%0)53(”0’“’0*“"")

+F2 (2wa: wo) B2 (wa, "‘JO)B1 (wﬂ)

+Fy (wo, 2wy) B (wo) B2 (wo, Wo)

+F3(wmwa:wo)-813(wo)] (4.7)

1
(271.)3 [Bl (Uo)Bs (Wo, Wo, wo)_Fg (3‘4-’0, Wo)

+Fo{ 2wy, 2wo) Ba{wo, wo ) Bo(wo, wo)
+Fa (200, Wo, o) Br 2 (Wo) B2 (W, wo)
+R’l(wo: g, UO)B12(UJ¢,)B2 (wo; wa)

+ F3(Wo, Wo, 2wo) B12(wo) B2 (Wa, wo)] (4.8)

*

6w — Sw,) ¢
1

T2yt [P, e, wo) B1? (wo) Ba (o, Wo, wo)
+ F3( 2w, 2wo, wo) B1{wo) By? (Wo, W)
+ P (wo, 3w, o) Br* (wo) Ba(Wo, Wo, o)
+ F3( 20, wo, 2w0) B (wo) By (wo, o)
+ F3(wo, 2o, 2wo) Ba? (wo, wo) B (wo)

+F3(wo:wmMo)Blz(WO)BS(wmwo:wo)] (49)

1

W [F;;(:Sw,,, 2wm wo)Bl (WO)B‘I (wa: wo)BS (wo: Wo, UJD)



- F3 (2o, 3w, o) B1 (Wo) Ba (Wo, o) B3 (Wo, Wo, wo)
+ F3 (3w, Wo, 2wo) By (Wo) Ba (Wo, o) Ba(wo, o, wo)
+ F3(2w0y 2wy 2o} B (o, wo)

+ F3(Wo, 3wo, 2o} Ba(Wo, wo) Ba{wo, Wo, wo)
+F3(2Wo, Wo, 3wo) B1(wo) B2 (Wo, wo) B3 (Wa) Wa, Wo)

+ Fa{wo, 2o, 3wo) B {we) Ba (Wo, Wo) Ba(Wos Wo, W) (4.10)

S(w — Tw,) :
1

G [F3(3wa, 3o, Wo) B1 {wo) Bs* (W, Way wo)
+F3(3w,, 2w,, QwD)Bgz(wo, Wy) Ba(wy, W, w,)
+ F3(2uo, 3w, 2wo) B3 (Wa, Way wa) Ba* (Wa, o) Bi (w,)
+ F3(3Wo, Wo, 3wo) B1{wa) Ba* (Wo, Way o)
+F3(2wo, 2we, 3wy ) Ba(we, W, w,,)Bg"J'(u,,, quf)

-

+ Fa{wo, 3o, 3‘-'-’0)332 (Woy Wo, Wo) B (‘-‘-’a)] (4.11)
6w — Buwo)
1 , , - 2
W [FS(dwm Swo, 2w,) Be (wmwo)B-'i (Way Wa, Wo)
+F3(3L‘)01 2&10, 3wo)B').(wa: w(:)332 (wa; wny wa)
+F3(2wm Sw, 3‘-"0)82 ('-‘-’0)832 (Weay Woy wo)l (4.12)

O(w — %) :

i . . -
(2-”)8 F:'} (3{&)01 3‘&’(” 'WIJ)B:’ ;(QJ,” W,y w”) (4 l.-‘,p)



The ratio of the coefficients of the harmonics to the fundamental frequency is a
measure of the linearization, When the ratio is small enough, it shows that effects of
nonlinearity are small. The results of the simulating program are discussed in chapter

6.

When dealing with nonlinearities, also of great concern is the analysis of intermod-
ulation products. In a multichannel FDM (Frequency Division Multiplex) carrier system
intermodulation noise is an undesired effect since it can distort the signalling channels.
This effect arises due to nonlinear mixing that takes place among different carriers in
the system. Some studies on intermodulation noise have approached the problem of
analyzing the intermodulation distortion in a pure theoretical manner. In these works
first are considered the interaction of a small number of discrete tones. The results are
then extended to a very large number of tones to simulate the condition of the system

during the heavy traffic periods. This approach is highly numerically intensive,
4.2 Intermodulation Distortion Analysis

In practice, the measurement of intermodulation noise in a multiplexed system is
done by loading the input of the system with a bandlimited white noise, thus simulating
the actual load of the system during the peak ho.urs. Fig. 4.1 shows the frequency
spectrum of the input signal in this case. The bandwidth is chosen to be between the
lowest subcarrier f; and the highest subcarrier f,. If we assume that the transmitted
power of each subcarrier is P, then S,(f) = %’}L Here, df is the available bandwidth
for transmission or the bandwidth that subcarriers occupy. The transmitted power of
each subcarrier is /2, /2 per ohm resistor where I, is the peak amplitude of the current.
Optical modulation depth can be defined as the ratio of the peak transmitted light power

10
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Figure 4.1. Frequency spectrum of the subcarriers.




the average transmitted light power. Recalling Fig. 3.5 we have [1],{15]:

t_na_Pmm:_PU_ PO
N R T

-Pma::_PO_ Al
P ID""IH;

(4.14)

On the other hand, m = 78— so, m = Emaz=lo Using this definition I, is expressed

as.

= m(IO — Ith)

Im
R

(4.15)

where R is the slope of the light-current characteristic of the semiconductor laser that is

well approximated by |Fy(0). Since P; = i'gf the frequency spectrum of the input is:

_ Nm2(fo - 13;1)2

Sﬂ-(w) 4R.df

(4.16)

This is the value of K in Fig. 4.1.

At the output, the intermodulation noise is measured in a narrowband (referred to
as a frequency notch) from which the noise has been excluded. In this procedure the
frequency domain description of the system is used. The first step in this process is
to find the frequency spectrum of the second and the third order intermodulation noise
at the output. The frequency spectrum of any signal is the Fourier transform of its
autocorrelation function. The autocorrelation of the output signal when the system is
wepresented by Volterra kernels of first, second and third order is derived directly by
finding the expectation of y(t).y(t-7). The resulting power spectrum for the first system

is {19
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[ &)

8, (W) =< a{t)? > 6(w) + Salw)|By(w) + % f " 80 (A) Balw, Ay =\

bl -]

-+ oo
+-21-, Sa{MN)Salw — M| Ba(A,w = A)[2dA
1 [F 9 .
+3 Sa(A)Sa(1)sa(w = A =) Ba(A, v,w = A = 7)["dAdy (4.17)

In a similar way, the power spectrum of the final output is derived as:

2

Se(w) =< c(t)? > 6(w) + Sy (W) Fy (w) + —;- f+00 Sy(A) Fa(w, A, -—,\)ri,\'l

1 [+

t31 ) SIS = ARAw - MPdA

1 [t

+-ﬁ - Sy(A)Sy(7)Sylw — A = YHE (A, 7w — A= ‘/)|2ti)\f£7 (4.18)

We present the details of the steps to obtain this expression in Appendix B. The
é-function terms of S,{(w) and S.(w) are zero frequency components and are removed
at both outputs by highpass filtering. However, the major sources of distortion are the
third and fourth terms which correspond to the second and third-order intermodulation

distortion, respectively.

Equation (4.17) can be written in a way that makes the analysis simpler. Recalling
equations (3.5) and (3.6) from previous chapter and substituting them in cq.(4.17) results

in:

w
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+oo 2
§,(w) =< a(t)? > 6) + Sul@)|Bu(w) + 5(6r ~ 2902 + 2jow) [ Sa()d

-0

+c.o
al(=2+m) 4 m w2]/ 2w — A)dA
1 g +o0 +o0
+§[(6r - 2gw2) -+ 402w2]f / Sa(A)Sa(¥)Sal{w — A = v)dAdy (4.19)

If we call the fundamental component S, and the second and the third-order intermod-

ulation products Sy, and S, , then:

+o0 2

Sy, W) = 5, (w)| By (w) + %(67‘ - 2qw? + 2jow) / Sa(A)dA| (4.20}
Sy (W) x e Sa(A)Salw — A)dA = Spw) * Sa(w) (4.21)

Sya(w) f T (NS (1)l = A= Ay = Sa(w) * Sale) # Sul)  (4:22)
~00

So the second and the third-order intermodulation terms can be expresssed by single
and double convolution of fundamental terms, repectively. We showed the intermodu-
lation products of the laser without any predistortion block in Fig. 3.9 and Fig. 3.10.
The pfedistortion block acts as an inverse block for the laser. The total operation of the
system is linear. Therefore, intermod:lation distortion must be very small compared o
the fundamental carrier component, once the laser is linearized. The results in this case,
where the inverse predistortion block has been used prior to the system are shown in
Fig. 4.2 and 4.3. As the figures indicate, the second order intermodulation distortion

is at least 70 dB lower thun the case for the system without predistortion. For the
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third order intermodulation distortion this amount is about 20 dB. We computed the
integral of the expression for frequency spectrum by numerical methods using Simpson
Integration Rule. We have obtained the results corresponding to the different values of
optical modulation index. The modulation index considered in this part of the analysis
and in the simulation program is the optical modulation depth per carrier. As shown
in Fig. 4.4 and 4.5, variation of the optical modulation depth causes vertical shifts in
the curves. The smaller optical modulation depths yield smaller intermodulation dis-
tortion, as expected, because the effective amplitude of the applied signal is smaller.
The reason is that with a smaller modulation index a smaller portion of the light/current
characteristic of the laser is utilized, i.e., the range which is less nonlinear, Fig, 4.6
shows variations of intermodulation distortion as a function of different valucs of bias
current when the predistortion block is used prior to the laser. As can be seen (rom the
corresponding curve, nonlinear effects depend on the laser bias current. The optimum
bias current is at the midpoint between the threshold current and the saturation region.

The optical modulation depth remains a constant in this case. The selected value is 0.04

per carrier.
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Chapter 5

Realization of Volterra systems

Volterra systems of low-order are implemented by decomposiotion of the sys-
tem Volterra function into lower-order functions of linear type [18]. Combination of
these linear systems by multiplication and addition techniques delivers the function for
Volterra system. This can be viewed as a method to implement systems modelled in
Volterra functions. We describe the procedure for a second-order system. We denote
the kernel of this system by ho{7y, 72). This kernel has a Lapluce transform denoted by
Hy(s1,82):

+os  ptoo ’
Ho(s;,s2) = / / ha(ry, mo)e~ TV ) iy (5.1)
—o0 J =00

Here, s; = o; + jw; 50 that the Fourier transforms we discussed are obtained by o; = 0.

We write Ha(sy,s2) in the form of multiplication of linear systems Laplace transforns.

Hg(h‘l,&‘g) = ff,,(.‘:‘])ffb(.':'g)f'fc(b‘] + .‘52) (5.2) .
in which
+o0
H{(s) =f h(t)e™*dt (5.3)

So H,(s), Hy(s) and H.(s) are the system functions of the linear systems with impulse
responses ha(t), hu(t) and h.(t), respectively. This can be viewed in a schematic form

shown in Fig. 5.1. The linear system with the unit impulse response A, (t) has the input
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Figure 5.1. Realization of a second -order Volterra system.
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z(t) and its output is z4(t); the linear system with the unit impluse response hy(t)
has the same input but with an output z,(t). The product z,(t)zs(t) is the input of the

linear system with the unit impulse response h.(t) for which the output is y(t), so that:

+o0
y(t) = f he(t)2a(t — o) zb(t — 0)do (5.4)

-

+oe  ptoo  ptoo
= / / f he(aYha (g holo2)x(t — 0 — a1)x(t — 0 ~ a2)dodoyda (5.5)

If we want to express y(t) in the functional form of the Vollerra operator ‘Hy, we

substitute 7, = o+ ¢y and 72 = o + o in eq. (5.5):

+00 +o0 +o0
y(t) = / / / he(@)ha (T = aYhy(me = a)z(t — )a(t — Ta)dodrdry

+00 “+o0 '
= / / ho(m1, 12)x(t — 7)) (t — To)drydry (5.06)
in which
oo S :
ho(mi,m2) = / he(o)ha(my = o) w72 — o)do (5.7)

is the kernel of the basic second-order system. A more convenient form for this dis-

cussion is the Laplace transform of the second-order kernel, that is:

+oo  ptoo
Hy(s), 82) = f / ka(my, ro)eWITiEIeT2) (o ofr (n.8)
—o0 J=—0
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in which s; = a; + jw; and s, = oy + jws. The two-dimensional Fourier transform,
Ho(jwy, jwsz) of the second-order kernel is obtained when oy = a2 = 0 in eq.(5.8). The
kernel transform of the basic second-order system is obtained by substituting eq.(5.7)

into eq. (5.8):

+oo +00 +oo
Hy(s1,82) = f / f he(aYha() — 0)hy(r2 — o)~ W12 +s27)dodr dry  (5.9)

If we change variables, 7 — o =+, and 72 — o = 72, we obtain:
4o pdoo  ptoo - N
Hy(s1,82) =, f / f ha (1) ho(72 ) he(o)e ™17 —5272) g (145200 gy Gy
-0 -0 -0

+eo ‘oo 7
= / hn(ﬁ])c—s'ﬁldﬁl./ hb(ﬁg)e—szﬁzdﬂz

-0 — o0

+00 .
. / he(o)e~ (1 H42)9 dg

-0

= H,(s1). Ho(s2).Ho(s1 + 82) (5.10)

s0 that H,(s1)Hy(s2) and H(s; -+ s9) are the system functions of the linear systems with
impulse responses h,(t), he(t) and h.(t), respect:ively,__ The transfer function H(s) of a

linear time invariant system can be written in the form:

3o P
H(s) = 56 (5.11)
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Then zeros of P(s) are the zeros of H(s) and zeros of Q(s) are the poles of H(s),

We can write the kernel transform of he{r), 72) as

o Pa(s))Puls2) Pe(sy + s2)
Ha(s1,82) = Qa(81)Qu(s2)Qc(81 + 52)

(5.12)

In this way, the poles and zeros of the linear systems of Fig. 5.1 gives us some
idea about the stability of the second-order Volterra system and whether it is realizable.
This method is extendable to higher-order Volterra systems. For higher-order Volicrra
systems the number of multipliers and linear systems blocks are more than those of a
second-order system. For third-order systems the saume method is applied. The basic
third-order system can be obtained with only two multipliers. This conliguration is
shown in Fig. 5.2. In this figure, z(¢) is the common input to the system sy, a basic
second-order system and the corresponding output is z,(t). Another lincar system with
impulse response hy(t) . has z(t) «s the input and z(¢) as the output. The product of
za{t)2(t) is the input of the linear system with impulse response A.(t) for which the
output is ya(t). If we denote the kernel of this third-order system by fuy(7, 72, 74) then

the kernel Laplace transform is:

+oco ptoo  pdoo
Hj(s1,82,583) = / / / ha(Ty, T2, Ta)e™ GV TaH 92T R 8T oy dhy idry (5.13)
: -0 Jeoon J-oo

On the other hand, we want that the basic third-order system gives us the same output

a3 the systemn shown in Fig. 5.2. The output y3(t) expressed in terms of third-order

kernel ha(m, 72, T3) iS:

+oe  ptoc phoo
ya(t) = / / / ha(Ty, 7o, Ta)a(t = 71 )t — m)a{t — ma)dridradry (5:14)
-0 J-oo J-oo )
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This output is equal to:

+ 00
ya(t) = [ he(ra) 2u{t = 72)3a(t — Ta)da

—Oo0

+oo +00
= / he(rs) [/ ha(m)z(t — T3 — T2)dma| 2a(t — Ta)dTa

—o0 -0

The output z,(t — 7a) is:

+oo
2alt — 73) = / 2ot = 7 = 7 )halm )

-0

The output z.{t — 73 — 71) is:

+co
wft—-m—m) = / (M he(t = ™ — 1 = A)dA

—Cco

+ oo
/ (Y ho(t — 7 — 7 — 1)y

—00

(5.16)

(5.17)

By changing the variables and substituting the integral form of e¢ach output in eq.(5.15)

and taking the Laplace transform, we have :

H3(31,52, .5‘3) = Hn(.‘n)f'f;,(.s‘g)H,;(.'n -+ Sz)f'f,;(.‘i:;)]‘f,,(.‘;] -4 89 - S;;)

(5.18)

So, for a basic third-order system the condition for implementation is that its kernel

Laplace transform can be written in the form of eq.(5.18). In other words, if a third-order

system has a kerne! Laplace transform in the form of eq.(5.18), then it is equivalent to

tile combination of linear systems shown in Fig. 5.2.
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Now, we describe the synthesis method for our Volterra kernels which represent
the inver;c system of the laser. The kernel Fourier transforms in the case of inverse

system are:

Ba(w,ws,wa) = 6r + j20(w) + wa +w3) — 2g(w) + we + c.u:;)2 (5.19)

as the third-order Volterra function and

Ba(wi,wa) = =2 — jm{w +ws) + n(w; +wa)® (5.20)

and

B\(w) = d + jew — fw? (5.21)

as the second-order and the first-order Volterra functions, respectively. The above
Fourier transforms can be viewed as substitution of @ = 0 in s = a + jw in the system
Laplace transforms. So if we replace s = a+ jw instead of jw in the above expressions,

we obtain the kernels Laplace transform for the system:

Bi(s1,89,83) = 06r + 20(s1 + s2 + s3) + 29(s1 + s2 + 83)2 (5.22)
Ba(sy, 82) = =20 + m(s; + s2) — n(s, + .5'2)2 (5.23)
Bi(s) =d +es + fs? - (5.24)
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As can be seen, the kernels Laplace transform are in the forms developed in eq. (3.18).
So in this case they are realized by linear systems and multipliers. According to Fig.
5.2 for Ba(sy,s2,s3) there is just one linear system with 4 unit impulse response b,(t).
because B, is simply a function of s + sp + sa. So according to Fig. 5.2, the unit
impulse responses of ba(t) , by(t) , be(t) and bu(f) are simply o-functions and we cun
remove the corresponding blocks and simplify the figure to Fig. 5.3. As shown in Fig.
5.3, be(t) is a linear system which its Laplace transform is obtained by substitution of

51 < 82 -+ 83 by s in B3(Sl + 8o -+ 33)2

B,(s) = 6r 4 2¢s* + 20 (5.25)

This corresponds to an amplifier with a gain of Gr, that is added to two dilferentintor

system. Fig. 5.4 shows the block diagram for B.(s).

Now, we consider the implementation of the second-order Volterra system. The

kernel Fourier transform of the second-order system wis oblained as:

By(wi,uwe) = =20 — jm(wy + wp) -+ nlw + wa)” (5.26)

Similar to the method that we used for Ba{wi,ws,ws) to abtain By(s), 52, s3), the kernel
Fourier transform is in fact its Laplace transform but with s = a+ jw and « = 0. There-
fore the kernel Laplace transform of the second-order system is its Fourier transform

but with s = o + jw and & = 0 (s = jw). The kernel Fourier transform for second-order

system is:

Ba(sy, s2) = =2 — m(s) + $2) — n{sy + a2)° (5.27)
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Figure 5.3. Realization of the third-order Volt:rra system of the predistortion block.
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Figure 5.4. Block diagram of B.(s) for predistortion block.

73



For synthesis of Ba(s, s2) we write its equivalent expression in terms of linear systems

Laplace transform as:

Ba(s1,52) = Bq(sl)Bb(52)Bc(31 -+ 52) (5.28)

Since By(sy,s2) is just an expression of (sy + s2) we assume Ba(s1) and By(sz) are
equal to unity. Their corresponding impulse responses are §-functions. Fig. 5.5 shows
the block diagram of Ba(sy,s2) synthesized by a multiplier and a linear system with

impulse response b,(t). The Laplace transform of bc(t) is Ba(s1,s2) with s = 5, + 2

B.(s) = =21 — ms — ns® (5.29)

Fig. 5.6 shows the block diagram representation of B.(s).

Finally, we consider synthesis of By. In fact, any first order Volterra system is a
linear system because its output is the convolution integral of its input and the first-order
Volterra kernel. Fig. 5.7 shows the block diagram representation of By({s). Note that

again Bi(s) is obtained when we substitute jw with s in B(w). Therefore, B, (s) is:

Bi(s) =d+es+ fs* (5.30)

Now, that we showed the implementation method for the Volterra transfer functions
of the predistortion block we can combine them by adders and obtain the block diagram
of the whole block. Fig. 5.8 shows the block diagram of the predistortion system. The
input current to the laser passes through this predistortion block before it is applied to
the laser. The output of the predistortion block is denoted as i(t) in Fig. 5.8. This

current; i(t), is then applied to the laser as an input. Since predistorlion block .is formed
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by the inverse Volterra transfer functions of the laser, the overall system or the cascade
of these blocks is a system which is the linearized laser system. In other words, it has a
much lower nonlinear distortion noise than laser itself. We discussed the performance of
the two systems in cascade in previous sections and showed the results for harmonic and
intermodulation distortion noises in the corresponding graphs. We discuss the results

with more details in Chapter 6.

For implementation of any system with a given Laplace transform its pole-zero
root locus must be checked to be in a region of the s-plane that realization of the
system is possible. If a system has a pole in the right-hand side of the s-plane it is
not stable and so it cannot be implemented. Recalling the kernels Laplace transforms
of the predistortion block and their corresponding realization with linear systems and
multipliers, it is possible to implement these systems since they do not have any poles
and their expressions in s-plane are polynomials in s. So they just have zeros and this
is consistent with their real implementation. Also, they are causal systems. According
to the block diagrams of equivalent linear systems of Volterra kernels shown in Fig.
5.3, 5.5 and 5.7 when the input to the system is zero the output is zero and there is no

output unti!l a nonzero input is applied. So the systems are causal and hence realizable.
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Figure 5.5. Realization of the second-order Volterra system of the predistortion block.
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Chapter 6

Numerical Results

6.1 Results for cascade system:

In chapter 3, we discussed the performance of the predistortion block and laser wher:
Athey are working in cascade. We gave the methods for analysis of the performance for
harmonic distortion and intermodulation distortion. Harmonic distortion is analyzed by
applying a single-frequency tone; e?“o!, as the input to the system and evaluating the
total output of the two system in cascade. We did the detailed calculations of this part
in Appendix A and the final results are in chapter 3. The ratib of the amplitude of
the second harmonic ¢%“nt, to the amplitude of the fundamental frequency, e“°t, gives
the amount of the second-order harmonic distortion. A similar ratio is defined for the
third-order and higher-order harmonic distortions. According to the total output of the
system which is composed of the sum of the coefficients of all the é-functions given
in chapter 3 , i,,-order harmonic distortion is the coefficient of §(w — iwg) because the
coefficient of §(w — wy), the fundamental frequency, is equal to unity. We calculated
all of these ratios and the results showed that the amount of harmonic distortions are
negligible when the predista:ion is used prior to the laser diode. The corresponding
diagrams are in Fig. 6.1. For intermodulation distortion analysis another approach was
used. Definition of intermodulation distortion implies the use of an input which consists
of two single-frequency tones with frequencies w, and we. Some terms in the output
have frequencies that are a combination of wy and we. For example, the frequencies
mw, + nwa , for integers m and n. The sum of absolute values of m and n gives us the
order of intermodulation. Second-order intermodulation distortion frequency is wy +wy

and the third-order corresponds to fw; + 2we and +2w; £ ws frequencies. If we want
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to determine the amount of second and third-order IMD at the output by applying an
input such as 71t + e/*2¢ to the system and then evaluating the final output, we must
accomplish complicated and tedious computations. Thus, we use another method that
in fact is a frequency domain analysis. The frequency spectrum of all the subcarriers
can be considered as a flat spectruin with a particular bandwidth, as shown in Fig,
4.1. In this figure, fj is the highest frequency subcarrier and f; is the lowest [requency
subcarrier. For measuring the amount <f intermodulation distortion in the output, the
frequency contents of the spectrum is extracted from a very narrow bandwidth or a notch
frequency and then the amount of IMD noise is measured in the narrow (requency band.
This method is used in practice and is an appropriate method for theoretical analysis,
as well. We have described the steps in finding the output of the laser and its inverse
system, when the input frequency spectrum is as Fig. 4.1, in Appendix B. In fact we
obtained the frequency spectrum of the output when the predistortion module and the
laser are connected in tandem. Second-order IMD is reduced by a minimum of 7¢
dB when predistortion is employed. Reduction of third-order IMD is by about 20 dB.
Higher-order IMD products are negligible. So the total IMD is reduced to:

“y

1 1 17!

101 -
Olog | t7arDy, + (TMDYs

=20 dB (G.1)

Results for harmonic distortion shows that the performance of the two systems,

predistortion and laser, in cascade is free of harmonic distortion noise. In other words,

" since the predistortion inverts laser nonlinear characteristic, the output of the two system

in cascade is almost free of harmonic distortion noise and the overall characteristic
exhibits minor nonlinearity effects. We mentioned in previous chapters that bias current
is an important factor in system performance. With a large bias current, even a smail
input signal saturates laser output. With a small bias current the probability that the

input signal goes below threshold current and zero-level clipping occurs is high. A
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bias current at the midpoint of saturation region and threshold current has the optimum
performance conditions. We obtain the amount of second-order intermodulation for
different bias currents. Results are shown in Fig. 4.6. As shown in (his figure, &
bias current about the midpoint between the threshold current and the saturation region
gives the minimum distortion. The corresponding curves are for optical modulation
depths of 0.04 per carrier. If the optical modulation depth is increased, the amount
of distortion noise or nonlinearity noise increases at the output. When the modulation
index is decreased, there is less distortion noise at the output. We have obtained the
amount of second-order intermodulation distortion noise for various optical modulation
depths in Fig. 4.4 and 4.5. According to Fig. 4.1, the frequency spectrum of the input
signal, when it is composed of a number of equally-spaced subcarriers in the available
bandwidth is a flat spectrum. The constant K or the height of the spectrum is determined
by the transmitted power. We assume that subcarriers have equal transmitted power so
K can be éxpressed in terms of transmitted power.' In this way, K = N xtransmitted
power in each subcarrier, with N =number of subcarriers. If we denote the peak
amplitude of the input current of each subcarrier by Im, then ’-33 is the power of cach
subcarrier per ohm resistor. Current I, is proportional to the optical modulation depth.
Therefore, K is proportional to m?. Changes of m yields vertical shifts in the curves for
intermodulation distortion, as shown in Fig. 4.4 and 4.5. In practice, the total optical
modulation depth which is m; = m;v/N is in the range of 0.25-0.50 or 25-50 percent
[15]. The modulation depth per carrier, m;, for a system with 75 subcarriers is typically

0.04. Most of our results have been obtained assuming this value of modulation depth.
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Figure 6.1. Harmonic distortion when predistortion is used.
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6.2 CNR calculations:

For transmitting multiple signals over the same channel, a subcarrier modulation
technique can be used. The information signals are first modulated onto the RF sub-
carriers. These carriers are then combined and the resulting electrical signai is used
to modulate the optical carrier. A limiting factor in these systems is the noise arising
from harmonic and intermodulation distortions. Fig. 6.2 shows the basic elements of
an analog link. Optical sources in this figure could be a Light Emitting Diode (LED)
or a laser diode. Bias point of the optical sources is usually chosen approximately at
the midpoint of the linear region of the input-output characteristic. For this bias point
less distortion exists. Baseband signal modulates an electrical subcarrier prior to in-
tensity modulation of the source. In CATV transmission systems a subcarrier can be
modulated in formats as Amplitude Modulation with Vestigial Sidebuands (AM-VSB),
Frequency Modulation (FM), 4-level Quadrature Amplitude Modulation (4-QAM) and
High-Definition Television (FIDTV), where the latter has different types. Nonlincarities
in the optical source include distortions, intermodulation products and relative intensity
noise (RIN) in the laser. Primary concern in a receiver is its sensitivity and bandwidth.
Major receiver noise sources are quantum noise in the photodiode and thermal amplifier

noises in the receiver front-end [13].
Carrier-to-noise Ratio
In performance analysis of analog systems, the ratio of the rms carrier power 1o

rms noise power at the output of the optical receiver is usually calculated and is referred

to as carrier-to-noise ratio (CNR):
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85

output
signal



carrier power
CNR = : P . (6.2)
source moise -+ TeEccwver noise

For nonlinear multiplexed carrier systems, intermodulation noise is considered, as

well. Carrier power C at the output of the receiver, in units of (Ampere)?, is:

C= %(mf’a)2 (6.3)

where I, is the total received photocurrent and m is the optical modulation depth per
channel [20]. Noise sources in a fiber optic link that are of concern in carrier-lo-noise
ratio caiculations,'consist of shot noise and thermal noise at the receiver and relative
intensity noise (RIN) at the transmitter laser. Quantum or shot noise is the result of
quantum detection of light and the random processes involved in the conversion of
photons to electrons in a photodetector. The mean-squared shot noise; T2, , for an ideal

square law detector is expressed by [15]:

%, =2el4B (6.4)

where ¢ is an electron charge, B is the equivalent noise bandwidth and Iy is the pho-

todetected current,

In any electronic receiver system, there is agitations of electrons leading to a Gaus-

sian thermal noise, e.g., noise generated in a pre-amplifier resistor. Thermal noise power

is given by:

Pth. = n2B (6'5)
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where 7 is the contribution of the preamplifier to the thermal noise power and is the
effective thermal noise current (typically 10 :ﬁ%), B is the equivalent thermal noise
bandwidth set by the receiver front-end circuits. Relative Intensity Noise consists of
noise intrinsic to the laser such as quantum effects in electron-to-photon conversion
and extrinsic effects that may be caused by reflections and dispersion. Laser RIN is

measured in dB/Hz and is defined by

< (AP >

IN = = 6.6
R 7 (66)

where < (AP)? > is the mean-squared intensity fluctuation of the laser output and P?
is the average laser light intensity. Overall carrier-to-noise ratio (CNR) of the system
can be calculated by a different method if we consider the CNR for each of the noise
sources separately and then finding the total CNR. In fact in this method the inverse
of the corresponding CNRs dre atidgd, and the result is the inverse of the total CNR
of the system. This is applied by assuming the contributing noise sources are Gaussian
in nature, as we can assume so in our case. Therefore, their total contribution can be

arrived at on a power addition basis.
Noise considerations:

In an analog transmission link and for different methods of modulation, a carrier-
to-noise ratio (CNR) of some specified value is required for the quality of the signal
at the receiver to be acceptable. We showed the basic elements of an analog link
in Fig. 6.2. In analog applications, first; a bias point on the source characteristic
curve is set. The analog signal can then be transmitted using a modulation technique,
The simplest form for optical fiber transmission uses intensity modulation. Intensity

modulation of optical output of the source is accomplished by varying the current
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around the bias point in proportion to the 'message signal level. Message signal by
itself can be a modulated version of the original baseband signal. This is more efficient
than the method of sending the baseband signal directly to modulate the optical output
of the source [15]. Baseband signal is translated onto an electrical subcarrier prior to
intensity modulation of the source. This is done using AM-V3B, FM or any other
appropriate modulation technique. Whatever modulation technique used. nonlinearities
of the optical source must be considered carefully. These include harmonic distortions,
intermodulation products and relative intensity noise (RIN) in the laser. Frequency
dependence of the amplitude, phase and group delay in the fiber must be taken into
account as well. Thus the fiber must have a flat amplitude and group-delay response
within the passband required to send the signal free of nonlinear distortion, In addition,
it is better to choose a single-mode fiber because of lack of modal-disperssion. Fiber
attenuation is aiso important because carrier-to-noise performance of the system changes
as a function of the received optical power. As was described in the previous sections,

mean-squared shot noise or quantum noise of the photodetector is given by:

I, = 2el,B (6.7)

where I, is the photodetector current, e is the electron charge and B is the noisc

equivalent bandwidth. So IZ, gives the amount of shot noise power per resistor ohm.

Signal power for one channel, per ohm of load resistor at the output is:

1
= Emgf,,z (6.8)

where I, is the total received photocurrent and  is the optical modulation depth per

channel [20]. So CNR for shot noise is the ratio of the carrier power to the shot noise

power:
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mil,
(CNR)ahot—nm'sc = 4eB (69)

Thermal noise is caused by the preamplifier resistor and its power is given by:

(Pﬂ)!.hcrmal = TL2B (6'10)

where n is the effective input current noise, typically 10 pA/vHz. Again, B is the
noise equivalent bandwidth of the receiver. Carrier-to-noise ratio for thermal noise is

expressed as:

I,2m?
(CNR)!.hcrmal = '2_0.,%@ . (611)

Noise power due to relative intensity noise (RIN) was described before. It can be

written as

(Ppin = B.RIN.(R,P)*

= B.RIN.L,? (6.12)

where RIN is the ratio of the mean-squared intensity fluctuations of the laser output
to the average laser light intensity, R, is the photodetector responsivity and P is the
received optical power. Overall carrier-to-noise ratio for the system is the contribution

of all of the above carrier-to-noise ratios [20]:

. ' (Iom)2
CNR) ot = o
( ! \-)Latul 23[[?12 + IOJ{RIN + %f}]

(6.13)
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This expression for CNR can be converted to [26]:

1 1 1 1
= + +
(CNR)LoLuI (CNR)shot—noiae (CNR) RAN (CNR

(6.14)
) thermal—noise

Any other carrier-to-noise ailocation such as that for clipping or intermodulation
distortion can be added to the above expression in the same powerwise manner in order

to find the total system carrier-to-noise ratio.

For example, if the ratio of the second order intermodulation distortion to the
v ¥ e . I - . - R =] . .
carrier is; (CNR)iump2 , then just the term expyms: 1S added to the right hand side in
. " . o, . . . . e | s, .
equation (6.14) and similarly for the third order products a term 4S8 =xay 5 18 added
to the sum. According to equation (4.19), the second order intermodulation product in

frequency domain has a power spectrum equal to:

+o0

%l(—% + ) +mPu?) [ Sa(X)Salw — Ad) (6.15)

For each value of w this integral is computed by numerical methods with enough

accuracy. The fundamental frequency power spectrum is the former term:

-+ 00 2
S.(w)|Br (w) + —;-(67' _ogu? + 2jow) [ SalA)dAI (6.16)

-0

In this way, the ratio of second order intermodulation distortion to the carrier or
fundamental part is the ratio of the above two terms. So we can substitute this ratio

instead of (CNR)mp2 in the expression for carrier-to-noise ratio.

The amount of CNR and whether it meets the required carrier-to-noise ratio or

not, determines the number of subcarriers that can be transmitted in a given bandwidth.
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Another parameter that determines this number is the optical modulation depth per
carrier, A large number of subcarriers is like a large number of small signal inputs that
combine and form a large input signal. Since the resultant signal is large, the effects of |
nonlinearity in laser characteristic are more pronounced than the case for a small signal
input. In some cases even zero-level clipping occurs in the optical ouiput because it
cannot be negative. If the number of subcarriers is limited because of a small optical

modulation depth, the nonlinearity effects are reduced [2].

The effective optical modulation depth for the total signal is:

(6.17)

where N is the number of subcarriers and m; is the optical modulation depth per carrier.
If we assume that n; is the same for all carriers, then the effective optical modulation

depth is simplified to:

m=mVN (6.18)

The definition of optical modulation depth is the ratio of peak current amplitude to

the bias current or in terms of bias current

Ipenk — Tpias
m=
Tvias — Tthreshold

(6.19)

If m is large, then Ieux — Jhias Can be larger than lpios —