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Principle and Practice of Optical Code-Division
Multiple Access Communication

Lim Nguyen

Abstract

This research examines the theoretical and experimental aspects of code-division mul-
tiple access (CDMA) communication in the incoherent, or direct detection, optical
domain. We develop new modulation and detection principles that permit all-optical
implementation of the bipolar, +1/—1, code and correlation detection available in the
radio frequency (RF) CDMA systems. This is possible in spite of the non-negative,
or unipolar, +1/0, nature of the incoherent optical system that only detects and pro-
cesses the signal intensity. The unipolar optical system using the new principles is
equivalent to the bipolar RF system in that the correlation properties of the codes
are completely preserved.

The optical CDMA system can be realized either in time or frequency domain
encoding with all-optical components. All-optical implementation is extremely im-
portant in practice because the symbol rates of the individual users are far less than
the bandwidth of the optical fiber. Frequency domain or spectral amplitude encoding
significantly increases the number of available codewords that can be assigned to the

subscribers, and is the focus of this work.



The spectral amplitude encoding uses incoherent, broad bandwidth superfluo-
rescent fiber source (SFS) that has the limiting signal-to-noise ratio characteristics
associated with thermal light. Measurements of the photodetector illuminated by
an erbium-doped SFS confirm that the noise distribution follows a negative bino-
mial probability mass function as predicted for the photoelectron counting statistics
of thermal light. The analysis based on this statistical model results in improved
performance over the Gaussian assumption, which predicts a performance floor. The
analysis also shows that optical CDMA system, even with the use ¢f orthogonal codes,
is interference limited.

We implement an experimental prototype system that demonstrates the first use
of bipolar codes for spectral amplitude CDMA. The experimental results validate the

modulation and detection principles and demonstrate the feasibility of optical CDMA

systems based on those principles.
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Chapter 1

Introduction

In this study we examine the theoretical and experimental aspects of code-division
multiple access (CDMA) communication in the incoherent, or direct detection, optical
domain. We begin by motivating the problem and then consider new modulation and
detection principles for incoherent optical CDMA systems that employ bipolar codes
and correlation detection. An overview of the performance analysis will be given, as
well as some descriptions of the experiments and laboratory demonstrations of the

proposed principles.

i.i Preliminaries

In a communication network, there are many simultaneously active users out of a
larger pool of subscribers with authorized access to the network. In the most general
network connectivity, each user can transmit and receive information to and from ev-
ery other user, as illustrated in Figure 1.1. The fiber optic local area network (LAN)
is modeled as a passive J x J star coupler that provides network connections between
the J users. The network resources therefore must be shared among the users in this

multiple access scenario, with the bandwidth being one of the fundamentally impor-
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Figure 1.1 Optical CDMA in a fiber optic LAN.

The fiber optic LAN is modeled as a passive J x J star coupler that provides full
connectivity between the users.



tant resources. In this respect, the optical domain presents great potential due to
the enormous bandwidth at the optical frequency. For example, the low-loss window
of the single-mode optical glass fiber has a bandwidth of about 25,000 GHz each at
the 1300nm and 1550 nm wavelength windows. Graded-index plastic fiber, currently
achieving a more modest 20 GHz bandwidth over a distance of 100m, is becoming
attractive due to its potentially lower implementation cost for short-distance LAN
applications.

The usual approach to optical communication system design has been to apply
the techniques of the RF and microwave system where the bandwidth resource is at a
premium; the highest microwave frequency is only a small fraction of the bandwidth
of the optical fiber. The limiting speed of the electronic components, typically a
few GHz in practice, however places a considerable restriction on the optical system
performance in term of the bandwidth utilization. In order to realize the potential
of the optical fiber, optical communication system design therefore should be based
on the unique characteristics of the optical domain. It should enable the use of the
virtually-unlimited bandwidth resource of the fiber medium to address some of the
network issues, specifically the multiple access, or multi-user, requirement. That is,
how the interference from the simultaneously active users can be controlled so that
they can co-exist.

One approach to address the multi-user requirement is the frequency-division mul-

tiple access (FDMA) protocol. In FDMA, the bandwidth is partitioned into non-



overlapping segments and assigned to the subscribers in a predetermined manner.
Each subscriber has the interference-free use of his allocated bandwidth segment at
all time, much like the radio broadcasting station system. If the subscriber access to
the network is bursty, FDMA is not efficient in the bandwidth utilization. Moreover,
as new subscribers arrive, the bandwidth resource must be re-allocated which may
not be feasible nor desirable.

Another more flexible multi-user protocol is time-division multiple access
(TDMA). Here, non-overlapping, band-limited time slots are assigned to the sub-
scribers so that each has the interference-free use of the entire bandwidth during the
allocated time slot. New subscribers can be accomodated simply by increasing the
number of time slots. Like FDMA, this protocol has inefficient bandwidth utilization
in a bursty network. Each subscriber has very short duty cycle transmission and re-
quires time slot synchronization for proper operation. Since only one user is allowed
to access the network at any time, this protocol is really a coordinated single user
system. Common variants of this approach are the token-ring and Ethernet networks
that depend on a higher level of protocols for multiple-access collision avoidance and
resolution.

Code-division multiple access is the most flexible protocol; it allows each sub-
scriber the full use of the bandwidth resource at all times. The subscribers are differ-
entiated from one another by the use of distinct signature sequences. The multiple-

access interference (MAI) due to the time and frequency overlapping signals from the
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simultaneously active users is controlled by choosing signature sequences that have
ideally zero, or low, crosscorrelation values. CDMA is highly suited for bursty net-
works; its full use of the bandwidth resource results in good system performance that
degrades gracefully as the number of active users increases. This interference-limited
performance, coupled with other attributes that have proven effective in combating
the mobile communication environment, has caused CDMA to receive considerable
attention for the next generation of digital cellular phone technologies.

In the optical domain, FDMA is commonly known as wavelength-division multi-
ple access (WDMA). The number of wavelengths or channels is small due to the
wavelength stability and tuning range of the diode lasers. Non-linear effects in
the optical fiber, such as four-wave mixing, contribute to place an upper limit on
WDMA system. Optical TDMA requires short-pulsed diode lasers (or high-speed
diode laser/modulator) whose transform-limited bandwidth is far less than fiber band-
width. The pulse propagation suffers from the dispersion effect in the optical fiber,
limiting the transmission distance unless nonlinear techniques like solitons or disper-
sion compensations are used. Thus, besides the inherent inefficiency in the bandwidth
utilization, these protocols have additional limitations when introduced to the optical
fiber medium.

The desirable charactistics of the CDMA protocol make it an attractive approach
toward the goal of using the optical bandwidth resource to meet the practical network

requirement of supporting a large pool of subscribers, not all of whom require access



to the network at the same time, while providing access to many simultaneously
active users. Historically, CDMA is an application of the secured and anti-jamming
communication techniques developed for the military in the RF domain. It is based
on the spread spectrum principles that distribute the signal energy of the user over
a bandwidth much larger than required by the binary information symbol rate. The
bandwidth expansion is accomplished by modulating the information symbol with
the so-called spreading codes, or signature sequences, that are uniquely assigned
to different users. This allows the receiver to differentiate them by means of the
correlation detection. The huge bandwidth of the optical fiber relative to the symbol
rate means that the size of the code book can be very large. Practically, in order to
realize this bandwidth advantage the encoding (bandwidth expansion) and correlation
(bandwidth contraction) operations on the signal at the transmitter and receiver,
respectively, must be performed optically to circumvent the speed limitation of the
electronic system which can then be allowed to operate at the much slower symbol
rate.

A comprehensive reference on the spread-spectrum communication techniques in
the RF domain can be found in 1] and [2]. Increasingly, these techniques are finding
applications in the digital cellular CDMA telephone system [3]. The performance
characterization of CDMA systems in the RF domain has been well-studied for ad-
ditive Gaussian noise [1], [4], [5], implulsive [6], [7], multipath and fading channels

[8], [9], [10]). These studies have considered the conventional matched filter or cor-



relation detector, as well as various optimal [11] and suboptimal multi-user detector
schemes [12], [13], [14], [15] that yield improved performance at the expense of an
increase in the receiver complexity.

The success of the RF CDMA system depends crucially on the use of well designed
bipolar sequences with good correlation properties [16], [17]. There has been a large
body of work devoted to the search for good codes; among them are the m-sequence,
Gold and Kassami sequences, Barker and Walsh codes. These sequences of +1/ — 1
values exist in the RF domain because the electromagnetic field, or the phase of the
signal, can be detected. The application of CDMA techniques of the RF system to
the optical domain, however, has not been very successful, primarily due to the non-
negative nature of the direct detection optical channel. By direct detection, we mean
that the optical field is square-law detected by a photodetector; thus only the signal
intensity can be detected and processed. As a result, in incoherent optical systems
only unipolar sequences that take on +1/0 values exist. The bipolar codes of the RF
domain were therefore thought to be inapplicable to the optical system. With corre-
lation detection, the unipolar spreading codes are restricted to be sparse or optical
orthogonal codes (O0C’s) [18], [19], [20]. In order to have good correlation proper-
ties, these codes generally have low weight relative to their length and therefore are
inefficient. Also, the number of available codes are too few for practical application.

Research in optical CDMA has been focusing in two general areas: studying sys-

tems that employ unipolar codes, or adapting bipolar codes to the optical domain



[21]. Systems that employ unipolar codes have been proposed for coherent and non-
coherent correlation detectors in [22], [23], [24], [25), and subsequently studied using
the Poisson photodetection model [26]. The system capacity has been shown to in-
crease by combining CDMA with M-ary pulse-position modulation (PPM) at the
expense of an increase in the system complexity [27]. High performance detection via
optimum demodulation was developed in [28], with the multi-user detection scheme
considered in [29]. Unfortunately, these studies indicate that such system are not
very practical due either to the lack of good codes or to the design complexity.

The second research direction in optical CDMA has concentrated in adapting the
bipolar codes, either by using coherent phase or subcarrier modulation and demodu-
lation, or by employing a balanced receiver. The former approach [30], [31], [32], [33]
is simply a direct extension of the RF techniques with an optical carrier, and re-
quires electronic correlation. The latter approach relies on sequence inversion keying
(SIK) that transmits the unipolar version of the bipolar codes, followed by a unipolar-
bipolar correlation with a balanced receiver [34], [35], [36], [37]. Since the true bipolar
codes and correlations are not employed, some sort of balanced or special codes, off-
set removal, or electronic correlation are required that precludes a general, all-optical
implementation of the bipolar codes and correlations.

Direct detection has the extremely desirable attribute that all-optical processing
of the transmitted and received signals is feasible; it also does not require a coher-

ent phase reference. This enables the interface between the electronic symbol source



and the optical system to operate at the symbol rate. The restriction on the optical
bandwidth utilization imposed by the limiting speed of the electronic components is
thus completely eliminated. What is needed, therefore, is a modulation and detection
method that puts the bipolar codes of the RF domain to use in the optical domain
without losing any of their correlation properties. Morecver, in order to make op-
tical CDMA system a practical reality, this method should also lend itself toward
mitigating the problems associated with the optical fiber medium and with the limi-
tation imposed by practical light sources. The investigation of such a method and its

practical implementation, then, are the aims of this research effort.

1.2 Research Outline

In Chapter 2, we propose new modulation and detection principles that permit all-
optical implementation of the bipolar, +1/ — 1, codes and correlation detector that
have been developed for the RF systems. This is possible in spite of the unipolar
nature of the incoherent optical systems. The optical CDMA system is equivalent to
its RF counterpart in that the correlation of the bipolar codes is completely preserved.
The proposed principles can be interpreted as the generalization of the binary PPM
or FSK (frequency-shifted keying) modulation systems. We develop a multi-channel
optical communication model for the new modulation and detection methods that
includes the shot noise nature for the photodetection process. We show that the

proposed principles are the result of the optimum detection based on the likelihood
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ratio test for a multi-channel optical system that distributes the spreading codes over
many channels to overcome the restrictions on the signal set. Based on the modulation
and detection principles that have been developed. an optical CDMA scheme is
realized by encoding the spectral amplitude of incoherent, broad bandwidth light
sources such as the superfluorescent fiber source. This approach directly manipulates
the amplitude spectrum of the light according to the binary symbol values in a manner
that is decoupled from the symbol rate. As a result, with spectral encoding, the users
may transmit their data at variable rates with no modification to the spreading codes
being used. Additionally, cyclic shifts of codes that have low offset autocorrelation
values can be used. This property will significantly increase the number of available
codewords that can be assigned to the network subscribers.

Since the SFS is used as the transmitting light source, a proper analysis of the
system performance requires an accurate statistical model for the detector current
due to the SFS. The prevailing Gaussian assumption for the current noise statistics
has led to the non-physical prediction that the performance of a WDMA system
employing the SFS cannot be improved by increasing the optical power. Chapter 3
reports the experiments to measure the distribution of the photoelectric current from a
photodiode under illumination from a spectrum-sliced, erbium-doped SFS. The results
show that the statistical distribution of the current fluctuation is in fact non-Gaussian.

It follows a negative binomial (NB) distribution that describes the photoelectron



11

counting statistics of thermal light. This is consistent with the statistical model of
the SFS as a thermal light source.

We consider the spectrum-sliced WDMA system that employs the SFS in chap-
ter 4. The limiting signal-to-noise ratio (SNR) characteristics associated with the
SFS result in the prediction of a BER floor when invoking the Gaussian assumption.
However, the analysis based on the NB noise statistics shows that the system per-
formance improves as the received power increases, despite the limiting SNR that is
proportional to the ratio of the spectral bandwidth and the symbol rate. This has
significant implication for practical spectral amplitude CDMA systems: given a sym-
bol rate and a source bandwidth, trade-offs between the bandwidth of the spectral
chip, hence the code length and the number of subscribers, and the received power
are possible.

The performance of spectral amplitude CDMA system is considered in Chapter 5.
The analysis is based on the NB statistics and the additive light model to account
for the thermal characteristics of the SFS. The SNR and the probability of error were
computed and compared to binary FSK, spectrum-sliced WDMA system. The results
demonstrated the interference-limited behavior of CDMA that places a performance
penalty on the system due to the thermal nature of the SFS. Chapter 6 describes
a free-space, experimental CDMA system prototype that employs an erbium-doped
SFS. To our knowledge it is the first to demonstrate the use of bipolar codes for

spectral amplitude CDMA. The measurement results verify the relative correlations of
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the example bipolar codes to show that the information symbol can be recovered. The
multiple-access interference has also been shown to be rejected. The prototype results
validate the modulation and detection methods and demonstrate the practicality of
optical CDMA system based on those principles.

The conclusion of the study is presented in Chapter 7. The modulation and
detection principles that we have developed have finally placed optical CDMA on
the same footing as its RF counterpart in terms of the spreading codes utilization,
while still retaining the inherent advantages of the optical domain. We discuss future
research issues that concern the improvement in the design and performance of the
prototype system. We conclude with a few comments on a number of potential

research topics that could be undertaken from the work described herein.
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Chapter 2

Optical CDMA with Bipolar Codes

The application of CDMA techniques developed in the radio domain to optical fiber
LANSs has been a research topic of considerable interest. Practically, a LAN must sup-
port a large pool of subscribers, not all of whom require access to the network at the
same time, while providing access to many simultaneously active users. The success
of the direct-sequence CDMA systems in the radio domain is a direct result of the use
of well-designed bipolar, +1/ — 1, codes and bipolar correlation detectors to control
the multiple access interference from other users to the desired user. However, due
to the positive nature of the incoherent optical channel in which only the intensity of
the signal is detected, it is generaily thought that the bipolar codes are inapplicable
to the incoherent optical CDMA systems. Various schemes that have been proposed
[35], [36], [37] require balanced or special codes, offset removal, or electronic correla-
tions that preclude the general, all-optical, application of the bipolar codes. In this
chapter, we present new modulation and detcction mcihods that allow all-optical im-
plementation of the bipolar codes and correlation detectors in the incoherent optical
domain. A multi-channel optical communication system that includes the shot noise

nature for the photodetection process is described that provides a model for the new
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modulation and detection principles. We describe an optical CDMA scheme that is
based upon spectral amplitude encoding of a broadband source using the principles

that have been developed.

2.1 Bipolar Correlation in a Unipolar System

We define a unipolar system to be a non-negative system whose spreading codes
take on the values of +1 or 0. The incoherent, or direct detection, optical channel
is an example of a unipolar system. By direct detection, we mean that the optical
field is square-law detected by the photodetector; thus only the signal intensity can
be detected and processed. In order to apply the bipolar codes in a unipolar sys-
tem, the question of considerable interest is the computation of its correlation using
only unipolar operations. Computing the correlation between two sequences is com-
monly referred to as the shift and multiply-add, or multiply-accumulate, operation.
Figure 2.1 illustrates a zero-shift correlation of the example bipolar codes of length 11:
X; =(1,-1,1,1,-1,1,-1,1,-1,-1.1) and X, = (1,1,1,-1,1,-1,1,1,-1,1,-1).
The multiply-add operation (a) gives R;2(0) = —3. This result can also be computed
with the unipolar operations of counting and summation, as shown in (b). By sepa-
rately counting the total numbers of matched and mismatched polarities of the code
elements, followed by a difference operation, the same correlation value is obtained.
Thus, the bipolar codes and their correlation properties can be fully preserved in the

unipolar system. This is accomplished by recoding the bipolar code X to two comple-
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Figure 2.1 Bipolar correlation in a unipolar system.

The multiply-add operation of the bipolar system {a) can be computed via countings
and summations, followed by a difference operation in a unipolar system (b).
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mentary unipolar codes U, U of the same length according to the polarity of X. The
bipolar correlation is then computed by a “compound” correlator that operates on
U,T and consists of four unipolar correlators, two summations, and one subtraction.

This representation is formalized in the next section.

2.2 Modulation and Detection Principles

Consider a bipolar sequence z(n) of period N that takes values from {—1,1}. z(r) can
be expressed as the difference of two unipolar sequences of the same period, say u(n)
and @(n), that take values from {0, 1}, where u(n) is obtained from z(n) by replacing
each —1 with 0 and @(n) is its binary complement. That is: z(r) = u(n) — @(n),
with u(r) £ [1 + z(n))/2, and T(n) = [1 — z(n)]/2. Similarly, let v(n) be the unipolar
sequence obtained from another bipolar sequence y(r), also of period N. Then the
periodic and aperiodic crosscorrelation functions of z(n) and y(n) can be computed
in terms of the unipolar crosscorrelation functions as follows:

A N-1
or.y(l) = Zz(n)y(n-{-l)

n=0

= [eu.v(l) + 9’17,5(1)] - [ou,ﬁ(l) + Bi,v(l)] (21)

( N-1-1
S z(n)y(n+1), 0SISN-1

n=0
N-141

S z(n-ly(r), 1-N<LIL0

o 1> N
= [Cup(l) + Caz(1)] = [Cuz(l) + Crr(D)] (2.2)

>

Cza(l)
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The modulation and detection principles based on the above results are illustrated
in Figure 2.2. We describe their operation in the time domain for simplicity and
consistency with the conventional description of CDMA techniques where the time
waveform is encoded. The operation of these principles can be realized either in
time or spectral amplitude encoded systems and their implementations are described
in Sec. 2.4. Referring to Figure 2.2, the transmitted symbols are encoded by two

intensity modulation waveforms arriving at the receiver:

= N-1

sat) = ALY [ Y, U(n)Ig, (¢t — nT. —iT)+

t=—00 n=0

N-1

b 3 U(n)lz,(t — nT, —iT)]}, (2.3)

n=0

sg(t) = A{ f: (B i U(n)r,(t —nT.—:T)+

1=—00 n=0

BY" U()lig(: - T, — T} (2.4)

7=0

b; is the binary, +1/0, symbol and IIr,(¢) is the unit rectangular chip waveform that
is zero outside [0,T.). T, T. are the symbol and chip duration, respectively, and A
is the chip intensity. The signature codes U and U are obtained from a length-N
bipolar codeword as described previously. We denote a codeword by an upper case
letter - U, to distinguish it from the sequence, denoted by a lower case letter — u,
that consists of a series of codewords. The cross-bar switch transmits the 2-tuple
(U, D) for, say, symbol “1” and (U,U) for symbol “0”. The decoder structure is in

accordance with (2.1) and (2.2) using two identical matched filter pairs. Each pair has
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Figure 2.2 Block diagrams of the encoder and the decoder.

By means of the cross-bar switch, the encoder transmits (U, U) for, say, symbol “1”,
and (U, U) for symbol “0” (a). The impulse responses of the matched filters in the
decoder are matched to U and U (b). The output of the balanced photodetector pair
is proportional to the bipolar correlation between the codes of the encoder and the
decoder, as given by (2.1) and (2.2).
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two unipolar matched filters with impulse responses k(t) = ¥¥ - U(N —1—n)Iz.(t—
nT,), and k(t) = TN T(N — 1 — n)lIz.(t — nT.). The outputs of each of the two
complementary unipolar correlator pairs are optically summed and photodetected.
The two photodiodes are connected in a balanced configuration so that their outputs
are subtracted. The output current of the balanced detectors is therefore proportional
to the bipolar correlation between the bipolar codes of the encoder and the decoder.
The result is low-pass filtered, sampled, and compared to a zero threshold to estimate
the transmitted symbol.

As the matched filter pairs are identical, a configuration that requires only one pair
and one photodetector is feasible. This is accomplished with an appropriate repetitive
transmission, by which the symbols are Manchester-coded prior to modulation via
the cross-bar switch in Figure 2.2a. The decoder consists of one unipolar correlator
pair and one photodetector, followed by a half-symbol delay and a comparator as
illustrated in Figure 2.3. The comparator output is decimated by a factor of 2 due to
the Manchester coding in the encoder. We note that a particular case of the above
general schemes, for which u(n) = (1), 2 unit sequence, can be viewed as the binary

PPM or non-coherent FSK modulation system.

2.3 Multi-channel Optical Communication

We consider the above modulation and detection principles in the general context

of a multi-channel optical communication system model that includes the shot noise
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Figure 2.3 Differential decoder configuration.

The encoder is identicai to Figure 2.2a, with the additional requirement that the data
symbol b is Manchester-coded prior to transmission. The comparator output in the
decoder must be decimated by a factor of 2 due to this Manchester coding.
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nature for the photodetection process. The optimum detection based on the likelihood
ratio test for multi-dimensional waveforms in the Gaussian channel has been shown
to be a straightforward extension of the single waveform case [38]. In the shot noise
or Poisson channel, optimum detection for one-dimensional intensity waveforms have
been studied [39], [40]. Here we will show that the scheme described in Sec. 2.2 is
in fact the result of optimum detection for a multi-channel optical communication

system that distributes the spreading codes over many channels to overcome the

restrictions on the signal set.

2.3.1 System Model

Figure 2.4 illustrates a multi-channel optical communication system. The intensity of
the optical source is modulated by two sets of @-dimensional, unipolar, code vectors

U and V according to the transmitting symbol b onto @ channels, where:

(=
I

(h -~ Uagl, (2.5)

V=[M:-- VW (2:6)
The unipolar codes, U, and V;, ¢ =1,2,...,Q, are column vectors of length N:
Uq = COl(Uq,o Uq,1 se Uq,N—l)a (27)

V} = COl(Vq,o ‘/;,1 st Vq,N—l)’ (2-8)
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whose elements, U, , and Vgn, n = 0,1,...,N — 1, are of unipolar values. The

Q-dimensional intensity waveform vector s7() arriving at the detectors are given by:

() = collsa(t) -+ se(®)] (29)

where each waveform s,(t) has been encoded by U, and V; according to:

[ed

N-1
gq(t) = A{ Z [b,' Z Uq,nHT‘(t —-nT,—iT)+
t=—00 n=0
N-1

5 S Vialln(t — nT. — iT)]}. (2.10)

n=0

The photon arrival rate, A, is constant for all chips. The receiver is taken to be
synchronized to the transmitter. We further assume that the duration of the received
chip waveform It (¢) does not exceed the chip duration T.. The photodetectors, one
for each channel, are modeled as Q independent Poisson counting processes whose

outputs are independent Poisson random vectors:

K =[K; --- Kql, (2.11)
where K, is a column vector of length N whose elements are the counts measured by

the ¢** detector during each chip interval T, in a symbol period T = NT.:
Kq = COl(Kq‘o Kq,l o Kq,N_]_). (2.12)

The elements K, are independent Poisson random variables with the mean count

number given by K, , according to:

KonlHy = UpnKc+dg, (2.13)

qulHO = Vq,nfc'*'dqy (2.14)
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where K. = AT is the mean count per chip due to the signal intensity and d; is the

average count due to the dark current of the ¢** detector.

2.3.2 Likelihood Ratio Decision

The binary detection hypothesis for the observed Poisson count vector K = k is:

Q N-1 (Uq,nK +d )

H:Pr{k=k} = [[TI ¢~ WanKetda) (2.15)

g=1 n=0 k!

Q N-1 -

Ho: Pr{K=k} = J[II (Vq’"K +dq) e~ (VamKetda) (2.16)

g=1 n=0 q,n

The likelihood ratio test is given as:
Q N-1 U K’- + d ka" — 1

Y(k) = Zan_c ' 9 -(Uan—Van)Ke > , 217
®=I11 (Gexra) <7 217

where ~ is the ratio of the a priori symbol probabilities. By taking the logarithm

of the likelihood ratio, we obtain the sufficient statistic for equal a priori symbol

probabilities:
Q N-1 Q N-1 1
=22kqnln(0qu +d)-In(V K +d)] - KD D (Ugn— V) z 0
=1 n=0 g=1 n=0 0
(2.18)

The second summation is the difference in the weights, i.e., the numbers of +1’s, of
the Q-dimensional unipoiar codes U and V.. We make the reasonable assumption that

the codes have equal - or balanced - weight, so that symbol “1” has the same energy



as symbol “0”, then (2.18) becomes:

Q N-1 _ . 1
Tk) =3 knlln(Upn K. + d) —In(V,n K + dy)] z 0. (2.19)
g=1 n=0 0
With U, , and V,, € {0,1}, it can be shown that (2.19) simplifies to:
e 1
T(k) = > In(K. + do)k; (U, = V5) 2 0. (2.20)
g=1 0

In this study, we assume that the dark current intensities of the photodetectors
are identical: d, = Ka, q = 1,2,...,Q. The sufficient statistic then does not re-
quire knowledge of the optical power or the dark current intensities. We obtain the
correlation, or matched-filter, detector from (2.20) as:

Y(k) = ZQ: kg Uy — Vi)

=1

0. (2.21)

OAVH

This can be written in terms of the matrix trace operation:

T(K)=tr[K"(U-V)] 2 0. (2.22)

oAV

Thus, among the unipolar codes U and V that have equal weight, the probability of

error is minimized if and only if:

V=

1<l

(2.23)

That is, the unipolar codewords for encoding the binary symbols “1” and “0”, re-
spectively, should have no overlapping element of the same value between them. This

implies that the unipolar codes are obtained from a @-dimensional bipolar code, in a
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similar manner described in Sec. 2.2:

or:
U= l_+é (2.25)
2
X = [Xi --- Xp] is a Q-dimensional bipolar code vector, where X; =

col(X,0 Xg1 --- Xqn-1). The elements X, are of bipolar values, and 1 is a @-

dimensional unity vector of all 1’s.
Note that the code choice given by (2.23) maximizes the signal distance:
ET|oy=1]-E[Th=0] o« t((U-V)(U-V) (2.26)
= tUTU] + [T T) = QN. (2.27)

Also with the code choice of (2.23), the balanced weight requirement on U and V is

equivalent to the condition that:

Q N-1
Y2 Upn = QN/2, (2.28)
¢=1 n=0
or.
Q N-1
33 Xen=0. (2.29)
g=1 n=0

That is, the total numbers of +1’s and —1’s in X must be the same.
We can specialize the above results to the 2-channel case. If @ = 2,1.e,U = [U1 U7]

and K = [K; K,)], then the sufficient statistic in (2.22) can be expressed as:

T = (KTU, + KTUy) — (KTU, + KTT)). (2.30)
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We then invoke the infinitely divisible property of the Poisson random variables [41],
allowing the four correlations in (2.30) to be performed optically prior to the optical
summation and photodetection as shown in Figure 2.2. This means that as far as the
photodetectors are concerned, the optical correlations between the received signals
and the codewords are presumed to be incoherent, involving only the intensities of
the signal in each chip.

The result in (2.30) shows that the modulation and detection principles developed
in Sec. 2.2 is a particular case of the multi-channel system with U; = U,. This choice
of codes can be obtained by considering the correlation detector described by (2.30) in
the presence of interfering users. Due to the statistical nature of the photodetection
process, the interfering users generate random noise that cannot be eliminated except
in the trivial case that the chips or codes do not overlap. Multi-user detectors attempt
to detect the users’ symbols simuitaneously, but they have high complexity compared
to correlation detectors and require knowledge of the users’ codes. These detectors
also require separate measurement of the energy in each chip, precluding an all-optical
implementations.

Without loss of generality, let user 1 be the desired user. For the correlation
detector, it can be shown that the expected value of the sufficient statistic in (2.22) is
independent of the interfering signals if and only if the Q-dimensional unipolar codes

from the other users are orthogonal to user 1. That is:

telUT(U, - V)] = te[VT (U, - V)] =0, j # L. (2.31)
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With the code choice of (2.23), this simply means that: tr[UF (U, — T;)] = 0,5 # 1.
By specializing this result for the 2-channel case, with U; = [Uj1 Ujz] we obtain:
(URUn + ULUr) — (UATn + URT12) =0, j # 1. (2.32)
By choosing Ujz = Uj1, (2.32) becomes:
(ULUn + Th0n) — U5Tu +Thln) =0, j £1, (2.33)
or:
(UL~ Th)(Un - Tu) = XTX1 =0, j # 1. (2.34)
This is the bipolar correlation of the bipolar codes defined according to (2.24). Thus,

orthogonality between the users according to (2.32) can be satisfied by using orthog-

onal codes such as Walsh codes.

2.3.3 Correlations of Multi-dimensional Codes

As we have seen, the complementary selection of the multi-dimensional unipolar code
vectors U and V according to (2.23) defines a bipolar code vector X described by
(2.24). From (2.31), we define the correlation of the multi-dimensional unipolar codes
as:

Rjp 2 rlUT (U - T, (2.33)
where U; is obtained from X; according to (2.25), In terms of the bipolar codes, we

have:

Rip = 5t[XTX,] + 3(t{UT U] - r[TL T4D), (2.36)
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which gives:
R;x = 3t XT X,). (2.37)

We have used the fact that the second term in (2.36) is zero with the equal energy
or balance requirement according to (2.28) or (2.29). For @ = 1, this requirement
precludes the application of many available bipolar codes. The extra dimension with
Q = 2 allows the particular bipolar to unipolar mapping that we have developed, i.e,
Ujz = Uj1, such that the balance requirement is automatically satisfied. This enables
the computation of bipolar correlations in a unipolar system, for any bipolar codes.
This particular mapping, however, is not unique. Generally, let us denote X;; and
X;2 to be the bipolar codes associated with Uj; and Uj,, respectively. The balance
requirement also tells us that the sum of the weight (the number of +1's) of Xj; and
X should be equal to the code length N. The correlation in the unipolar system
then becomes:

Rjx = 3(X] Xi1 + X3 Xio)- (2.38)

It is clear that the bipolar code mapping that we have developed is equivalent to taking
X2 =—Xj1 2_X ;. This automatically satisfies the balance requirement and (2.38)
in fact yields the bipolar correlation: R;; = XJ-TXk. In general, however, any bipolar
code pair (Xj;,X;2) that is balanced according to (2.29), and has good correlation

properties when computed via (2.38), is applicable in the 2-channel unipolar system.
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2.3.4 Remark

The above formulation thus generalizes the notion of correlation (and orthogonality)
of one-dimensional spreading codes into a multi-dimensional setting. This provides
the framework that allows the code design to be tailored to the physical communi-
cation channel. We believe that a similar multi-channel CDMA approach in the RF,
or Gaussian, channel would also allow greater flexibility in the code design there.
For example, it could provide the means to implement direct-sequence spread spec-
trum modulation across channels that have non-contigous transmission bandwidths,
without resorting to the hybrid frequency hopping methods. Thus, combining chan-

nel attributes into the code designs can be advantageous in both optical and radio

domains.

2.4 Implementation

All-optical implementations of the modulaticn and detection principles that have
been developed are practical with either time or spectral encoding methods. All-
optical design is extremely important in practice because the symbol rates of the
individual users are far less than the bandwidth of the optical fiber. It allows the
system electronics to operate at the symbol rates, while making full use of the available
optical bandwidth. Figure 2.5 illustrates the two encoding approaches. In the time
encoding scheme (Figure 2.5a), the signature code is represented by a series of short

optical pulses during a symbol interval T. Each pulse occurs within a time chip
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Figure 2.5 Time and frequency domain encoding.

Frequency domain or spectral encoding (b) has an advantage over time encoding ()
due to the inherent synchronous nature of the spectral codes: cyclic shifts of codes
with low autocorrelation can be assigned to subscribers, significantly increasing the
number of available codewords.
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interval T., where T. = T/N. The encoded signal can be modeled as a constant
intensity waveform that is modulated by the spreading sequence at the chip rate. In
spectral encoding scheme, the signature code is encoded in the amplitude spectrum
of the optical signal as shown in Figure 2.5b. The source spectrum is divided into
N freqgency bins, or spectral chips of size B,. The optical power in each spectral
chip is either blocked or transmitted according to the value of the eleme;lts in the
spreading code. Thus, the amplitude spectrum of the light source is modulated by
the codeword at the symbol rate. The spectral dimension of the code is independent
of the temporal dimension of the data symbol, resulting in several advantages unique
to spectral encoded system that is the focus of our work. For the sake of completion,

we will also briefly describe the time encoded system.

2.4.1 Time Domain Encoding

Figure 2.6 shows the schematic diagram of the time domain encoder and decoder.
The encoder is realized with a short-pulsed source and fiber tapped delay-line filters.
Notice that although the pulses are encoded at the chip rate via the passive filters,
the cross-bar switch is modulated at the symbol rate. The total number of taps in
the filter pair is N, which can be prohibitively large for long codes. The transmission
channels, A and B, can be distinguished with two fibers (spatial multiplexing), two
orthogonal polarizations (polarization multiplexing), two wavelengths (wavelength

multiplexing), or simply by time-multiplexing the codewords. Depending on the
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Fiber tapped delay-line filters are used to generate the codewords in the encoder (a)
and to implement the correlators in the decoder (b). The total number of taps in
each filter pair is equal to the length of the code, N (W denoting the weight of the
code).
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transmission method, the received signals are accordingly demultiplexed, and delayed
if time-multiplexed, prior to the correlation operations. The unipolar correlators can
be realized also with fiber tapped delay-line filters that are matched to the codewords.
Since the number of taps in the filters can be prohibitively large, the differential
decoder configuration of Figure 2.3 can be employed to reduce the number of matched

filters by one half, as well as eliminating one photodetector.

2.4.2 Spectral Amplitude Encoding

An illustration of an all-optical spectral encoder, E(}), is shown in Figure 2.7. The
spectrum of a broadband source is angularly dispersed by a grating and focused onto
a spatial amplitude mask. The spectral bands, or chips, are selectively transmitted
through the mask and recombined by another grating. The mask pattern represents
the concatenated codewords U @ U of length 2N: we have effectively wavelength-
multiplexed the two transmission channels required in Figure 2.2. A second encoder,
E()), encodes U @ U with the complement mask pattern encodes. The two output
beams are selected for transmission according to the value of the binary symbol.
The two modulators can also be implemented via a single, high-speed electro-optic
switch operating at the symbol rate. The decoders at the receiver are identical to the
encoders, with the output beams coupled to the balanced photodetector pair. The
two beams can also be generated with a single two-dimensional mask by stacking the

two mask patterns. Alternately, a single one-dimensional reflecting mask can be used
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Figure 2.7 Schematic diagram of an example all-optical spectral encoder.

The optical elements can be simplified with various geometrical configurations. The
decoder is similar to the encoder, with the modulators replaced by two photodiodes
connected in a balance configuration.
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to provide U @ U in the transmission and U @ U in the reflection. This configuration
can be efficient since all of the spectral power is utilized. A practical advantage of
spectral encoding is that the flexibility in the optical design can greatly simplify the
encoding and decoding functions described in Figure 2.2.

The idea of spectral encoding originated in [42] for coherent-phase optical CDMA.
Incoherent spectral amplitude CDMA with multi-user detection was developed in
[43]. The correlation detection of this encoding approach was analyzed in [44] and
[45] for Hadamard codes and cyclic shifts of an m-sequence. The spectral encoded
system offers several advantages because the spectral nature of the codes is largely
decoupled from the temporal nature of the information symbols so that the code
length is independent of the symbol rate. This enables the system electronics to
operate at the symbol rate while making full use of the source bandwidth. Thus,
unlike the time encoding scheme, the users can transmit their data at variable rates
without a need to adjust the length of the spreading codes. This is a distinctly
desirable attribute in a network that must support many subscribers with different
transmission requirements. As spectral codes are always synchronous, Walsh codes
can be used to provide orthogonality between users. Moreover, if the code has small
offset periodic autocorrelation values, its cyclic shifts can be assigned to different
users. For example, the two-valued autocorrelation property of the m-sequence can
result in a simplification of Figure 2.2 and lead to the structure in [44]. In the case

of the quasi-orthogonal bipolar Gold and Kassami codes, all N cyclic shifts of each
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of the codewords can be used to give a code book of size N(N +2) and N VN +1,
respectively. This is very desirable in applications that must support a large pool of
subscribers with bursty access to the network.

In spectral amplitude encoding, the phase of the spectral components of the source
is unimportant. As a result, although both time and spectral encoding methods
require broad bandwidth sources, the source for spectral encoded system can be
incoherent and therefore is much simpler than the short-pulsed lasers required for
time encoded system. In this respect, the superfluorescent fiber source considered in
Chapter 3 is ideal for spectral encoding scheme. Additionally, since the modulation
of the optical signal is at the symbol rate, spectral encoded system with incoherent

source is less affected by the fiber dispersion that causes broadening of optical pulses

and limits the transmission distance.

2.5 Summary

We have developed new modulation and detection principles that allow all-optical ap-
plication of the bipolar codes and correlation detection to the direct detection optical
CDMA system. By representing the bipolar code as the difference of two unipolar
codes, the bipolar correlation can be computed via a “compound” correlator that
consists of four unipolar correlations, two summations, and one subtraction. All of
these operations, except the subtraction that can be implemented simply with pho-

todetection, can be performed optically without electronic speed restriction. Thus all



38

the well-designed codes that have been developed for the RF domain can be applica-
ble to the incoherent optical domain. The structure of the encoder and decoder can
be interpreted as a generalization of binary PPM or incoherent FSK modulations.
The modulation and detection principles have been shown to be the results of the
optimum detection based on the likelihood ratio test in a multi-channel optical com-
munication system that includes Poisson statistics for the photodetection process. In
this multi-channel model, the spreading codes are distributed over many channels to
overcome the restriction on the signal set. The mapping from a bipolar code to the
unipolar codes, which can be considered strictly from the bipolar correlation point
of view, can be regarded as a particular case in a more general concept of correla-
tion for multi-dimensional codes in a multi-channel framework. Practical, all-optical
implementations of the modulation and detection principles, both in time and spec-
tral domains, were discussed. The spectral encoded system has been shown to offer

several practical advantages, and is the focus of this work.
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Chapter 3

Photoelectric Current Distribution of a SF'S

A major advantage of spectral amplitude encoding is the simplicity of the optical
source. The broad bandwidth requirement, but without the attendant spectral phase
characteristics of short-pulse lasers, can be satisfied by using simple light sources such
as the light-emitting diodes (LEDs) or the superfluorescent fiber sources. LEDs are
less attractive due to their low output power and inefficient coupling into single-mode
fiber. SFSs were developed for fiber-optic gyroscopes because they can produce stable
and intense broadband light with the low degree of coherence required to detect small
rotational rates. When using the SFS for optical communication, a proper analysis of
the system performance requires an accurate statistical model for the photodetector
current. The excess noise from the thermal nature of the SFS limits the signal-to-noise
ratio of the photodetector output. The prevailing Gaussian assumption for the noise
statistics has led to the non-physical prediction that the system performance cannot
be improved by increasing the optical power. The actual performance, however, de-
pends on the true detection noise statistics. We measured the statistical distribution
of the photoelectric current from a PIN photodiode illuminated by a spectrum-sliced,

erbium-doped SFS. The histogram of the measurement data is best described by a
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negative binomial model for the corresponding photoelectron count, not a Gaussian.

This is consistent with the statistical model of the SFS as a thermal light source.

3.1 Theoretical Basis

The output of a SFS is due to spontaneous atomic emission that is amplified in a
single (or double) pass through a rare-earth doped, single-mode, optical fiber end-
pumped by an external laser [46]. The incoherent light is emitted from the end face
of the fiber in a single spatial mode and can have a very high intensity and a broad
bandwidth. The light from the erbium-doped SFS has been shown to have the excess
noise characteristics associated with thermal light [47]. The theory of photoelectron
counting for thermal light has been well developed [48], [49], and gives the counting

distribution for polarized light as a negative binomial (NB) probability mass function

(pmf):

k M
Pr(K = k) = r(z(i T)IJE&) (Mi[?[x]) (M +A§?[K]) ’ (3:1)
where I'(k + 1) = kI['(k) is the gamma function, E[K] is the expected or mean
count number and M is the degrees of freedom. This can also be obtained by treat-
ing the spontaneous photon emission in the fiber as the evolution of a birth-death-
immigration (BDI) process with zero initial photon population. The general result has
been derived by Li and Teich in [50] with coherent input light to a pumped eribium-

doped fiber amplifier (EDFA). Without any input light, their result then gives the

probability generating function for the corresponding photoelectron counting statis-
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tics of the BDI process as:

-M
Ox(s) = [1 - E][‘f] (s— 1)] . (3.2)

This is the probability generating function of the NB pmf [51] given by (3.1). The
output of the SFS can therefore be modeled as thermal light.

In (3.1), E[K] = nPT/hv, where P is the average light intensity during the
measurement interval T, kv is the photon energy, and 5 is the quantum efficiency of
the detector. The mode number of the incident light, M, which represents the number
of coherence cells of the input light that affects the measurement of the photoelectron
counts, describes the degrees of freedom of the NB pmf. We take the detection area
of the photodetector to be less than the coherence area of the incident lightwave, so
that the light is spatially coherent across the detection surface. The mode number of
polarized light is then equal to the ratio of the measurement interval to the coherence
interval, ., of the source: M = T/, for T/7. > 1. In terms of the optical and

detection bandwidths: M = B,/2B., where B, and B, are given by the following:

_lap[ P T
=3, 2) [ = P(v)du] v, (33)
_ 1A elHEA]
Be=37 = o |H(0) df. (34)

P(v) is the power spectral density of the input lightwave and H(f) is the frequency
response of the detector. If T'/7. < 1 then the intensity fluctuations within a measure-

ment interval are correlated, thus M = 1, i.e., the measurement is always affected
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by one coherence cell of the incident light (the relationship of M versus T/7. has
been found to weakly depend on the power spectrum only for .1 < T'/7. < 10 [49]).
Equation (3.1) then reduces to the Bose-Einstein distribution [52]. In spectrum-sliced
WDMA applications, M is greater than unity because the optical bandwidth of each

channel will be larger than the symbol rate. The SNR of the counting signal is given
as:

a E?K]  E[K]
SNR==24= = {TER|M’

(3.5)

where 0% is the count variance, and is equal to M for E[K] > M. For partially

polarized light:

E[K]

SNR = T s POERIM

(3.6)

where P is the degree of polarization of the source [48]. The SNR therefore is equal
to 2M/(1 + P?) = B,/(1 + P?)Be for E[K] > 2M/(1 + P?). This limiting SNR
characteristic for high power level has been verified for the photoelectric current
using polarized and unpolarized light from the erbium-doped SFS [47], [53], and is a
fundamental limitation on the noise performance of fiber optic gyroscopes using the
SFS. For unpolarized thermal light, the limiting SNR from (3.6) is 2M = B,/B.; the

counting statistics are also given by the NB pmf, but with 2 degrees of freedom

[49].
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3.2 Experimental Description

The ratio E[K]/M, known in the literature as the count degeneracy parameter, de-
scribes the excess noise due to the stochastic nature of the polarized light relative to
the shot noise of the photodetection process. Since E[K] is proportional to the av-
erage integrated intensity PT, the count degeneracy parameter is equal to nP7./hv
and therefore is proportional to the spectral intensity for sources with a uniform
power spectrum according to (3.3). Previous experimental studies have employed
either natural thermal light from a mercury, tungsten, or discharge lamp [34], [35], or
pseudo-thermal light obtained by scattering coherent laser light from moving ground
glass or from a large volume of targets in Brownian motion [49], [56]. As is well-
known, if the count degeneracy parameter is very small, the count distribution tends
to a Poisson pmf. This is the case with a natural thermal light source due to its weak
spectral intensity. Pseudo-thermal light, on the other hand, can result in a large
count degeneracy parameter, but it has a much narrower linewidth. The SFS, with
its intense and broad bandwidth output in a single spatial mode, provides a unique
device for experimental investigations of photoelectron counting statistics of thermal
light without the afore-mentioned constraints.

As the excess noise exceeds the shot noise when the count degeneracy parameter is
greater than unity, the stochastic fluctuation can be observed if the average “coherence
energy” of the source, defined here as Pr,, that can be measured by the detector

is much larger than the photon energy. Alternately, if we interpret the quantity
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P, = hv[7. as the “coherence power” of the photon, then the excess noise dominates
if the average light intensity that can be detected is much larger than F. *. These
quantities are characteristics of the source and are independent of the detector and
the measurement interval. We define the threshold power of a photodetector as the
input light level at which excess noise begins to dominate the detector output. For
a polarized source with a bandwidth of 0.1nm at 1550 nm wavelength, the threshold
power corresponds to less than 2nW and is equal to P. for a detector with unity
quantum efficiency. If the lightwave is partially polarized, the threshold power is
larger by a factor of 2/(1 + P?). The threshold power can be larger than F; in a
system that has other noise components and a quantum efficiency less than unity, as
the experiment will demonstrate.

According to the Central Limit Theorem, as M grows arbitrarily large (i.e. the
number of modes in the incident lightwave goes to infinity), the NB distribution ap-
proaches a Gaussian distribution for a fixed value of the count degeneracy parameter
[51]. It follows from the previous discussion that light sources with a uniform power
spectrum satisfy this condition. Therefore while the NB distribution given by (3.1)
is asymmetric, for a large source bandwidth relative to the detection bandwidth it
is practically indistinguishable, near the central region, from a Gaussian distribu-

tion that has the same mean and variance. The experimental parameters therefore

*If the coherence area of the incident lightwave is smaller than the detection area, then the corre-
sponding quantities should be the coherence energy and power within a coherence area.
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must be judiciously chosen so that (3.1) can be verified in the central region of the
distribution.

The experimental setup is illustrated in Figure 3.1. An erbium-doped fiber
(Corning-7834502) 8 m long was end-pumped by a diode laser (SDL-6312) at 980 nm
wavelength through a dichroic mirror. The fiber ends were polished at 15° to prevent
back reflections and possible laser oscillation. The backward amplified spontaneous
emission (ASE) output through the dichroic mirror at 1550 nm is unpolarized and was
coupled into a spectrometer (SPEX-HR460) to select a narrow linewidth at 1533 nm.
The spectrum-sliced ASE at the spectrometer output was focused onto a low-noise
InGaAs PIN photodiode (New-Focus 1611AC detector) that has a typical responsiv-
ity of 0.8 A/W. The detector incorporates transimpedance gain so that the output
voltage is proportional to the photoelectric current of the PIN photodiode. The mean
level of the voltage signal and its fluctuation were separately monitored with the DC
and AC coupled outputs (typical gains of 1000 V/A and 250 V/A, respectively) of
the detector. The output voltage fluctuation was further amplified by a low-noise,
wide-band amplifier with a 31dB gain, and then sampled by a high-speed sampler
(SRS-SR255) with a 200 ps gate width. The noise bandwidth of the detection system

was limited by the low-noise detector to about 1100 MHz, with a low frequency roll-off

at about 10 KHz.
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Figure 3.1 Experimental configuration to
measure the photoelectric current distribution.
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3.3 Measurement Results

Measurement of the true statistics of the SFS requires an experimental compromise
between conflicting requirements. Reliable measurement of the distribution of the
photodetector response requires that excess noise be the principle contributor to the
photoelectric current fluctuation, so that it dominates the background noise. This
calls for high input power, hence a large sliced bandwidth. On the other hand, the
sliced bandwidth must be kept sufficiently small so that the NB and the Gaussian
models can be discriminated from each other near the central region of the distri-
bution, as previously discussed. Given that the measured background noise is also
Gaussian distributed, the feasible range of the experimental parameters for measure-
ment of the true statistics is rather limited. From these considerations, the wavelength
for the noise measurement should be chosen to be at the peak of the source spectrum,
where the count degeneracy parameter is large. We do not expect a similar mea-
surement, if feasible, at other wavelengths within the bandwidth of the erbium-doped
SFS, or EDFA, to yield a different statistical description of the noise. As discussed in
Sec. 3.4, there is no fundamental reason to suggest that the physics of the emission

process across the bandwidth, the thermal nature of the light, should depend on the

wavelength.
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3.3.1 Histograms

The background noise of the measurement system is dominated by the detector noise
and was determined by blocking the input light to the spectrometer. Figure 3.2
shows the measured distribution of the background noise and the calculated zero-
mean Gaussian distribution whose variance is specified by the noise power. The large
probability at the mean results from a quantization error of the fast sampler. The
quantizer employs a sign bit plus eight other bits to cover a full scale. This makes
the quatization resolution around the zero level to be twice as coarse as other levels.
Thus, there are more output samples around zero than other signal levels. As a result,
for a histogram of 32 bins, the ratio of the number of quantization steps in the center
bin to the adjacent bins is approximately 18/16 = 1.125. This is also approximately
the relative size of the discrepancy that has been observed around the mean. If we
ignore this point, the background noise is described by a Gaussian distribution very
well.

In our experiment, the spectrometer was tuned to the spectral peak of the input
ASE spectrum, at about 1533nm wavelength. Initially, the output slit of the spec-
trometer was open wide enough so that excess noise dominated the voltage signal
fluctuation. The linewidth of the spectrum-sliced ASE was sufficiently large so that
the resulting large mode number caused the voltage fluctuation to appear symmetric
around the mean level, as monitored on a digital oscilloscope. The output slit of the

spectrometer was then graduately narrowed, effectively decreasing the mode number
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Figure 3.2 Background noise distribution of the measurement system.

The voltage noise power is —11.7dBm in a 1100 MHz bandwidth. The noise distri-
bution is well modeled by a Gaussian.
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and reducing the excess noise level, until the fluctuation became asymmetric from the
mean. The background noise level was sufficiently low so that this condition could
be achieved while keeping the rms fluctuation power, as computed by the scope, at
least 10dB or more above the background noise power.

Figure 3.3 shows a plot of the output voltage signal fluctuation when the spec-
trometer was adjusted to obtain an optical linewidth of about 0.29nm at the output
slit. The power level of the unpolarized ASE into the photodetector was about 45 pW,
giving an rms voltage fluctuation power of 12.4 dB above the background noise of the
measurement system. The threshold power of the system was approximately 2 yW in
comparision to the calculated P, value of 5nW at the measurement wavelength (the
excess noise measurement can provide a good estimate of the effective input noise
current density of the detector). Thus at the above input power and bandwidth, the
light intensity exceeds P, by almost 40dB. The plot demonstrates that the fluctu-
ation around the mean is asymmetric as predicted by (3.1), suggesting immediately
that the noise statistics cannot possibly be a Gaussian.

The distribution of the voltage signal fluctuation according to the histogram of
the measurement data is plotted in Figure 3.4. In order to compute the expected
distribution, we assume that the output voltage is additive, that is, the sum of the
background noise and the voltage fluctuation due to the incident light on the detector.
These two components are assumed to be statistically independent random processes

described by the Gaussian (Figure 3.2) and NB (with 2M degrees of freedom for
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Figure 3.3 Sampled signal fluctuation of the detector output voltage.

The input light is an unpolarized, spectrum-sliced, erbium-doped SFS at —13.5dBm.
The rms power of the voltage fluctuation is +0.7dBm. The incident light has a
linewidth of 0.29 nm at 1533 nm wavelength. The noise voltage is asymetric, indicating
that the underlying distribution cannot possibly be a Gaussian.
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The histogram of the voltage signal fluctuations measured in Figure 3.3 is assymetric,
indicating that the statistics cannot possibly be a Gaussian. The theoretical NB
model with the calculated mode number of 31 and the Gaussian approximation are
also shown.
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unpolarized light) models, respectively. We calculated the theoretical NB distribution
by converting the voltage bins of the histogram to photoelectron counts, so that the
count probabilities could be computed from (3.1) for the corresponding bins. The
DC voltage level provided the mean count for the NB model. The background noise
power was subtracted from the rms fluctuation power, so that the mode number
2M, or B,/B., could be determined from (3.6) with P = 0. The calculated NB
distribution was then convolved with the Gaussian distribution of the background
noise in Figure 3.2 to obtain the expected distribution with the calculated mode
number of 31

The expected distribution with the mean removed is plotted in Figure 3.4 as
the curve labeled “NB theory”. The curve shows good agreement with the measured
distribution except for the systematic discrepancy at the mean as previously observed.
A Gaussian model with the same variance as the measurement data is also shown.
Notice that it cannot account for the asymmetry in the measured distribution. Using
the calculated mode number of 31 and the detection noise bandwidth of 1100 MHz, we
obtain a spectrum-sliced bandwidth of 34.1 GHz which is comparable to the linewidth
of 0.29nm, or 37GHz at 1533nm wavelength, as set by the spectrometer output
slit. This suggests that the power spectrum of the fiber source at the measurement
wavelength is uniform over the sliced linewidth, and that the spectrometer provides

an essentially uniform spectral intensity across the selected width of the output slit.



3.3.2 Moment Analysis

The performance of low error rate systems is dominated by the low probability tails of
the noise distribution. These details are difficult to see in the standard linear plots of
the distributions in Figure 3.4, and in any case, visual comparision is not very useful.
The measured and calculated distributions can be compared quantitatively using the

normalized moment of order m, defined as

s E[V"] _
F(m)% gy = (3.7)

for the detected signal. The high order moments are sensitive to the low-probability
tail region, and a comparision of the normalized moments provides an indication of
how well the statistical models agree with the experimental data. In (3.7), E[V™] is
the mt* moment of the voltage signal and E[V] is the mean signal level. With the
assumed addtive noise processes, F(m) was computed from the moment generating
function that can be obtained as the product of the moment generating function from
the NB model for the signal fluctuation due to the fiber source, and that from the
Gaussian model for the background noise of the measurement system. The expected
normalized moments are plotted as the points labeled “NB model” in Figure 3.5.
Also shown are the normalized moments of the Gaussian approximation. The points
labeled “Measurement” are the normalized moments of the measured distribution
and were calculated from the histogram data. The plot demonstrates that the signal

fluctuation is best described by the NB model; the Gaussian approximation starts
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tion, compared to the NB model.
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to deviate from the measurement results at about the 8¢k moment. This plot also
suggests that the Gaussian is a reasonably good distributional model for the central
region, but that it fails to model the tail of the distribution. This behavior is an
example of the well-known caveat of the Central Limit Theorem [57]. The results of
the moment analysis imply that even with a large mode number of 31, the Gaussian
approximation will yield a poor estimate of the tail probability. Since the tail of
the signal distribution determines the BER performance of a digital communication

system, we should expect the BER of the fiber source system to differ from that

predicted by the Gaussian model.

3.4 Remarks

As a lightwave amplifier, the noise figure of the EDFA has been shown to be a function
of the wavelength within the EDFA bandwidth due to the non-uniform fluorescent
and gain spectrum profiles [58]. The statistical properties of the photocurrent noise,
however, are a direct result of the physics of the light source. Siuce photons from
the SFS are amplified spontaneous emission that has the characteristics of a thermal
source regardless of the photon frequency, we expect the NB statistical description

for the SFS to be wavelength independent.



3.5 Summary

We have described the measurement of the photoelectric current distribution of a
PIN photodiode illuminated by a spectrum-sliced, erbium-doped SF'S. The character-
istic coherence power and energy were introduced to quantify the excess noise of the
detector due to stochastic fluctuations in the incident lightwave. The experimental
results confirm that the distribution is non-Gaussian and follows a negative binomial
model that is predicted by the theory of photoelectron counting for thermal light. As
a result, we should expect performance of the fiber source system to differ from that

predicted by the Gaussian model.



Chapter 4

Performance of Spectrum-sliced WDMA

The superfluorescent fiber sources, particularly the erbium-doped fiber amplifier
source, have been demonstrated as feasible light sources for spectrum-sliced WDMA
optical communication systems [53], [59], [60], [61]. In Chapter 2, we have consid-
ered a spectral amplitude CDMA scheme that employs the SFS [62]. The thermal
nature of the SFS causes the signal-to-noise ratio of the photodetector output to
reach a limiting value due to the excess noise. As a result, the usual approach to
the performance analysis that assumes a Gaussian distribution for the detected sig-
nal [53], [59], [60], [61], [63], {64] predicts a BER floor, hence a limited number of
channels, that cannot be improved by increasing the optical power. This contradicts
the intuitive notion that the system performance should improve as more power is
received. To our knowledge, there is no experimental evidence, nor any theoretical
derivation based on the physics of thermal light, to support using the Gaussian dis-
tribution to describe the statistics of the detector photocurrent noise. The Gaussian
model is a mathematical convenience because the performance measure based on this
model can be completely specified by the SNR. Its use is usually justified by invoking

the Central Limit Theorem. A well-known caveat of this theorem for distributional
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approximation is that it is very difficult to accurately estimate the tail of a distri-
bution [57]. Using the Central Limit Theorem for BER analysis can be misleading
because the performance of low error rate systems is dominated by the low probability
tail of the noise distribution [65].

The actual performance depends on the true detector noise statistics that have
been shown to be best described by a NB pmf, as experimentally demonstrated in
Chapter 3. In this Chapter, we analyze the performance of a spectrum-sliced WDMA
system using the NB statistics. Improved performance is obtained that is consistent
with the results when the erbium-doped fiber is used as a lightwave amplifier [50]. In
the EDFA, spontaneous atomic emission contributes unwanted noise to the amplified
output light. Li and Teich have shown in [50] that the Gaussian assumption for the
EDFA leads to underestimation of the BER performance. However in that applica-
tion, the SNR did not reach a limiting value and the error in using the Gaussian

model was relatively modest [66].

4.1 Spectrum-sliced WDMA System Model

Figure 4.1 shows a block diagram of the spectrum-sliced WDMA system. The output
of the EDFA source is spectrum-sliced by a narrow-band filter. The narrow-band ASE
output is then on-off modulated by the binary symbol and coupled onto a WDM fiber
channel. At the receiver, the desired user is detected by tuning a narrow-band filter to

the appropriate sliced channel, or spectral chip. Such a system has certain advantages
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in the simplicity of the source and in the wavelength stability provided by the filter.
Since the transmission capacity of the system is affected by the optical bandwidth
and the symbol rate of each channel, it is desirable that their ratio, hence the mode
number (or the limiting SNR) of spectrum-sliced fiber sources, be small. From the
Central Limit Theorem, small mode numbers of the incident lightwave cause the
Gaussian approximation to the true statistics to be highly questionable, especially
for estimating the achievable BER performance. This situation is particularly true
when the input light intensity exceeds the threshold power level of the receiver, so
that excess noise dominates the decision statistics.

Now consider the light from a spectral chip that is on-off (ASK) modulated by a
binary data stream at the transmitter, resulting in an intensity modulation waveform
arriving at the photodetector. We assume an ideal photoelectron counting receiver by
neglecting the dark current response of the photodiode and the thermal noise of the
electronics. The receiver is taken to be synchronized to the transmitter. We further
assume that the duration of the received modulation waveform for each transmitted
symbol does not exceed the symbol period T, so that there is no intersymbol inter-
ference. The intensity of the arriving optical signal is given as 2 _, b:A(t — T),
where ¥; is the i** binary, +1/0, symbol; A(t) is the intensity modulation waveform

that is zero outside [0, T).
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4.2 BER Analysis

The probability of observing K photoelectrons during T is given by the Poisson pmf{

with mean oW, where a = 5/hv, and W is the integrated intensity corresponding to

the binary hypotheses:

HQZ W = 0, (4.1)

H1:W

G (22)
Under Hy, the photoelectron count output is identically zero by the ideal receiver
assumption. With equal a priori probabilities, the optimum decision rule compares
the photoelectron count to a zero threshold to estimate the transmitted symbol. The
assumption of no background noise and a zero threshold results in a consistent sys-
tem that lends itself to a rigorous analysis and quantitative performance calculations.
Clearly, if other noise sources were present the optimum threshold would be non-zero.
Exact calculations for such a case are considerably more complex and quantitative
estimates are discussed in Sec. 4.4. The results, however, would have the same char-
acter as the following analysis: BER performance is not determined solely by the
SNR, independent of the received power.

The BER for the ideal receiver with the above optimum decision rule is given as
Pr(K = 0|H;)/2. To compute this probability, we consider the conditional Poisson

pmf of the count output under H,, conditioned on W:

k
Pr(K = k|H,, W = w) = (“—,’j)—e-a*". (4.3)
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The unconditional probability under Hj,

o (qw k
Pr(K = k|Hy) = /0 ( k!) e~ pyr (w)dw, (4.4)

is known as Mandel’s formula, or the Poisson transform of W, where the probability
density function pw(w) describes the stochastic nature of the source [49]. Using this
result, we obtain:

BER= % [ =)o (4.5)

The BER is thus simply the Laplace transform of the integrated intensity, or its
moment generating function. Now for polarized thermal light, the integrated intensity
W is approximately gamma distributed [48], [49] with parameters M and M/E[W].
Using this model for the SFS in (4.4) results in a NB pmf for Pr(K = k|H,) as given
by (3.1). The BER can then be obtained as the moment generating function of the

gamma distribution via (4.5), or by evaluating (3.1) at k¥ =0, to obtain:

This can also be expressed in terms of the average received power P = E[W]/T under

H,, and the coherence power P. as previously defined:

1 1 M

The count degeneracy parameter, nP/P,, thus plays an important role in deter-

mining the BER of the system. If it is much smaller than unity, i.e. for a count
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average much less than one count per mode, then the BER can be shown to ap-
proach the quantum-limited performance and is approximately equal to e~E11/2. It
is interesting to note, however, that given an optical bandwidth and a symbol rate,
a better performance is obtained if the count degeneracy parameter is large, i.e.,
when the detected signals are dominated by excess noise. The BER can be improved
by increasing the optical power of the incident lightwave, thereby making the count
degeneracy parameter larger.

Since the limiting SNR is equal to the mode number, which is proportional to the
ratio of the optical and the detection bandwidths, the maximum SNR is inversely
proportional to the number of channels in a spectrum-sliced WDMA system. The
BER expressions given by (4.6) and (4.7) demonstrate that the performance is not de-
termined solely by the SNR, which becomes constant as the received power increases.
In real systems, where other noise components may exist, this qualitative behavior is
expected to hold for received power levels sufficient to exceed the threshold power of
the receiver.

For partially polarized thermal light, the above analysis can also be applied with

the corresponding counting statistics [48] to obtain:

-M

___1_ ﬂ (UP)Z _ D2
BER_2[1+PC+ 5P, 1-7P% s (4.8)

which gives for unpolarized light:

1 1 M
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This shows that the unpolarized fiber source has the advantage of requiring only half
of the optical bandwidth, therefore the channel capacity can be doubled, compared
to a polarized source, while still achieving the same symbol and bit-error rates at the
same power level.

We observe that the BER values given by (4.6) through (4.9) decrease mono-
tonically with 7.. Consequently, given a constant average power and a fixed 3dB
linewidth, a Lorentzian spectral shape can have a lower BER at a higher symbol
rate compared to a Gaussian shape. The ideal rectangular spectral shape has the
worst performance. The performance gain from the spectral shape must be consid-
ered against the channel crosstalk in WDMA since, not surprisingly, the tail of a
Lorentzian shape has the slowest spectral decay. If there is no constraint on the 3dB
linewidth, we obtain a rather interesting theoretical result that the quantum limit of
e~ElK1/9 is achieved (by taking the limit as 7. goes to zero in (4.6) through (4.9))
with a spectral shape that has an infinite linewidth with zero spectral height. Such a
SFS can be termed “ideal” by this asymtotic behavior. In contrast, we recall that the
quantum limit is also achieved by an ideal, coherent laser of infinite spectral height
and zero linewidth. Physically, the assymtotic behavior of the SFS is expected be-
cause a detector of a finite bandwidth cannot follow the intensity fluctuations of an
ideal SFS. The output noise statistics are thus affected only by the average input light

intensity and are therefore purely Poisson, exactly as the case with an ideal laser.



66

According to (4.6) through (4.9), it is possible then, in a spectrum-sliced WDMA
system, to increase the number of channels while maintaining a desired BER for a
given symbol rate by increasing the received power per channel. This has important
implications for spectral-amplitude optical CDMA systems that use a large number of
spectral chips to support many subscribers. Invoking the Gaussian assumption when
analyzing such a system [53], [59], [60], [61], [63] would lead to incorrect conclusions:
the limiting SNR characteristic of the fiber source would result in the prediction of a

BER floor and, consequently, a limited number of channels.

4.3 Numerical Examples

Figure 4.2 illustrates an example calculation of the required received power per chan-
nel versus the number of spectrum-sliced WDMA channels, assuming a polarized SFS
linewidth of 30 nm and a detector quantum efficiency of 80% at 1550 nm wavelength.
The plots are shown for the BER value of 1079, a 1 Gbps symbol rate, and a detection
bandwidth of 500 MHz. We assume that the source linewidth is spectrally sliced into
a number of channels having identical, rectangular line shapes with no guard bands in
between. The plot shows that the BER of the fiber source system can be maintained
by steadily increasing the received power as the linewidth of the channels is reduced
from 30nm to .03nm. The Gaussian assumption with the BER given by Q(vVSNR),
where Q(.) is the Marcum Q-function [57] and the SNR is calculated according to

(3.5), overestimates the required received power and incorrectly predicts a limiting
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Figure 4.2 Number of channels in a spectrum-sliced WDMA system.

Relationship between the number of spectrum-sliced WDMA channels and the re-
quired received power per channel. The BER value is 107° at a 1 Gbps symbol rate
(B, = 500 MHz). The linewidth of the polarized source is 30nm and the detector
quantum efficiency of the ideal receiver is 80% at 1550 nm. The channels are assumed
to have identical rectangular lineshapes.
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capacity of about 100 channels. It follows from the plot that a capacity of 1000 chan-
nels requires a total source power of about —7 dBm, well within the range of output
power of currently demonstrated fiber sources, which is typically in excess of a few
miliwatts. Further amplification of the spectrum-sliced channel can be incorporated,
either at the transmitter or the receiver, to overcome system losses or receiver noise.

One can show that the BER is lower bounded by using the fact that e™** is convex
over [0,00) and applying Jensen’s inequality to (4.5) to obtain BER = E[e™*%]/2 >
e~°EW1/2, Thus, given an average integrated intensity, the quantum limit is the
best that can be obtained. Accordingly, a light source that achieves this performance
can be considered an ideal source, i.e. one that has a deterministic light intensity
for which pw(w) = §(w — E[W]), as would be expected from intuition. Figure 4.3
shows calculated BER values for the ideal laser source, the spectrum-sliced SFS with
the Gaussian assumption and with the NB model. At the BER of 1079, the NB
model predicts the degradation from an ideal laser to be from 1.5dB to 2.5dB as the
spectrum-sliced linewidth is reduced from 36 GHz to 18 GHz. The Gaussian assump-
tion predicts a BER floor for high power level and significantly underestimates the

true performance of the system.

4.4 Performance under Gaussian Background Noise

In real systems, the presence of the background noise is unavoidable, as shown by the

experimental results in Chapter 3. The ideal photoelectron counting receiver can only
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Figure 4.3 BER comparision with an ideal receiver.

The symbol rate is 1 Gbps (B, = 500 MHz) and the example linewidths are 18 GHz
and 36 GHz. The detector quantum efficiency is 80% at 1550 nm. Unlike the Gaussian

assumption, the NB model predicts only a few dB’s of degradation from an ideal laser
at the 10~° BER.
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be approached in practice. This receiver assumption must be relaxed for a realistic
comparision with what is experimentally achievable. Taking the additive background
noise into account will yield an optimum threshold that is greater than zero for ASK
modulation. The resulting signal-dependent noise for symbol “1” is non-Gaussian and
larger than the Gaussian noise associated with symbol “0”, meaning that the nor-
malized optimum threshold should be reduced as the received power increases. While
the Gaussian approximation in this case can be improved by optimizing the threshold
settings [67], we emphasize that the tails of the NB and the Gaussian distribution
behave very differently, and using the Gaussian approximation yields fundamentally
inaccurate and pessimistic results. With binary FSK (using two spectrum-sliced chan-
nels — one for each symbol) or PPM modulations, the decision statistics for symbols
“1” and “0” have the same distribution, resulting in an optimum threshold of zero
that does not depend on the signal nor the noise characteristics. Again, the Gaussian
approximation would incorrectly predict a performance floor due to the limiting SNR.
The exact analysis for the various modulation formats that considers all statistical
descriptions of the different random processes are considerably complicated. However
under high received power, which is the situation of interest, an approximation based
on the dominant statistical process can be made that reduces the complexity consid-
erably while still yielding useful and consistent results.

Qualitatively, when the optical power level is below the threshold power of the

receiver, the signal is dominated by the background noise, which can be modeled
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well by a Gaussian. For high optical power, excess noise described by the NB model
dominates. Thus the BER versus received power curves should follow a Gaussian
behavior at low power level, change their slopes in the vicinity of the threshold power
due to the increasing effect of excess noise, but continue to improve as the optical
power increases as predicted by the NB model. This BER characteristic is illus-
trated in Figure 4.4 for a polarized SFS with uniform spectrum-sliced linewidths of
36 GHz and 18 GHz. The background noise of the PIN photodiode was taken to be
P, = 0.1 yW when referenced to the detector input. The detection bandwidth was
500 MHz for a 1 Gbps symbol rate, giving mode numbers of 36 and 18 for the example
linewidths. As shown, the performance of the distributed feedback (DFB) diode laser
at the example power levels is dominated by the Gaussian background noise, with

BER = Q(.5P/P,). The performance of the SFS with the Gaussian assumption is

given by BER = Q(P/P.), where:

P.= P, + /P2 + P(¢/RT + P[M). (4.10)

The detector responsivity R is taken to be 1 A/W at 1550 nm and e is the electronic
charge. The second term in (4.10) represents the noise associated with symbol “17
that includes the background noise, shot noise and excess noise. The BER curves with
the Gaussian assumption are plotted in Figure 4.4 as the “dashed” lines, showing the

erroneous prediction of the performance floors at high power level.
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Figure 4.4 BER comparision with Gaussian background noise.

The polarized spectrum-sliced WDMA system has an input background noise power
of .1uW in a 500 MHz detection bandwidth. The symbol rate is 1 Gbps and the
responsivity of the PIN photodetector is 1A/ W at 1550nm. The performance esti-
mates with the Gaussian assumption (dash lines) are very pessimistic compared to
the NB model (dot-dash lines) under high power for the example linewidths of 18 GHz

and 36 GHz.
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We estimate the system performance with the NB model by assuming that the
noise statistics for symbol “1” are well described by a NB distribution. An exact
analysis would consider a mixture of the NB and Gaussian statistics, and would be
considerably more complicated. Unlike the Gaussian assumption, the statistical de-
scription based only on the NB model will become more accurate as the optical power
received by the photodetector increases. The effect of the zero-mean background
noise is incorporated into this model by preserving the total additive background
noise power and the excess noise power. This is accomplished by effectively reducing
the mode number of the NB distribution, thereby increasing its variance for a fixed
mean intensity. Thus, it can be shown that an effective mode number of the NB

distribution is given by:

_ M
= 1+ M(P./P)?

M. (4.11)

The measurement results in Chapter 3 have shown that in practice P, is much larger
than P,, so that P,v/M is essentially the threshold power level of the receiver.
The BER with the effective NB distribution is then given by:

aE[K]
BER=5Q(aP/P,)+.5 S Pr{K =k}. (4.12)

k=0
The first term in (4.12) is the probability of error, according to the Gaussian statistics,
associated with making the wrong symbol decision when symbol “0” is transmitted.
Likewise, the second term is the probability of error, according to the effective NB

statistics with mode number M., in (4.11), when symbol “1” is transmitted. The
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normalized threshold a corresponds to the binary symbol-decision level based on the
detector output. This likelihood threshold value is determined as the crossing between
the zero-mean Gaussian probability density function for symbol “0” and the effective
NB pmf for symbol “1”. Although there is no convenient analytical expression for «
in this case, it can be computed numerically from the parameters of the two statistics
via direct evaluations of their distributional curves.

The performance estimates based on (4.12) are plotted as the “dot-dashed” curves
in Figure 4.4 for the example linewidths. In comparision to the ideal laser at the BER
of 1072, the power penalty due to the thermal nature of the SFS increases from about
2.5dB to 5dB as the optical linewidth is reduced from 36 GHz to 18 GHz. When
compared with Figure 4.3, the degradation from the ideal photoelectron counting
receiver due to the background noise is in the order of 30dB. The results show that
the Gaussian assumption underestimates the system performance when excess noise
dominates, especially under high power and narrow linewidth conditions. We note
that the referenced experimental results show the change in the slopes of the BER
curves [33], [59], [60], [61], but not the floor predicted by the Gaussian approxima-
tion. The experimental results were in fact reported to be better than the Gaussian
prediction in some cases [53]. They are consistent with the qualitative behavior of

the NB results given in Figure 4.4.



4.5 Remarks

The power penalties of the SFS with either ideal or real receiver assumptions are
within a few dBs of one another according to the example calculations. Thus, the
analytical results, while ideally simple, can provide useful performance estimates in
real systems. For example, the required optical power per channel as calculated
in Figure 4.2 can be expected to be around 30dB higher for a receiver that has
a background noise level of .1 uW referenced to the input. The results obtained
from the Gaussian assumption and the effective NB model can be interpreted as
the upper and lower bounds on the performance, respectively. As a function of the
optical power, these bounds are not uniformly tight: the Gaussian upper bound is
tight for low power, and the NB lower bound is tight under high power. A more
accurate calculation of the system performance, especially for the optical power near
the threshold power level of the receiver, would require an exact analysis that considers
a mixture of the Gaussian and NB statistics.

As we have noted in Sec. 3.4, the noise figure of the EDFA is function of the
wavelength within the EDFA bandwidth. The system performance of spectrum-sliced
SFS is therefore generally expected to also be wavelength dependent: the excess noise

amplitude may vary as the receiver is tuned to different slices of the spectrum.
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4.6 Summary

The performance of a spectrum-sliced WDMA system using the SFS, in terms of
BER, number of channels, and received power, is fundamentally different from the
SNR-limited performance that would have been predicted with a Gaussian assump-
tion. Fairly simple, yet rigorous, BER analysis was obtained for a system model
consisting of the SFS and a detector described by a Poisson photodetection process.
The analytical results of (4.6) through (4.9) represent the performance limits for the
SFS, much like the quantum limit for an ideal laser is eZlX1/2. The NB model cor-
rectly predicts the asymtotic result obtained purely from physical considerations, i.e.,
the “ideal” thermal source, with a spectral characteristic totally opposite to the ideal
laser, should have the same quantum limit. The analytical results based on the NB
model are in accord with our physical intuition that the system performance should
improve as more optical power is received, barring any nonlinear effects. In this sense
the Gaussian approximation leads to a rather counter-intuitive, or non-physical, pre-
diction. The results here illustrate that the SNR, although a useful parameter, is not
a true measure of the performance or the BER.

The performance estimates based on an effective NB model that incorporates the
additive background noise, have demonstrated the same performance characteristics
as the analytical results for the ideal receiver. We note that the effective NB model
given by (4.11) and (4.12) is consistent in that it approaches the ideal analytical

results as the background noise level is reduced.
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When estimating the system performance at a high received power level, such that
the input light intensity exceeds the threshold power of the receiver and excess noise
dominates the decision statistics, the Gaussian assumption underestimates the BER
and the number of channels, while it overestimates the required received power. In
particular, the performance analysis using the true noise statistics shows that design
compromises between the number of channels and the received power level are possible
to achieve the desired symbol and bit-error rates. This has significant implication for

spectral CDMA systems that use a large number of spectral chips to support many

subscribers.
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Chapter 5

Performance of Spectral Amplitude CDMA

We analyze the performance of the incoherent CDMA system that is based on the
spectral encoding of a broadband SFS and correlation detection as described in
Chapter 2. Bipolar, +1/ — 1, spreading codes that have been developed for the radio
domain are employed. Orthogonality between users can theoretically be achieved, in
spite of the incoherent reception of the optical signal. The performance in terms of
the SNR and the probability of error (P.) is found to depend on the number of active
users, even when orthogonal user signatures are used. This is different from the RF
domain where the system performance is not affected by the presence of orthogonal
users.

The performance analysis is based on the NB statistics and the additive light
model to account for the thermal characteristics of the SFS. The SNR and P. were
computed and compared to a binary FSK, spectrum-sliced WDMA. The results
demonstrate the interference-limited behavior of CDMA that imposes a performance

penalty on the system due to the thermal nature of the SFS.
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5.1 System Description

We consider the spectral encoding scheme described in Sec. 2.4.2 that employs bipo-
lar codes and SFS. Figure 5.1 illustrates the incoherent spectral amplitude CDMA
system. A portion of the power spectrum of an erbium-doped SFS is divided into 2.V
spectral slices, or chips, for encoding a bipolar code X of a length-N by means of
a spectrum processor. The spectrum processor processes the power spectrum of the
optical signal in the manner described by the example encoder pair E()) and E(})
depicted in Figure 2.7. It generates two outputs with complement spectral responses,
A and A. The waveguide switch selects one output for transmission according to the
value of the binary symbol b. This allows orthogonal signalling of the digital data.
The spectral encoded and data modulated light is connected to the network through
a J x J star coupler. At the receiver, the optical signal goes through a spectrum
processor that is matched to a bipolar code Y, also of length-N, of the desired user.
The outputs of the spectrum processor are photodetected and the detector currents
subtracted to obtain an estimate of the transmitted symbol.

Figure 5.2 illustrates the spectral amplitude encoding of bipolar codes. Let A(z)
denote the pattern of the 2N spectral chips, of bandwidth B, each, that is based on

the 2-tuple unipolar code (U, U) as follows:

. U(@), 0<i<N-1
ARy = { (5.1)
UGE—-N), N<i<2N-1.
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Figure 5.1 Incoherent optical CDMA system based on
spectral amplitude encoding of bipolar codes.
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Figure 5.2 Encoding of a broadband spectrum.

The spectral amplitude, A(z), of the 2N spectral chips is encoded by the concatenated
untpolar code obtained from a length-N bipolar code.
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A(%) corresponds to the concatenated unipolar code U @ U, where U is obtained from
X by replacing each —1 by 0 and U is the complement of U. The spectral responses
of the spectrum processor outputs are therefore described by A(:) and A(z), which
encode U @ U and U @ U, or X and —X|, respectively.

The spectrum processor at the receiver in Figure 5.1 is matched to the desired user
code Y, with the 2-tuple unipolar code (V,V) that describes the spectral response
outputs, B(¢) and B(:), in a similar manner. If the received signal was encoded with

X, then the spectrum processor outputs at the receiver correspond to:

2N-1 N-1
g A()B() = z_jo U@V + )V (), (5.2)
and:
2N-1 N-1
go A()B@) = Z_(Z) UGV (E) + TE)VE). (5.3)

By subtracting (5.3) from (5.2), we obtain:

N-1 N-1
Z; U@ -TENIVE) -VE)] = Z:o XY (@) = Oxv, (5-4)

where 0xy denotes the zero-shift crosscorrelation of X and Y. The output current of
the photodiode pair, connected in the balanced configuration in Figure 5.1, is there-
fore proportional to the difference of (5.2) and (5.3), or 8xy. The desired user can
be detected if the codes are matched. In the multi-user situation, the sampled input
to the threshold comparator, 8, is proportional to fxy and the multiple access inter-
ference from other users, plus noise. The interference to the desired user from other

users is supressed by using bipolar codes with ideally zero, or low, crosscorrelations.
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The encoded portion of the power spectrum is taken to be uniform, so that the
power in each spectral chip is identical over the total bandwidth B. We also assume
that the codes of the interfering users are orthogonal to the desired user. Assuming
that N is a power of 2, there are N orthogonal Walsh codes that can be assigned to
the users. This is a situation of interest because it provides a benchmark comparision
to the binary FSK, spectrum-sliced WDMA system shown in Figure 5.3. This system
is similar to the ASK-WDMA system shown in Figure 4.1, with the exception that
two spectral chips are used for orthogonal transmission of symbol “1” and “0”, re-
spectively. Obviously, the FSK-WDMA system can also support N users on a strictly
non-interfering basis using the same 2N spectral chips. The crosstalks between the
adjacent chips are taken to be ideally zero, assuming ideal rectangular chip. The
bandwidth of each spectral chip is the same for all users: B, = B/2N. The power
transmitted by the j® user is denoted P;, so that the chip power of user j is P;/2N.
The mean photoelectron count associated with each chip from user j is given by:
K; = nP,T/2Nhv. We see that CDMA is N times more efficient in using the source
spectral power: the power of user j is P;/2, or NK;, for CDMA versus P;/2N, or
K; for WDMA. The dark currents of the two detectors are assumed to be identical
with the mean photoelectron count denoted K ;. From the thermal nature of the SFS,
we assume that the count statistics for each detector are given by a NB model that

includes the effect of the detector dark current, an assumption similar to [43]. The
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mode number of each spectral chip is equal to: M, = B,T, for a polarized SFS. We

consider user 1 to be the desired user and assume equal a priori symbol probability.

5.2 SNR Analysis

As we have realized in Sec. 2.2, the binary FSK-WDMA is particular case of spectral
CDMA. The photoelectron count ouputs of the detectors in Figure 5.3 are effectively
compared against each other and the symbol decision is made based on the largest
output. Without loss of generality, let & = 1. The mean value of ¢ is: E[f] =

(K1+Kj)— K4 = K,. From the NB model, the variance of the FSK-WDMA system
is given by:
dioma = (K1 + K1+ K1+ Ko)/Mo] + Kol + Ko/ Mo)
o oo a K .
= (K1 +2K.) + [0+ Ko/Er) + Ko/ B 37 (3.3)
(4]

The second term of (3.5) accounts for the excess noise of both detectors due to the
thermal nature of the SFS. The first term reflects the shot noise. The signal-to-noise
power ratio is:
K,

SNRWDM = p—— — — — .
P14 2K R+ [L+ B R + B/ K Ko /M,

(5.6)
If the chip power is small, such that the average count per mode of each chip, K, /M,,
is much less than 1, then SNRwpma = K J(1 + 2?4/-1?1) and the statistics are

approximately Poisson. For large optical power (K1/M, >> 1), the limiting SNR is

equal to the mode number M,, as discussed in Chapter 3.
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For the spectral amplitude CDMA system, we consider the SNR of the decision
statistic, , at the input to the threshold comparator. We model 8 as the difference
of two independent random variables K4 and Kp that represent the photoelectron
counts measured by the two photodetectors PD4 and PDg during the symbol interval
T:

=K, — K. (5.7)

K, and Kpg are described by the NB models for the photoelectren count statistics
of each detector. We assume that there are J simultaneously active users including
the desired user 1. The distributions of K4 and Kp, conditioned on the transmitted

symbol of user 1, obey the NB pmf. Their conditional means are given by:

J
E[Kslb=1]= E[Kp|b=0]= NK, + 5N Y _K; + K4 (5.8)
j=2
J — ——
E[K:b=0]=E[Kplb=1]=5NY K; +Kq, (5.9)
i=2

The expected value of 8 is thus NK,. Its variance is given by:

J=1 j=2

2
J J
U(ZZDMA = (E_A—’J +2R'd) + (N?], + .5NZK,‘ +7¢) /MA

+ (.5N ‘i—KJ + T(d) [Ms. (5.10)

i=2
M, and Mg are the effective mode numbers of the NB pmf’s for PD4 and PDg. From
(3.3), they depend on the power spectra of the thermal light input to the detectors
under the additive light model [28] for combining the optical signals from the users.

As a result of encoding, these power spectra generally are piece-wise constant over
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each spectral chip, despite the fact that each user’s power spectrum is assumed to be
uniform. To avoid the near-far effect, we further assume at this point that each user

has the same source power, so that K; = K;, j = 1,2, ... J. We then obtain from

(5.10) that:

U%DMA - (JNFl + 2..[?,1) + [.5N(J + 1)7?1 +Fd]2/MA

+[.5N(J — 1)K, + K4*/Mp. (5.11)

Exact calculation of the effective mode numbers M4 and Mp are difficult since
it requires a detailed description of the decoder spectra input to the detectors. This
involves piece-wise additions of the code waveforms across the encoded spectrum
and can be quite tedious, especially when the number of users is large. In order to
circumvent this difficulty, we will instead compute the maximum values of M, and
Mg so that an upper bound on the SNR is obtained. From Chapter 3, the mode
number is proportional to the product of the symbol or detection period and the
normalized power bandwidth of the input light to the detector. Thus, given an average
input power, we should seek the maximum input bandwidth that can accomodate
the corresponding thermal light. Because of spectral encoding, the thermal Light
incident on each detector only occupies N spectral chips or one half of the total source
bandwidth. The maximum number of modes is therefore N M, for each detector. This
can be obtained rigorously by applying Schwarz’s inequality to the expression for the

normalized power bandwidth of (3.3) under the fixed total power contraint. The



88

accuracy of this approximation for M, and Mp is expected to improve as the number
of users increases. This is because the decoder spectrum seen by each detector will
be more or less uniform due to the pseudo-random nature of the codes.

From (5.11), the variance of § is then given as:

2 2 KK rdraulé
o2, = (JNEK: +2Ka) + SN} (1+J )+2N}IVK4/K1 + (K4/K1) ] %

(5.12)
Again, the second term of (5.12) accounts for the excess noise of both detectors due
to the thermal nature of the incident light. The first term reflects the shot noise that

is equal to the sum of the average counts of each detector. The signal-to-noise power

ratio for spectral CDMA system is:

NE./J -
N R — L 13
SN Ropma L 2K 1407 KKy | (KiK' Ky (513)
NJ 2J N N | M,

If the average count per mode for each chip, K1/M,, is much less than 1, then shot
noise dominates and the SNR of CDMA system is better by a factor of approximately
N/J when compared to WDMA system (5.6). Thus, since J < N, the efficient
exploitation of the source power in CDMA results in better SNR performance than
WDMA under shot-noise limited condition. However, for sufficient power levels that
excess noise dominates, the limiting SNR for CDMA is given by:

2N

SJVREDMA = ]._-Fﬁ

M, (5.14)

In comparision, the limiting SNR for WDMA system from (5.6) is M,. Thus the effect

of excess noise is quite severe in CDMA: the limiting SNR is worse if the number of
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active users exceeds J = /2N — 1. This stems from the thermal nature of the SFS
that increases the noise contributed by those spectral chips that overlap due to the
users’ codes. In the WDMA system there are no such overlaps. A direct comparison
of the two system can be obtained by taking the ratio of the SNR’s given by (5.13)
and (5.6), under the assumption that the optical power is much larger than the dark

current (i.e., Kq/K; < 1):

- 1+ K, /M,
1+ 4 (K /M)

NJ/J. (5.15)

An interpretation of the factor 2N/(1+J?2) in (5.14) can be seen as follows. According
to (5.15), if we were to keep the excess noise in CDMA to a level comparable to
WDMA, then the chip power in CDMA must be reduced by a factor of 2J/(1 + J?).
This also reduces the average count for CDMA by the same factor, and thereby
reduces the SNR to (N/J) x 2J/(1 + J?) = 2N/(1 + J?). Example plots of p versus
J with K, /M, as a parameter are shown in Figure 5.4 for N = 64. We recall from
Sec. 3.2 that the ratio K /M, is the count degeneracy of the source and is proportional
to its spectral intensity. Typical values of K;/M, = nP,/hvB, range from 3 to 3000
for power levels between 1.0 yW and 1.0mW, for a source bandwidth of about 1% at
1550 nm. The system is thus dominated by excess noise in practice. The plots show
that excess noise effectively nullifies the SNR advantage of CDMA over WDMA. For
a comparable limiting SNR performance, the number of users in CDMA must be

reduced from 64 to 11 as the excess noise becomes increasingly dominant. The count
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Figure 5.4 SNR comparision of spectral CDMA and FSK-WDMA.

The average count per mode for each spectral chip, K1/M,, or the count degeneracy
parameter of the SFS, varies from 0 for shot noise (right-most curve) to co for excess
noise (left-most curve). With N = 64 (128 spectral chips), excess noise limits the
number of users in CDMA to 11 for limiting SNR values comparable to WDMA.
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degeneracy parameter tells us that for good noise performance, the “preferred” SFS
should have a very low spectral intensity, i.e., 2 wide bandwidth for a given power
level.

The SNR analysis points out the major difference between CDMA systems in the
optical domain and RF domain. In the RF domain, the noise is additive and does not
depend on the signal: if the user codes are orthogonal, the SNR is independent of the
number of users. In the optical domain, the noise of each detector itself is generated
by the total optical power in the channel, which becomes larger as more users are
present. Thus even if the user codes are orthogonal, the noise cannot be canceled. The
decision statistic, 8, is the difference of two very noisy quantities, K4 and Kp. This
effect is compounded by the effect of excess noise due to the thermal nature of the
SFS. The signal advantage of CDMA over WDMA from the efficient exploitation of
the source power, P;/2 versus P, /2N or NK, versus K, cannot overcome the noise
contributed by other users by virtue of their presence despite the orthogonality of
the spreading codes. Strict orthogonality or non-interference signalling as in WDMA
system (or TDMA) therefore can never be achieved in optical CDMA with either

time or spectral encoding, even with the use of orthogonal codes.

5.3 Probability of Error Analysis

In this section, we analyze and compare the probability of error for the spectral CDMA

system with the FSK-WDMA system. Due to the symmetry in the descriptions of
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both systems, the probability of error for CDMA or WDMA is given by:
P.=Pr{f < 0lb=1} + ;Pr{g = 0fp = 1}. (5.16)

The NB descriptions for K4 and Kp that were employed to compute the SNR’s in

Sec. 5.2 are specified by the means and the mode numbers of the counting statistics.

Under H;, we have for WDMA:

Pi, (k) ~ NB(K;+Kus,M,) (5.17)
Pgg(k) ~ NB(Kqy,M,), (5.18)
and for CDMA:
Pk, (k) ~ NB(.5(J+1)NK,+K4;NM,) (5.19)
Pxy(k) ~ NB(5(J-1)NK,+ K4, NM,). (5.20)

Unfortunately, no closed analytical expression exists to described the difference statis-
tic, 8, of two NB random variables. Because of the limiting SNR characteristics of the
NB random variables, we will refrain from approximate calculations of P. based on
the Gaussian assumption. Instead, we compute P. exactly using numerical methods.
From (5.7), the pmf of @ is the correlation of the pmif’s of K4 and Kp. It can be

shown that the probability of error is given as:

Po=1- 3 Py (B3 Proln) + Py () (521)

k=0 n=0
Figure 5.5 shows the example calculation of P. versus the number of users J for

N = 64. The results demonstrate the interference-limited nature of CDMA. It also
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illustrates the effect of excess noise on the system performance. The number of user
is limited to 11 for a P. comparable to FSK-WDMA system, consistent with the
prediction from the SNR analysis. The comparision improves somewhat if we take
into account the crosstalk between adjacent spectral chips in WDMA system and
reduce the chip bandwidth for crosstalk protection.

The probability of error can be improved by increasing the number of modes
per chip, M,, as shown in Figure 5.6. Notice that the improvement with larger M,
diminishes as the number of users increases. Again the interference-limited behavior
of CDMA is deteriorated by the excess noise of the SFS. For a given symbol rate,
or detection interval T, the number of modes M, can only be increased by making
the spectral chips larger, thereby reducing the code length and hence the number of
users, if the source bandwidth is fixed.

The probability of error performance for the prototype system in Chapter 6 has
been computed using (5.19), (5.20) and (5.21). The results are plotted in Figure 5.7
as a function the optical power. The example calculations are shown for 1 to 8 users.
The plot shows that the performance improves as more power is available. However,
when there are multiple users, the effect of excess noise from the users is very difficult
to overcome simply by increasing the optical power, as we have assumed that the

users have equal power to avoid the near-far effect.
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Figure 5.5 Probability of error versus the number of users.

System parameters: N = 64, K, = 60,K4 = 6, M, = 36. CDMA is interference-
limited compared to FSK-WDMA with no guard band (a), guard band = .5 chip (b),
guard band = 2/3 chip (c). The thermal nature of the SFS imposes a performance
penalty on CDMA system when the number of users is large.
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Figure 5.6 Probability of error versus mode number per chip, M,.

System parameters: N = 64, K; = 60, K4 = 6. The number of users J is 12 (a), 16

(b), 24 (c) and 32 (d).
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Figure 5.7 Probability of error versus optical power.

Example calculations for the prototype system in Chapter 6: N = 16, M, = 36. The
input noise power of the detectors is .1 W in a 500 MHz bandwidth for a 1Gbps
symbol rate. The detector responsivity is 1 A/W at 1550 nm. The incident light at
the decoder is assumed to be polarized. The performance is interference-limited as
the number of users increases: J =1 (a), 2 (b), 4 (c), 6 (d), 8 (e).
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5.4 Summary

The performance of spectral CDMA system is very dependent on the thermal nature
of the light source. The NB statistics and the additive light model for combining
the optical signals from multiple users were employed to account for the thermal
characteristics of the SFS. We computed the performance of CDMA and FSK-WDMA
to find that, unlike the RF system, the performance in terms of SNR and probability
of error depends on the number of users, even when orthogonal user signatures are
used. This is a consequence of the photodetection process that is compounded by
the excess noise effect of the SFS. The results demonstrated the interference-limited
behavior of CDMA that imposes a performance penalty on the system due to the
thermal nature of the broadband source.

The negative binomial channel is thus a very noisy communication channel. It is
expected therefore that some form of forward error-correction coding of the data to

combat the channel noise will be required for spectral CDMA when the number of

users is large.
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Chapter 6

Experimental Demonstration of Optical CDMA
System

We report the first experimental demonstration of spectral encoding and decoding
techniques using bipolar codes for optical CDMA. Based on the modulation and
detection principles developed in Chapter 2, we encoded the power spectrum of an
erbium-doped superfluorescent fiber source with bipolar codes. A prototype system
consisting of two encoders and one decoder was implemented with bulk optics and
free-space transmission of the optical beams. The measurement results verify the
correlations between the bipolar codewords, and demonstrate the rejection of the

multiple access interference.

6.1 Experimental Description

The block diagram of the experimental setup is shown in Figure 6.1. The configuration
of the SFS is similar to Figure 3.1 with a 25 m of highly doped, erbium fiber donated by
AT&T. Under the full drive of the diode laser, about 35% of the 100 mW pump light
at 980 nm was coupled into the fiber through the dichroic mirror (DM). The backward
ASE output from the fiber is unpolarized and was collimated to beam of about 6 mm

in diameter. About 5mW of optical power was collected after the DM over a 50nm
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Figure 6.1 Experimental setup of the spectral
amplitude CDMA system prototype.
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wide spectrum centered around 1550 nm. As shown in Figure 6.2, the ASE spectrum
in highly non-uniform. It has a dominant spectral peak at 1530nm and a broad,
lower peak at 1555nm. About 10nm of bandwidth around the 1530 nm wavelength
were encoded in the prototype system. A polarization beam splitter (PBS) splits the
unpolarized ASE input beam into two orthogonal, linearly polarized output beams,
forming two light sources for a two-user configuration. The potential instability of the
polarized beam intensities was a concern; however no instability was detected with
this light source configuration. The two polarized outputs were sent to the half-wave
plates that rotate the input beam polarizations to match the TM mode of the encoder
gratings for maximum diffraction efficiency into the first order. The outputs of the
encoders are combined by a non-polarization beam splitter (BS) to form a two-user
channel that is sent to the decoder for measurement of the correlations of the codes
and the multiple access interference. Figure 6.3 shows the block diagrams of the
encoder (a) and decoder (b) configurations that utilize the spectrum processor. In
the experiment, the outputs of the photodiodes in the decoder were also monitored
separately by a digital oscilloscope to allow measurements of each photocurrent as
well as the various effects on the balanced configuration.

The configuration of the grating-based spectrum processor is depicted in
Figure 6.4. The planar holographic grating, which has a 1200 grooves/mm ruling
density, operates at about 3.6° off Littrow at 1530nm to provide beam clearance

from the optics. The first-order efficiency of the grating is better than 90% in the
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Figure 6.2 ASE spectrum of erbium-doped SF'S.

In the prototype system, about 10nm of bandwidth centered around the 1530nm
spectral peak were encoded.
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The spectrum processors are identical for both the encoder (a) and the decoder (b).
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Figure 6.4 Geometrical configuration of the spectrum processor.

The spectral responses of the two outputs are complement of one another.
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TM mode. The spectral componernts of the Eﬁput beam are angularly dispersed from
the grating and arrive at the spherical mirror to be focused onto an amplitude mask
positioned on the focal plane of the mirror. The source spectrum is displayed as
a horizontal stripe of 30 um in height at the mask plane. The mask patterns were
photographically etched on a quartz window that had been coated with aluminum
via evaporation. This produces clear and reflective stripes or chip patterns on the
aluminum coated window. The portion of the beam reflected from the mask returned
to the spherical mirror and was redirected back to the grating to form a collimated
beam denoted “Output#0”. The transmitted portion of the beam continues toward
a second, identical spherical mirror and was also redirected back to the same grating
to form a second collimated beam denoted “Output#1”. Thus, the transfer functions
of the spectrum processor outputs are the spectral complements of each other as re-
quired by Figure 2.7. The optical configuration of Figure 6.4, however, is much more
simplified and compact. Notice that among the possible realizations of the spectrum
processor, the configuration that has been described can be 3 dB more efficient in the
use of the input optical power.

The pattern of the amplitude masks is based on the 2-tuple unipolar code, say,
(U,U), that was obtained from the bipolar code X in the manner described in
Chapter 2. The clear stripes correspond to the “1’s” of the concatenated unipo-
lar codeword U @ U and the reflective stripes correspond to the “0’s”. Thus not only

are the transfer functions of the spectrum processor outputs spectral complements,
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but also each encoded beam has an anti-periodic characteristic:
A(i+ N) = A1), = 1,2,...,N. (6.1)

A(?) € {1,0} denotes the clear or reflecting amplitude stripes on the mask that
correspond to the encoded spectrum as illustrated in Figure 5.2.

In the experiment, bipolar Walsh codes were employed so that encoder and decoder
characteristics could be determined without consideration of the codes. Since the
codes are orthogonal, deviations from the ideal correlation and MAI rejection provide
a measure of the performance of the encoder and decoder apparatus. Figure 6.5
shows the example mask patterns corresponding to three length-16 Walsh codes used
in the experiments. The width of each spectral chip was varied to compensate for the
non-uniform spectrum of the ASE, so that the power per chip is constant as required
by the encoding. The black and shaded chips correspond to A(z) being 1 and 0,
respectively. They correpond to the transmission and reflection chips on the mask.
Figure 6.6 shows the enlarged patterns of the encoder and decoder masks for the three
unipolar codes, Al, Bl, C1, and their complements, A0, B0, CO. The suffixes 1 and 0
denote the encoding of symbol “1” and “0”, respectively. The black, center stripe and
the single narrow vertical strips were included for alignment purpose. The masks were

mounted on vertical translation stages to allow successive changes of codes during the

measurement.
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Figure 6.5 Spectral amplitude code patterns.

The spectral codes (left) are obtained from the corresponding bipolar Walsh codes
(right). The widths of the spectral chips were varied to compensate for the non-
uniform source spectrum.
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Figure 6.6 Amplitude mask patterns.

The encoded linewidth was 10nm. The amplitude patterns of the spectral codes
and its complements are shown. The clear, center siripe and vertical strips are for
alignment purposes. The widths of the spectral chips are varied to compensate for
the non-uniform source spectrum.
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6.2 System Characterization

For proper operations, the encoder and decoder should have matched dispersion
chararacteristics. The minimum chip width is established by the spectral resolu-
tion of the spectrum processor. We determined these quantities with a back-to-back
measurement of the apparatus using an encoder mask pattern consisting of three
200 pm-wide chips positioned at 2.5 mm apart. The decoder mask consists of a single
100 pm-wide chip. Figure 6.7 shows the transmitted optical intensity through the
decoder mask as the decoder chip scans across the 5.0 mm width. The expected cal-
culation shows that the linear dispersion of the combined encoder/decoder apparatus
has an rms distortion of about 30 pm over the 5.0 mm distance, or less than 1%. The
difference in the relative amplitudes of the peaks is due to the non-uniform source
spectrum. Figure 6.8 shows the detail scans for the encoder chips of 200 um and
100 pm wide. The resolution of the system is seen to be about 200 um at FWHM:
the reduction in the size of the scanned chip is marginal and nowhere near the factor
of two that is expected when the width of the encoder chip was reduced from 200 pm
to 100 gm.

Figure 6.9 shows the power spectrum of the optical signal propagated through
the clear, center stripe of the encoder and sampled with a single 100 um chip at the
decoder. The measured spectrum corresponds to about 11 nm of bandwidth around
the 1530 nm spectral peak of the ASE as verified by an independent measurement of

the ASE spectrum with a spectrometer. The results indicate that the linear disper-
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Figure 6.7 Relative dispersion of the encoder/decoder system.

The relative positions of the encoder chips seen at the decoder demonstrate that the
rms distortion across a 5.0 mm width is less than 1.0%.
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sion of the system is about 1 nm/mm. The resolution of the prototype system can be
seen to exceed that of the spectrometer. Based on a polynominal fit to the measured
spectrum, the variable widths of the spectral chips were computed so that the optical
power in each chip is the same across the 10nm bandwidth of the encoded spectrum.
The smallest chip at the peak of the spectrum was limited to the 200 um resolution.
Figure 6.10 shows an example encoded spectrum for code Cl as measured at the
decoder that illustrates the chip compensation technique: the chips are progressively
wider as the spectral power diminishes from the peak wavelength. Notice that the
encoded spectrum lines up quite well with the decoder’s amplitude mask. This indi-
cates the correct alignment of the optics so that the encoder and decoder apparatus
are optically matched in terms of the dispersion characteristics, a condition crucial to
the proper operation of the system. This alignment objective is facilitated with the

cavity-like configuration of the spectrum processor geometry.

6.3 Measurements

We measured the correlations between the transmitter and receiver codes with the
single-user configuration by blocking one of the encoded beams to the non-polarization
beam splitter. The decoder mask was sequentially set to a particular code, while
the codes on the encoder mask were successively selected for transmission so that
the correlation measurements between all the codes could be performed. For MAI

measurements, both beams from the two encoders were sent to the decoder, forming
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Independent measurements of the ASE spectrum with the prototype system and a
spectromeier: ihe prototype results correspond to a 1l mm wide spectrum on the
mask and centered at 1530nm. The results of the two measurements show that
the linear dispersion of the system is about 1.0nm/mm. Notice the high resolution
measurements with the prototype system relative to the spectrometer.
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Source spectrum (a), encoder mask for code C1 (b), and decoder spectrum (c). The
decoder spectrum lines up with the encoder mask, indicating that the encoder and the
decoder are optically matched in terms of dispersion, a condition crucial for proper
operation.
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a two-user system. The decoder mask was selected to receive the code of the desired
user, while the codes of the interfering user were successively selected for transmission.
By sequentially changing the codes of the desired user on the mask, the MAI effect
of the codes can be measured. The input power to the decoder is adjusted by an
attenuator to prevent detector saturation. Since the correlations and MAI of the
codes can be measured without symbol modulation, the measurement bandwidth was
less than 100 KHz for an SNR better than 40dB. The power levels of the two users
were kept comparable to one another by adjusting the half-wave plates, effectively

varying the efficiency of the encoders so that the ouput beams have the same intensity.

6.4 Results

Figure 6.11 shows the measured correlations of the spectral codes. The voltage wave-
forms, recorded by the digital scope and displayed in plots A, B and C, are the
outputs of the decoder and correspond to the decoder mask that was selected to re-
ceive Al, B1, and Cl, respectively. It can be seen that when the transmitter codes
are matched to the receiver codes, large autocorrelation magnitudes with the proper
polarity are detected. Transmitter codes that are not matched to the receiver codes
result in small crosscorrelation magnitudes. Since the codes are orthogonal by de-
sign, the crosscorrelations should ideally be zero. Thus, the residue values provide
an overall measure of the performance of the encoder and decoder appartus. In this

case the crosscorrelation values are about 7% or less relative to the autocorrelation
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Measured correlations between the spectral codes: (a) decoder set to Al, (b) decoder

set to B1, (c) decoder set to C1. The binary symbol values from the desired user can
be recovered with a threshold operation.



116

values. The good contrast verifies the modulation and detection principles described
in Chapter 2. It shows that the binary symbol can be recovered with an appropriate
threshold operation on the decoder output.

Figure 6.12 shows the effect of MAI on the decoder ouput in the presence of another
user. The voltage waveforms displayed in plots A and B correspond to the desired
user’s codes that were selected to be Bl and Cl, respectively f. As we might have
expected, the receiver cannot discriminate the desired user against the interfering user
if their codes are matched. The signal level is increased if the interference codes are
the same as the desired codes; it is reduced if they are complement of one another.
This also provides the evidence that the two encoders and the decoder have been
properly aligned so that they are optically matched. It can be seen from Figure 6.12
that an interfering user has little effect on the average signal of the desired user if their
codes are not matched. The apparent change in the voltage signals for unmatched
codes are due to a slow drift in the systems during the measurement. The magnitude
of the MAI, obtained as the difference between the detected signals for the two-user
and single user configurations, is about 10% or less relative to the desired signals of

the single user. This demonstrates the MAI rejection capability of the receiver in a

multi-user situation.

tBecause of the physical arrangements of the two encoder masks, code A could not be examined in
a two-user configuration for the MAI effect.



117

I ] | | |
4 |— —
~S s g —
o~ 3
; 3.4
@ Sl 172 1.63 150 -
w N WW
1 -
0.16
0 | ey | |
| | | | |
41— L e
3.99
o3 2.50 —
; 2.35 2.41 223
AN Ty Y
® 52 _
7]
1— —
.16
0 { | | s Adaiian |
AQ Al BO Bl Co Cl1
Interference codes sent

Figure 6.12 Effect of the multiple-access interference.

The rejection of MAI is demonstrated with the decoder set to Bl (a), the decoder set
to C1 (b). The interfering user has little effect on the desired user unless their codes

are matched.
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6.5 Discussions

In spectral amplitude CDMA application, performance of the encoder and decoder is
characterized by the code length, or the number of resolvable chips at the amplitude
mask plane. The size of a resolvable chip depends on the wavelength resolution, R,

and linear dispersion, D, of the spectrum processor:

R = 2d cos GA, (6.2)
W
D=dc;:sl9’ (6.3)

where d = 1/1200 mm is the spacing of the grating rules, § = 70.9° is the angle of
the diffracted beam at the grating for an incident beam angle of 63° at 1530 nm,
w = 3.0mm is the input beam radius and f = 300mm is the focal length of the
mirror. The wavelength resolution is thus about 0.09nm. The linear dispersion is the
change in wavelength per unit distance along the horizontal spectrum at the mask;
it is about 0.91 nm/mm for the above parameter values. The measured dispersion of
about 1 nm/mm from Figure 6.9 is thus slightly larger than the designed value. The

chip resolution A at the mask is given by the ratio of R and D:

_ A

Tw'

(6.4)

This gives a chip resolution of about 100 um on the mask from the above parameter
values. The measured resolution of 200 um, as shown in Figure 6.8, indicates that

the prototype system performs reasonably well in terms of the achievable resolution,



119

being only a factor of 2 from the diffraction limited performance. Nevertheless, using
a code that is twice as long for the chip width of highest resolution of 100 ym, we
found that the contrast of the correlation values is rather poor in comparision to the
shorter codes. This is consistent with the limited resolution and was clearly observed
to result from the overlapping of the spectra between the adjacent, higher resolution
chips in the experiment. It is clear from (6.2) or (6.4) that the resolution can be
improved easily by doubling the beam size to 12.0mm without making the optics
excessively large.

We note that the broadband nature of the source spectrum contributes to limiting
the number of resolvable chips. This is because with the broadband spectrum being a
continuum, the spectral energy at the chip boundary cannot be fully isolated within
one chip. This effect adds to the crosstalk between the adjacent chips. The crosstalk
can be reduced by introducing absorbing, uniform guard bands between the spectral
chips. We expect therefore that the finite contrast in the correlation measurements,
as well as the MAI results, will improve with the use of guard bands. This however
will complicate the fabrication of the mask, besides reducing the encoded portion of
the spectrum and hence the code length.

Finally, it is obvious that the length of code can be made longer by encoding more
spectrum. Thus there is a need to improve the uniformity of the source spectrum.
With a wider usable portion of the source spectrum, the distortion in the linear

dispersion could be problematic. The distortion is caused in part by the geometry of
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the spectrum processor that employs the spherical mirrors for focusing off-axis beams.
This inherent distortion can be eliminated with shaped mirrors or other compensation.
Additionally, with a wider encoded spectrum and a large beam size, the third order
aberration of the mirrors could place a limit on the achievable resolution due to the
limited spot size of the focus, or spectrum stripe, that can be achieved on the mask.

Accurate analysis of the optical system is required to determine these effects and

minimize them.

6.6 Summary

We have implemented an optical CDMA system prototype that demonstrates all-
optical application of bipolar codes for spectral amplitude encoding. The prototype
employs an erbium-doped SFS, and consists of two encoders and one decoder that
were realized with bulk optics and free-space transmission. The correlation mea-
surements have shown that the binary information symbol can be recovered with an
appropriate threshold operation. The multiple-access interference has been shown to
be rejected in a multi-user situation. Measurements on the encoder and decoder ap-
paratus have identified key parameters that influence the performance of the system.
The prototype results demonstrate the feasibility of the modulation and detection
principles that have been developed in Chapter 2. To our knowledge, the system

is the first experimental demonstration of spectral encoding of bipolar codes on an

optical channel.
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Chapter 7

Conclusions

The single-mode optical fiber, with its vast communication bandwidth and extremely
low loss characteristics, can be an ideal medium for multiple-access communication
networks, such as the LANs. Among the various multiple-access approaches, CDMA
has received considerable attention. The application of CDMA communication tech-
niques to the optical domain, however, has not been as successful as in the RF domain.
This primarily is due either to a lack of available gocd codes, or to the complexity
of the system. The research that has been described herein addresses both of these
issues. We have developed new modulation and detection principles that enable a
direct application of the RF codes to the optical domain. This has finally placed
optical CDMA on the same footing as its RF counterpart in terms of the utiliza-
tion of the available spreading codes. The implication of this result is rather sig-
nificant in that one of the central issues in CDMA systems is the design of good
codes. Practical implementations of these principles were considered that retain the
inherent advantages offered by the optical domain. The feasibility of the proposed
approaches was demonstrated with a CDMA system prototype based on these new

ideas. Experimental investigation of the broadband fiber source employed in the pro-



122

totype system has verified the statistical description of the photodetector noise. The
analysis based on this statistical model has shown that the thermal nature of the
broadband source imposes a penalty on the system performance, due to the effect of
excess noise associated with such a light source.

There remains many issues that warrant further investigation, as well as new
research topics that could be undertaken from this work. The basic ideas behind
computing the bipolar correlation in a unipolar system can just as easily be applied
to convolution or filtering operations. Thus, these ideas can be extended to signal
processing applications that can benefit from all-optical signal processing. Potentially,
these operations can be implemented at a very high speed with all-optical approaches.

The performance penalty imposed on spectral amplitude CDMA by the thermal
nature of the SFS indicates that its application could be selective. An optimum de-
tector based on the NB statistics for the multi-channel model described in Chapter 2
should improve the performance. However, the improvement is likely to be marginal.
This is due to the noise process of photodetection in the optical domain. Since the
detector noise is generated by the optical signals themselves, it cannot be reduced
or separated once the additive light from different users overlaps due to encoding.
This effect can be observed under the multi-user situation in the prototype system
described in Chapter 6. The decoder output in Figure 6.12 is clearly noisier than the
single user situation shown in Figure 6.11. Thus, it is likely that the improvement will

be more substantial either by using coherent source, or by employing noise reduction
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techniques [68], [69]. Moreover, since the NB model describes a very noisy communi-
cation channel, forward error-correction coding of the data can be profitably employed
to combat the channel noise with the available coding gain, when the number of users
is large.

The multi-channel model opens up the possibilty of code design for multi-channel
optical communcation. While the bipolar codes have been shown to be applicable for
a 2-channel system, there could be advantages to consider codes that are designed
specifically for the multi-channel system based on (2.29) and (2.37). Multi-user de-
tection for the multi-channel system is expected to yield high performance with the
attendant increase in the receiver complexity. We also note here the intriguing possi-
bility of applying the multi-dimensional codes and the multi-channel concept to the
RF domain. The equivalent multi-channel concept in the RF domain can be found
in CDMA systems with multi-carrier or frequency diversity modulations [70], [71].
These systems have been shown to be effective in multi-path fading channels or in
the rejection of narrow-band interferences. However, the multi-dimensional concept
of the spreading codes combined with multi-carrier modulations in such systems has
not been suggested nor studied.

The time-domain CDMA should also be considered since it has some advantages
over TDMA. Time-encoded optical CDMA should have better tolerance of the fiber
dispersion that causes the pulse broadening that is detrimental to optical TDMA.

The dual-channel transmission requirement is best realized via time-multiplexing, or
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wavelength multiplexing using the two fiber windows at 1300nm and 1550 nm where
commercial components are readily available. Dual polarization approach will not be
practical due to the need for polarization control, a difficult proposition at best in a
fiber network. Practically, the use of fiber delay lines in the encoder and decoder can
be difficult if long codes are used. Clearly techniques will have to be developed to make
these components practical, either with fiber or integrated waveguide delay lines. In
this respect, the differential configuration of Figure 2.3 should be employed since it
can simplify the decoder complexity by eliminating one half of the matched filters
and only requires one photodetector. Notice that this also alleviates the balance
requirement on the photodetector. In a multi-channel or multi-wavelength system
where @ is large, the possibility of efficient bandwidth utilizations combined with
code designs, as alluded to previously, could be an interesting research subject.

A number of issues related to the prototype development is also worth considering.
Replacing the various elements with fiber components would make the system more
robust and allow symbol modulations for BER measurements. The performance cal-
culations shown in Figure 5.7 can then be validated. The use of a concave diffraction
grating can further simplify the optical configuration of the spectrum processor. An
accurate analysis of the optical system will be required to determine the optical perfor-
mance and the limitation of the design. The amplitude mask should be anti-reflection
coated to eliminate specular reflections from the transmission chips, as well as incor-

porating the absorbing guard chips for cross-talk reduction. Alternate realizations
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of the mask, such as arrays of quantum-well modulators, deformable micro-mirrors,
or spatial light modulators, could make the user codes programmable. Ultimately,
photonic integration of the system can potentially make it compact and practical.
The performance analysis of the prototype that includes additional models of the
actual hardware components is critical to understanding and designing of the system.
This can be studied using the Signal Processing Workstation (SPW) simulation tool.
However since the Monte Carlo technique is quite inefficient in the simulation study
of systems at low BER, importance sampling techniques will have to be developed.
We have extended the results in [72] to study the prototype system that employs an
ideal, coherent source. Additional steps to incorporate the thermal source, and the
multi-user scenario, have not been done. Finally, it would be very useful to extend
the infinitesimal perturbation analysis techniques developed in [73] to the prototype
system. This will permit efficient sensitive analysis of CDMA system, as well as

optimizition of its performance, to the variations of the hardware components or

system parameters.
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