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Abstract

This thesis presents simulation and experimental studies examining the performance
of a 10 Gb/s optical time division multiplexing (OTDM) system. The theoretical aspects of
optical switching are presented first, along with some consideration of muliiple device
integration issues. A computer model of the OTDM system is presented, and simulations
using the model are analyzed. The OTDM experimental work conducted at TR Labs is
reviewed and compared to the simuiation results when possible. Finally, opportunities for
improvements to the existing computer model and experimental systems are considered,

and future directions for related research are discussed.
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1.0 Introduction

Until the late 1970's, the attenuation characteristics of fiber optic cable made long-
distance optical transmission impractical. Over the past 15 years, the development of
relatively low-cost, low-loss optical fiber has made long-distance communication using

optical carriers a viable alternative to copper wire or microwave based transmission

systems.

Communication systems designers are interested in fiber optic transmission systems
because of the enormous bandwidth available at optical frequencies. Relative to microwave
or copper wire systems, optical systems offer a bandwidth advantage of several orders of
magnitude. The current problem is to come up with transmission methods to take

advantage of this available bandwidth.

Utilization of this bandwidth will likely involve wavelength division multiplexing of
several optical carriers. Figure 1.1 shows a possible overall architecture of a multi-carrier
optical transmission system. This method would first involve the generation of a set of
relatively closely spaced carriers. Information in either analog or digital form would then
be impressed on each carrier, and the carriers would be combined and sent down the fiber
link. The receiver would separate the carriers by some filtering mechanism and extract the

information from each carrier.

This thesis examines a carrier modulation scheme which attempts to maximize the
amount of digital information impressed on a single carrier. There are two important
problems in generating a high bit rate optical signal for long-haul transmission which this
scheme addresses. The first major difficultly is modulating the optical carrier at multi-Gb/s
data rates. Using a digital electrical signal to modulate the carrier directly is somewhat

limiting since commercial high speed digital electronics are only now producing 10 Gb/s
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Figure 1.1 : Wavelength Division Multiplexed Transmission System

streams [1]. In addition, manipulating multi-Gb/s streams in electronic form is expensive
as well as technically complex. The modulation scheme proposed here circumvents these
bottlenecks by optically multiplexing a number of high-rate, digital, optical, data streams.
This modulation scheme is classified as an optical time-division multiplexing, or OTDM

technique.

Second, the spectral width of the optical signal must be kept as narrow as possible.
A narrow spectral width is desirable because conventional silica fiber is dispersive. In
other words, since fiber propagates different optical frequencies at different group
velocities, a digitally encoded optical signal with a relatively large spectral width will have
its pulses spread out as it propagates down the fiber. In effect then, spectral broadening
increases inter-symbol interference. For long haul 1550 nm transmission at bit rates above
a few gigabits per second, the inter-symbol interference due to chromatic dispersion
significantly degrades the bit error rate of the system [2]. The modulation m«.thod

suggested by this thesis attempts to minimize the spectral width of the transmitted signal by
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externally modulating the carrier, as opposed to modulating the laser source directly. Direct

modulation of the laser introduces laser 'chirp', or modulation of the laser wavelength, as

the current drive to the laser varies [3].

These are by no means the only problems associated with long-haul high-speed
optical transmission. There are a host of other concerns including maximizing optical
power coupled into the fiber, minimizing and compensating for optical attenuation in the
fiber, and maximizing receiver sensitivity to name just a few. However, these issues are
common to all transmitted optical signals, and this thesis will emphasize the generation of a

high-speed, narrow linewidth optical signal to be transmitted down the fiber.

1.1 OTDM Overview

The OTDM approach examined in this thesis involves the use of a continuous wave
optical source to avoid the laser chirp associated with direct modulation of the laser light
source. The signal modulation is done externally, using lithium niobate optical switches.
Figure 1.2 shows the current design of the modulator/multiplexer block used in the
transmitter. This OTDM architecture was conceived by Dr. Jan Conradi and Dr. Ian
MacDonald of TR Labs in late 1991, and is similar to a two channel OTDM structure
suggested by Anders Djupsjobacka in 1988 [4]. In addition, Nick Jaeger, an independent
researcher at University of British Columbia, filed a patent in mid-1992 for a ‘commutator
switch'. In arelated application description file [S], he suggests that the switch can e used
as a building block for multiple-stage OTDM, and this is almost identical to the concept

examined in this thesis.

The input to the block is a continuous wave optical carrier generated by a laser
operating under dc conditions. The first stage of the transmitter in Figure 1.2 simply
divides the optical beam into four time interleaved pulse streams on separate waveguides

using the optical switches numbered 1,2a, and 2b. The ideal optical switch can be
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conceptualized as a black box with two inputs and two outputs. The switch is driven by an
electrical signal which routes the input signals to one output port when a positive electrical
signal is applied and to the other output port when a negative signal is applied. To point
out the relative timing of the pulses created on each input or output, a four bit 'frame’ is
displayed above each waveguide. One input to the first switch is a continuous optical
beam. The other input is not used. If the desired bit rate is 4B bits per second, then the
first switch is 'clocked' with a sinusoidal electrical signal at a frequency of 2B Hz. The
output at one port is a sequence of the type 1010, and the output at the other port is the
complement, or 0101. Similarly, switches 2 and 3 are operated at a frequency of B Hz and

serve to divide the beam again to produce 1/4-duty-cycle pulse streams on each waveguide.

The information is impressed on the pulse stream by the second stage of the
transmitter block. Switches 3a through 3d are the modulators, and each receives an input
of optical pulses at rate B with a duty cycle of 1/4. The other input is closed off. The
switches are driven by the electrical information signal at a rate of B bits/s. The output of
each switch is then either an optical pulse (1) or no optical pulse (0) for that portion of the 4

bit frame.

The third set of switches, which is composed of blocks 4a, 4b, and 5, multiplexes
the optical data streams. Now each switch utilizes two inputs and only one output.
Switches 4a and 4b interleave two bit positions each, and are driven with sinusoidal
electrical signals at frequency of B Hz. Switch 5 performs the final multiplex and operates
at a frequency of 2B Hz. The output signal from switch 5 is a stream of modulated optical

pulses at bit rate of 4B bits/s, and is ready for transmission down the fiber medium.

Referring back to Figure 1.1, the information at each carrier wavelength is
recovered in the receiver blocks, and then converted from optical pulses to electrical pulses

by optical detectors such as PIN or APD devices. An expanded view of the OTDM
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receiver configuration is shown in Figure 1.3. Switch 1 is driven by an electrical
sinusoidal signal of frequency 2B Hz, and divides the arriving optical signal of bit rate 4B
bits/s into two 2B bits/s streams. Switches 2a and 2b are driven at a frequency of B Hz
and divide the signals down to the original B Lits/s rate. Essentially, the structure of the

receiver is identical to that of the first section of the transmitter composed of swiiches 1, 2a

and 2b.

With the basic operation of the modulation and demultiplexing blocks nrow
described, one may well wonder why such a ‘complex’ architecture is used. After all, it
would appear to be much simpler to use a single switch with continuous wave optical input
and use an electrical bit stream at a rate of 4B bits/s as the drive signal. At lower bit rates
this is certainly true. However, as indicated previously, it becomes difficult to generate an
electrical digital stream at high bit rates, and the optical multiplexing function serves to

extend the bit rate capability of the system.

Therefore, considering only the generation of a high rate optical stream, if the
maximum possible digital stream rate is B bits/s, we can use N stages of optical switches to
achieve a final optical signal pulsc rate of 2N*B bits/s. We are limited then by the minimum
of the bandwidth of the optical switch or the bandwidth of the electrical sinusoid required to
drive the switch. The upper frequency limit of electrical sinusoidal signal generation is
significantly greater than that of square wave signals. If the maximum electrical sinusoidal
frequency is S and the maximum electrical bit rate is B, then a maximum of

N =loga (%3 (1.1)
switch stages can be used to achieve an optical output bit rate of 2N*B bits per second. For
our purposes, two stages of optical switches were chosen to keep the analysis simple and

still demonstrate that this architecture can operate with multiple multiplexing stages.



Another advantage of demultiplexing in the optical domain is that the electrical noise
bandwidth at the detector is limited. For exanple, in a 10 Gb/s direct detection system, the
equivalent noise bandwidth at the receiver may be 6 to 7 GHz. If the same 10 Gb/s optical
signal is optically demultiplexed into four 2.5 Gb/s streams prior to detection, the electrical
noise bandwidth can be reduced by a factor of four. In general then, optical demultiplexing
reduces the electrical noise bandwidth of the system by a factor of 2N. The exception to
this generalization is systems in which the fundamental limit set by the number of photons

per bit is encountered. This may be the case in systems which use optical amplifiers.

The goal of this thesis is to investigate the feasibility of the optical time division
multiplexing concept through computer simulations and experimental demonstration. The
computer simulation models the OTDM system with 4 input electrical data streams a: the
OC-48 or 2.48832 Gb/s rate resulting in a final optical throughput rate of 9.95328 Gb/s, or
the OC-192 rate. The experimental work conducted at TR Labs involves implementing a

scaled down version of the four channel system to demonstrate the OTDM concept.

With these objectives in mind, the optical switches should have bandwidths of at
least 5 GHz with possible bandpass operation since the switches are driven with single
frequencies at any given time. The modulators should be broadband devices with a
bandwidth of at least 3-4 GHz, and must have linear phase response since they operate

with a digital signal as input.

The operating wavelength of the system has been chosen to be in the 1550 nm
region. This choice was made since the fiber attenuation minimun: in conventional silica
fiber occurs near this wavelength. In addition, a 1550 nm wavelength facilitates the use of

erbium-doped fiber optical amplifiers which are efficient in that region of the spectrum.



With the basic operation of the OTDM transmission scheme now described, we
move on to discuss theoretical and practical considerations of optical switches and
modulators in Chapter 2. Several architectures are analyzed and evaluated concerning their
suitability for use in the overall OTDM system. In Chapter 3, we present computer
simulation results of the entire OTDM system from transmitter to receiver, and discuss the
performance of the system as a function of various device parameters. In Chapter 4, we
examine the experimental setup and provide an analysis of the individual components of the
system. The experimental results obtained operating the OTDM system as a whole are
presented in Chapter 5. As well, an alternative multiplexing technique, namely polarization
division multiplexing, is briefly examined because it deals with some of the shortcomings
of OTDM. Finally, Chapter 6 concludes this work with a short review and explores some

possible avenues for further research.
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2.0 Electro-optic Switch and Modulator Theory

The basic functioning of the OTDM transmitter and receiver blocks were introdaced
on a fairly high level in Chapter 1. In Chapter 2, we discuss in some detail the physical
and mathematical theory behind the electro-optic switching elements which were only
shown as blocks in the previous chapter. The electro-optic switch is really the most critical
element in the proposed system and is used to switch, modulate, muitiplex, and
demultiplex optical streams. As was shown in Figures 1.2 and 1.3, all blocks can be
implemented with 2x2 switches. However, it may be advantageous to use two different
electro-optic element designs to accomplish the distinct switching (chopping, multiplexing
and demultiplexing) and modulating (or encoding) functions. Therefore, after some
preliminary remarks concerning lithium niobate based devices, this chapter will concentrate
first on modulator designs, which are in general more simple structures to analyze, and

tilen move on to examine four port, 2x2 switches.
2.1 Electro-optic Devices in Lithium Niobate

The technology of fabricating various optical devices using lithium niobate as a
substrate is currently in an advanced state [6]. Lithium niobate, or LiNbOs3, is preferred as
the substrate material for a number of reasons. First, LINbO3 possesses a high electro-
optic coefficient, which means that a relatively low voltage is required to induce a given
refractive index change in the material. In addition, the material is commercially available
in up to 7.5 cm diameter wafers. Finally, the properties of lithium niobate have been quite
thoroughly investigated, and a number of laboratories have optimized the processing

procedure of the material.

Waveguiding channels are formed at the surface of a LiNbO3 wafer by first

depositing thin titanium films on the substrate. The substrate and film are heated to about
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1000°C to allow the titanium to diffuse into the substrate and create a waveguiding region
having a slightly higher refractive index than the surrounding material. Afterwards, a thin
film of silicon oxide is usually placed on top of the substrate to insulate the guides from any
metal which may be placed above. Metal electrodes are then deposited beside or on top of
the waveguides. As is explained in more detail later, an electric field applied across the
electrodes will penetrate down into the waveguides and alter their refractive indices.
Several problems accompany this fabrication process {7]. Outdiffusion of O,/Li;0 at the
surface usually results in a thin parasitic film waveguide at the surface. Also, the heating
environment must be carefully controlled with respect to temperature (within 0.5°C) and
purity to ensure reproducible fabrication. In addition, precise mask widths and mask
alignment are required. Finally, deposition thicknesses of the electrodes and especially the
titanium films must be kept uniform. Once the diffusion process is completed, waveguide
1/O ports must be cut and polished and connected to fiber pigtails to achieve low loss at the

fiber/waveguide junction.
2.2 Electro-optic Modulators

Having briefly examined the rationale for choosing lithium niobate based devices
and identifying some associated problems, we will now move on to take an in-depth look at

several optical modulator designs.
2.2.1 The Mach-Zehnder Interferometer

The Mach-Zehnder interferometer is conceptually the most elementary modulator
structure. In its simplest form, a single input waveguide is symmetrically split into two
branches which are then separated sufficiently to avoid mode coupling between them.
After continuing for a short distance of typically millimeters or centimeters , the branches

are then recombined to form the output waveguide as shown in Figure 2.1.
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Figure 2.1 : Z-Cut Mach-Zehnder Interferometer

An important property of lithium niobate is that the electro-optic coefficient depends
on the orientation of the crystal. The 'cut' of the crystal refers to the crystal axis which is
perpendicular to the surface of the substrate. The strongest electro-optic coefficient is
termed r33 (= 30.9 * 10-10 cm/V) and is parallel to the z-axis of the crystal which points up
out of the page in Figure 2.1. The electrodes are almost always placed in such a way as to
utilize the r33 coefficient. As shown in Figure 2.1, the electrodes are placed above the
waveguides for the z-cut orientation to utilize r33. For an x-cut crystal, the electrodes arc

placed beside the guides.
2.2.1.1 Interferometer Switching Voltage Calculation

Ideally, for no voltage applied across the electrodes, the input optical signal is
symmetrically split and then recombined at the output in phase, and the transmitted intensity
is maximum. Applying a voltage across the electrodes induces opposite changes in the
refractive indices of the two underlying waveguides, and thus creates a phase shift between
 the optical signals in the two branches. The combined mode distribution at the output guide
is no longer single mode and cannot propagate in the single mode output waveguide;

instead, it is radiated into the surrounding substrate.
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If sufficient voltage is applied to create T radians of phase difference between the
arms, the transmission is minimal. Since the on and off states are tuned electronically, the
extinction ratio of the device is quite good and is typically greater than 15 to 20 dB. The
voltage required to achieve 7 radians of phase shift between the two arms of the
interferometer is termed V. To determine Vy for the interferometer, we must relate the
applied voltage to the induced index change in the material. The derivation of Vp contained
in equations (2.1) to (2.8) is taken explicitly from Tamir's optoelectronics textbook [6].

For a uniform electric field along the z-axis of the crystal, the induced index change is:
Anys = -1 r3E
2 (2.1)
If the two electrodes were configured as a two plate capacitor with applied voltage
V and gap width G, the electric field between them would be :

=V
E, = G (2.2)

It is convenient to express the electric field as in (2.2) and add a correction factor I
to account for the non-uniformity in both the electric field between the electrodes and the

optical field in the waveguides :

=V
E. = Gr (2.3)

The correction factor I is called the overlap integral and in effect represents the

efficiency of the overlap between the electric and optical fields and is expressed as :

=G 2
r v I- [ E(X-)’) IA(X-Y* dydx (24)

where E is the applied electric field, A is the normalized optical field in the

waveguide and the x-y plane is the plane perpendicular to the waveguide. Substituting
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(2.3) into (2.1) and dropping the axis subscripts we obtain the index change as a tunction

of the applied drive voltage :

An=-D2.V
n=-rat (2.5)

The phase change in one arm over the length of interaction L is:

phase shift= ABL=Anf L
= -nn3r_V_I_4_I"
GA (2.6)

B is the propagation constant and is equal to 21t/A. As indicated earlier, T radians
of phase shift between the two arms of the interferometer is required for complete
modulation. The phase change in each arm is ABL. in opposite directions and therefore the
total phase difference between the two arms is 2ABL. Setting the phase difference between

the arms 2ABL equal to 7, we obtain the switching voltage Vx:

V= _AG
2n3rTL Q.7

When comparing devices of different lengths and drive voltages, it is convenient to

express (2.7) as a voltage length product :

Vn L = }\'G
2n3T 2.8)

From equation (2.8), we can see that to obtain a device with a low voltage length
product, a narrow gap and good field overlap is required. For the z-cut interferometer, the
narrow electrode gap is somewhat problematic, since the waveguides must be separated
sufficiently to eliminate coupling. One method to reduce coupling is to fabricate waveguide
branches of slightly different widths. Typical width differences are on the order of 1 um

[8]. This procedure reduces the separation required, and thus allows a narrower gap.
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As indicated by (2.4), the overlap integral I' depends on the geometry of the
electrodes, the optical mode profile in the waveguides, and the relative position of the
electrodes with respect to the waveguides. Several authors have investigated the

optimization of the overlap integral as a function of various device configurations [9,10].

Using some typical parameter values, we can get an estimate of the required Mach-
Zehnder modulator switching voltage using equations 2.7 and 2.8. For a 1550 nm
operating wavelength, an optical index of 2.2, typical widths of 6 um for the electrode gap
and optical guide, and an overlap integral of 0.25 as approximated from published
graphical results [11], we can calculate the voltage length product as VoL = 5.65 V cm.
For a 1 cm length device then, the switching voltage is 5.65 V. The accuracy of this figure
depends strongly on the value of the overlap integral. Again, calculation of the overlap
integral is quite a complex problem and depends on the physical geometry of the electrodes
and optical waveguides. As well, the presence and thickness of a SiO; buffer layer which
typically insulates the waveguides from the electrodes influences the overlap integral. The
presence of a 0.2 um thick SiO; buffer layer has been reported to increase the switching
voltage by 30 to 40 percent [12,13]. Therefore we have not calculated the overlap integral

directly here, and have instead used a calculated value from published results [11].

The output intensity 1 of the modulator is a function of the total phase shift
between the waveguide arms, and is given by the squared magnitude of the vector sum of

the electric fields of the optical signals at the modulator output [13]:

n = cos2[ABL] 2.9)
Equation (2.9) can also be conveniently expressed in terms of the applied drive

voltage V and the required half-wave voltage Vy:

1 = cos? [_E_V_]

2Vy (2.10)
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2.2.1.2 Interferometer Bandwidth

The bandwidth of the interferometric modulator depends on the type of electrode
employed. For lumped element electrodes as shown in Figure 2.2a, the clectrodes are
structured as a terminating capacitor, with a shunt resistance Riery matched to the drive
source impedance, typically S0 ohms. The bandwidth of the lumped element structure is
determined by the minimum of either the RC time constant, frc= 1/(MR¢rmC), or the
electrical transit time cutoff frequency, fy= c/(Lneg), where L is the electrode length.
Using an effective microwave index of negr = 4.2, fyL. is approximately 2.2 GHz cm for

lithium niobate [13].

.+
Drive "

Voltage -
.

Electrodes

Figure 2.2a : Lumped Element Electrode Structure

Electrodes can also be structured in a travelling-wave configuration. In this case,
the electrode acts as a continuation of the source transmission line as shown below in

Figure 2.2b.

.+
Drive

Voltage Rierm

Electrodes

Figure 2.2b : Travelling Wave Electrode Structure
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Again, the termination resistor Rierm is matched to the impedance of the transmission line.
Increased bandwidth can be achieved since the electronic and optical signals travel across
the structure together. For travelling wave electrode designs, the bandwidth is limited by
the microwave attenuation losses of the electrodes and the velocity mismatch between the
optical and electrical signals. Consider a modulator of length L which has electrodes with

exponential resistive losses of a/cm. If a voltage signal with amplitude Vo, phase D, and
frequency f is applied to the electrodes, then the voltage seen by the optical signal at a

distance z from the start of the electrode is given by :

V(z.Go.D =e% V, cos [21t (nm-ng) CLZ - go] (2.11)

where c is the speed of light in a vacuum, and ny, and n, are the effective
microwave and optical indices of refraction, respectively. Substituting this frequency
dependent voltage into equation (2.6), we integrate along the length of the device to obtain

the phase change in one waveguide:

=L
- 3
ABL = n’rl” V(Z'me) dz
o GA

z=L
= -7n3r % r % f % cos [211: (nm-no) g z- Qo] dz
=0

= ABL H(f) (2.12)

where
A_B—I: = -mdrserk
G a

(2.13)

and is virtually identical to equation (2.6) and represents the phase shift at low

frequency due to the applied voltage of amplitude V,. H(f) is then :



18

2=L
H(f) = f %—3 cos [21t (Npm-No) g z- Z‘o] dz
=0

2.14)

and is the frequency dependent term which reduces the effective drive voltage at

higher frequencies. Performing the integration we can obtain the closed form solution for

H[f] as [14]:
1
H( = el smhz( > )+ sin(5
2
-+ ()
2 2 (2.15)
where,
£ = 27nf (ny-no)
- c (2.16)
and
—1n10
a="Tp %t 2.17)

The parameter ., in the above equation expresses the attenuation losses of the
electrodes in the conventional units of dB/(cm GHz!/2). Equations (2.15) to (2.17)
comprehensively describe the decrease in the effective applied voltage as a function of
frequency resulting from microwave attenuation and velocity mismatch effects. A study of
equations (2.15) to (2.17) reveals several factors which determine the bandwidth of the
device. Certainly, a lower attenuation factor, 0o, is desirable for high frequency
performance. To achieve a small attenuation factor, the width of both the electrodes and the
gap should be made relatively wide, as indicated by the published results of Chung and
Chang [15]. For a typical value of 0,,;=1.0 dB/(cm Ghz12) the electrode width and gap

should be about 8 um each. Note that this desire for large electrode and gap dimensions
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conflicts with the earlier stated requirement for a small gap to achieve a low switching

voltage.

The length of the device also plays an important role in the bandwidth of the
interferometer, and of all electro-optic devices in general. As can be seen by inspection of
the above equations, an increased device length results in faster high frequency roll-off of
the device response. So, other factors remaining constant, a shorter device is a faster
device. Note again, however, that a tradeoff exists between device length and drive
voltage. From ttié-i?dltage-length preduct equations (2.7) and (2.8) we can see that as the

device length is decreased, the switching voltage V must increase proportionally.

A final important factor in determining the device bandwidth is the mismatch
between the velocities of the electric wave which travels down the electrodes and the optical
wave propagating in the waveguide. Intuitively one can appreciate the importance of
velocity mismatch effects by considering an electrical pulse and an optical pulse which start
out together at the beginning of the interaction region. If there is a difference in the
propagation velocities of the two pulses, they will become less and less aligned as they

travel across the device.

Several techniques have been introduced to try to overcoine the velocity mismatch
problem. Real velocity matching techniques attempt to speed up the typically slower
electric wave. In general, little can be done to slow down the optical wave which
propagates through the lithium niobate crystal which has a refractive index of n, =2.2. To
speed up the electric wave, one can experiment with the electrode and gap dimensions to
reduce the effective microwave index ny, w' “ch typically has a value of around 4 to 5. In
general, the microwave index increases us electrode width and height increase, and
decreases as the gap increases [15]. Another technique to lower the microwave index

involves etching a groove in the electrode gap region to allow more of the electric wave to
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propagate in the lower index air [16]. A shielding ground plane placed just above the

electrodes has also been successfully used to speed up the microwave [17].

Artificial velocity matching techniques do not actually change the microwave index,
but instead attempt to cancel out the effects of the velocity mismatch by periodically
reversing the polarity of the electrodes. Extremely high frequency bandpass type devices
have been demonstrated using this technique. Korotky and Veselka have reported
experiments in which a bandpass interferometric switch was operated at 36 GHz [18].
Snch devices are useful when extremely high frequency operation without broadband
capability is required. At the expense of increased drive voltage, it is possible to flatten out
the frequency response of the device using special electrode sequences. Dolfi and
Nazarathy report operation of a lithium niobate modulator with a 13-bit Barker code
electrode pattern with a 5 dB optical bandwidth of 40 GHz. Their theoretical predictions
extend the frequency response out to 70 GHz [19]. If the phase response of such a device
is linear, this type of design is more appropriate for use in high speed broadband digital

applications.

To get some idea of the frequency response of a typical device, equations (2.15) to
(2.17) will be used in a numerical example. For 1 cm long electrodes, and common
experimental values of n;=4.2, n;=2.2, and microwave losses of 0=1.0 dB/(cm Ghz12),
H[f] was calculated. Figure 2.3 graphically shows the theoretical frequency roll-off of a
modulator with the stated parameters. The frequency at which the rodulation depth 1 falls
to one half of its low frequency value occurs when H(f) = 0.5 and is f= 7.0 GHz.

Therefore, the 3 dB optical bandwidth of such a device is 7.0 GHz.
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Figure 2.3 : Modulator Frequency Response
2.2.1.3 Residual Phase Modulation in Interferometers

A final aspect of the Mach-Zehnder interferometer that is briefly addressed in this
section is residual phase modulation of the optical signal, which is often referred to as
residual modulator chirp. This phenomenon may occur as a result of asymmetrical changes
in the propagation constants of the two arms of the device. Consider again the Mach-
Zehnder interferometer shown in Figure 2.4, which has an input optical electric field E,
and output optical electric field Eoy. Let the two branches have length L and propagation
constants 8; and B,.

Drive Voltage

Substrate Electrode Diffused
Waveguide

Figure 2.4 : Mach-Zehnder Interferometer
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The output electric field is given by the sum of the two electric fields emerging from

the two arms:

Eqy = =B e-Bil 4 =i e-jBaL
out ) [ + ) e

=%i£(eiABL+e'jEL )e-jBL

= Ej, cos(apL) e BL (2.18)

where AB =E;ﬁ and E=B—';E

The cos(AB L) term in equation 2.18 reflects the electric field amplitude response of
the modulator and squaring this term yields the intensity response 1| = cos¥ABL) as given in
equation (2.9). The phase response is given by the e BL term and is a function of both B,
and B,. During modulation, if 8; and B; are altered by the same factor in opposite senses,
then B is constant and there is in principle no phase modulation. This requires that a
symmetric electrode structure is used, which in theory will produce equal and opposite
index changes in the two interferometer arms. Of course in practice, due to fabrication
tolerances concerning electrode and waveguide positioning and dimensioning, there will be
slight differences in the index changes produced through the two arms, and thus some
phase modulation may occur. Asymmetric electrode structures, and electrodes which alter

the index in orly one branch of the interferometer will also give rise to phase modulation.

The effect of phase modulation is to broaden the spectrum of the transmitted signal,
and thus increase the distortion produced by fiber dispersion. Determining the penalty
which modulator chirp imposes on transmitted signals is not a simple procedure and is not
included in this section. Thorough, published analyses of chirp and transmission penalties
[20,21] indicate that using symmetric electrode structures may degrade the square-root

length times bandwidth product by perhaps a few percent. In addition, there are methods
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by which chirp can be used to compensate for fiber dispersion and actually lower the

dispersion penalty [20,22,23].
2.2.2 The Directional Coupler

Having introduced the fundamentals of electro-optic device operation in the context
of the interferometer in the previous section, we will now move on to review quickly
several other possible modulator structures. This section will examine the dizectional
coupler and its use as a modulator. The general structure of the directional coupler is a 2x2

switch as shown in Figure 2.5:

Drive Voltage

Diffused Electrode Substrate
Waveguide

Figure 2.5 : Directional Coupler

Two widely spaced input waveguides are brought close enough together ( typically
5-10 um ) so that light may be coupled between the guides. To use this device as a
modulator, a single input guide is used, and light is either retained in that guide in what is
called the bar state , or coupled out into the adjacent guide in the cross state. The
switching, or modulation, is accomplished by the application of an electric field across the
guides to alter their refractive indices. The transfer or crossover characteristic can be
determined by solving the coupled mode equations. Equations (2.18) to (2.23) are taken

directly from Tamir's text on optoelectonics [24]. The coupled mode equations are:



R' - j8R = -jxS (2.18)
S'- j6S = -jkR (2.19)
and
8=é—[—3~= 2% (nz-n;)

2 A 2

where R and S are the complex amplitudes of the optical signals in the two waveguides and
R' and S' are the spatial derivatives with respect to the direction of propagation. The
parameters np and n; are the refractive indices of the two waveguides and thus 6 is
proportional to the difference in the propagation constants between the two guides. The
parameter K is the coupling coefficient with units of cm! and depends on the geometry of
the waveguides and the wavelength of operation. Solving the coupled mode equations
(2.18) and (2.19), for unity input to one guide, the transfer characteristic which describes
the intensity coupled into the second guide over a distance L can be determined as [24):

n= ——1—2 sinzth + (8/1()2 ];_
1 +(8/x] (2.20)

With no voltage applied to the electrodes, AB=0, and 1} = sin2 KL so that complete
crossover occurs for kL= NT/2, where n is odd. In theory, one can fabricate a device of a

single coupling length, L= T/2, and choose the cross state to be the off statc of the

modulator. The on or bar state is obtained by applying a voltage across the clectrodes to

adjust AB such that:
1
SinZKL[l + (5/1()2 ]2 =0 (2.21)

To satisfy this condition, ABL= 1tv3 , which is a factor of Y3 higher than that for

the interferometer.
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It is important to note that the bar state can always be realized electronically by
adjusting AP such that equation (2.21) is satisfied. However, the cross state may only be
perfectly achieved for ABL= 0 and a device of exactly n (odd) coupling lengths. Thus, the
extinction ratio of the simple directional coupler device in the cross state is determined by
the ability to fabricate devices of precise coupling lengths. To overcome this fabrication

sensitivity, the reversed AP directional coupler architecture has been used [25]. With this
structure, both the cross and bar states may be realized electronically, which relaxes the

fabrication tolerances considerably.

The drive voltage of the directional coupler is found by setting the total phase

difference 2APL equal to the required 7tv3. The switching voltage V and the voltage length
product VL are the same as the expressions (2.7) and (2.8) for the interferometric

modulator except for the factor of ¥3:

v 13 AG
2n3TL (2.22)
V,L=13AG
2n3T (2.23)

As with the interferometer, the bandwidth of the directional coupler is limited by
microwave transmission loss and velocity mismatch effects Ilowever, with respect to the
velocity mismatch loss, a correction factor is required to account for the fact that mismatch
is less critical at the ends of the directional coupler than in the center region. Equations
(2.15) to (2.17) can be used with an effective length of approximately LA3 to account for
the integrated effect of the mismatch [26]. So we see that the increased requirement in
drive voltage for the directional coupler is compensated for by an increase in the device

bandwidth.
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Determination of chirp in the directional coupler is also an analytically involved
process and will not be incluaded in this discussion. Published results {20] show that unlike
the interferometer, the directional coupler is by definition a chirp-inducing structure.
However, as was the case for the interferometer, proper utilization of chirp may be

employed to reduce the dispersion penalty from the chirp-free case.
2.2.3 The Mode Confinement or Cutoff Modulator

A third modulator structure briefly considered here is the mode confinement
modulator. The physical layout of the device is shown below in Figure 2.6:
Drive Voltage

1

N N\ N\
Substrate Electrode Ridge
Waveguide

Figure 2.6 : Mode Confinement Modulator

The waveguide layout can be obtained by titanium indiffusion [27,28] and by
etching the surrounding substrate to leave the ‘butterfly’ waveguide pattern. With no
voltage applied between the drive electrodes, light entering the input ridge waveguide is
partially scattered in the wider center-slab section, with a portion of the light passing
through to the output ridge guide. With the correct applied voltage, a channel of higher
index is induced in the center of the slab section, and most of the light is transmitted to the

output guide. With a drive signal of the opposite polarity, the index in the center of the slab
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is lowered and the input light is scattered significantly, with negligible light intensity

passing to the output guide.

The intensity transfer characteristic is not trivial and cannot be conveniently
expressed in closed form as was possible for the Mach-Zehnder interferometer and the
directional coupler. Published results to date include the use of mode matching techniques
[27] and the beam propagation method [28] to solve for the mode field distribution within

the relatively complex waveguide structure.

As was the case for the directional coupler, chirp calculations for the mode
confinement modulator are not trivial and will not be included in this discussion. Published
results [20] show that for a similarly structured loss-modulator, chirp-free operation is not

possible since the index change is brought about in a single waveguide only.

Advantages of the mode confinement modulator include its simplicity of design,
good linearity, and relatively short length of around 2 to 3 millimeters. Disadvantages
include considerable drive voltages, reported from 16 to 40 V, high loss in the on state (> 1
dB), the inability to trade off device length for drive voltage, and non-trivial device
characterization. In addition, the device contributes chirp to the moduiated signal. Finally,
other important specifications such as device bandwidth, process repeatability, and ease v.

integration with devices of other fabrication methods, were not reported in the publications.
2.2.4 Modulator Selection for the OTDM System

Preliminary analysis suggests that the Mach-Zehnder type device might be best

suited to satisfy the modulator performance requirements.

Too little is known about the cutoff or mode confinement modulator at this point to
completely rule it out. However, a first pass indicates that it might not be suitable. The

good linearity of the device is not required for digital applicadons. While the short length is
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attractive, the drive voltage required is several times that for an interferometric or directional
coupler type device. In addition, device length cannot be sacrificed for drive signal level.
The high frequency applications of the device have not been explored in current literature,
and integration with other modulators and switches on the same substrate may not be
simple. For the OTDM application, a well-characterized, repeatable, integratable element is
required. The purpose of the system is not to develop new or better single electro-optic
devices, but to use the best existing elements to build up a rather novel multiplexing

architecture.

The Mach-Zehnder structure is preferred over the directional coupler design for
several reasons. First, although the directional coupler has increased velocity mismatched
bandwidth of perhaps 30%, it also requires about a 70% increase in drive voltage. For 2.5
Gb/s operation, the modulator requires a 3 dB bandwidth of perhaps 2.5 GHz, and
therefore it would be beneficial to trade off some extra bandwidth for decreased drive
voltage. In addition, in practice it is possible that microwave loss and electrical packaging
effects may limit the bandwidth of both devices to a greater extent than the velocity
mismatch factor [29]. As well, the fabrication dependent coupling length problem of the
directional coupler design is avoided. Finally, both chirp-free and chirping operation are
possible with the interferometer design. Chirp-free operation is not possible with the

directional coupler design.

One factor in favor of the directional coupler design is that directional coupler
switches with a good response to ~5 GHz are required in the switching elements. If these
switches have flat magnitude and linear phase response to 2.5 GHz, then they may be used
as modulators. Cost may be reduced through the design and fabrication of a single type of
building block. Another factor against the use of the Mach-Zehnder design is that in the z-
cut configuration, it is somewhat difficult to design electrodes with a small gap, since the

underlying waveguides must be separated by at least 20um to eliminate coupling [14].



29

Again, this problem can be partially solved by using waveguide arms of slightly different

widths (~1um) which can reduce the required separation to about 6pum [7].

As far as DC drift is concerned, none of the three devices appears to offer an
advantage over the rest. DC drift is a change of the required switching voltage observed
over a period of time. This phenomenon has been investigated and has been attributed to
several factors, including current leakage through the insulating SiO; buffer layer [30].
Drift has been reportedly reduced by etching away the buffer in the electrode gap [311, or

by annealing the SiO; layer [14,32].
2.3. Electro-optic Switches

Having examined the operation of lithium niobate modulators in some detail, we

will now move on to discuss several possible electro-optic switch structures.
2.3.1 The Balanced Bridge Interferometer

One type of switching structure similar in nature to the Mach-Zehnder modulator is

the balanced bridge interferometer switch whose layout is shown in Figure 2.7 below :

Drive Voltage

Substrate Electrode Diffused
Waveguide

Figure 2.7 : Balanced Bridge Interferometer
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Optical signals enter the two input waveguides which are brought close together to
form a 3 dB coupler. The waveguides are then separated into a non-coupling Mach-
Zehnder style phase-shift section, where the relative phase between the optical waves may
be altered by the application of an electric field. Finally, the guides are brought together

again through another 3 dB coupler, and then separated to yield the two output ports.

The bar state is achieved with no applied voltage, so each optical signal will remain
in its guide and pass through to the output ports. The cross state is achieved by introducing
7 radians of phase shift between the two guides in the phase-shift section. The switching
characteristic is identical to the interferometer modulation characteristic given by equation
(2.9). In the balanced bridge context, 1 describes the intensity transferred between the

guides, and L is the length of the phase-shifting electrode section.

Note that the switching characteristic of the Mach-Zehnder modulator or switch
described by (2.9) is periodic with respect to drive voltage. In the OTDM system, this
property can be exploited to produce optical modulation at higher frequencies than that of
the electric drive signal by simply increasing the amplitude of the drive signal. For
example, in the OTDM system, the first 5 Gb/s train of optical pulses may be produced by
driving the first switch with a S GHz, V amplitude signal. Alternately, the 5 Gb/s pulse
train may be produced using a 2.5 GHz drive signal with an amplitude of 2 V. This
feature of the Mach-Zehnder type switch is examined later in the simulation work of

Chapter 3.

The bandwidth of the balanced bridge device is also the same as for the

interferometer, and is therefore given by equations (2.15) to (2.17).

Achieving perfect cross and bar states with the balanced bridge switch depends on

the ability to fabricate 3 dB coupling sections at either end of the phase-shifter. If passive 3
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dB couplers cannot be accurately produced, electronically tunable 3 dB couplers may be

constructed.

With the cross and bar states tunable electronically, the fabrication dependencies of
the device are greatly reduced, making it attractive for use in integrated optics applications. .
The tradeoff, however, is the substantial length required for the two 3 dB coupling sections

and their associated converging and diverging waveguide sections.
2.3.2 The Directional Coupler Switch

One possible switching structure is the 2x2 directional coupler switch. The
structure of the directional coupler switch was previously shown in Figure 2.3 and its
operation described in Section 2.2.2. As indicated earlier, 2x2 switching is accomplished

by using both input and both output waveguides.

The switching characteristic of the directional coupler described by equation (2.20)
is non-periodic with respect to drive voltage. Thus, the 2Vy switching technique which

‘'was possible using the balanced bridge switch is not possible using the directional coupler.
2.3.3 The Digital Switch

Another possible 2x2 switch is the so-called digital switch, introduced by
Silberberg et al. in late 1987 [33]. Its operation is digital in the sense that its response to
increased drive voltage is not sinusoidal, but steplike. This type of device allows many
devices to be driven at the same switching voltage, thereby eliminating different sources for
each switch. The performance of the device is relatively insensitive to fabrication

inconsistencies, and thus it is well suited for integration in multi-element configurations.

An example of a digital switch in the z-cut configuration is displayed in Figure 2.8:
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Figure 2.8 : Digital Switch

The input section on the left consists of two waveguides of slightly different
widths. The center section is wide enough to support the second mode, and the output
waveguides on the right are formed by symmetrically branching the center section. The
symmetry of the output branch can be altered in either direction by the application of an
electric field. With no field applied, the optical signal in either input branch is divided
equally at the output branch. In the presence of an applied field, the output branch is made
asymmetric, and the optical signals in the wide and narrow branches at the input are
transmitted to the wide and narrow branches at the output through mode sorting.

Switching is accomplished by reversing the polarity of the applied field [33].

Silberberg reports a 30V (ABL= 2x radians) switching voltage and -15 dB crosstalk
level for experiments with an experimental z-cut device. Design improvements to lower the
switching voltage are suggested. As well, it is indicated that the structure can be
configured with travelling wave electrodes for high speed operation. Simulations by
another researcher, W.K. Burns, predict complete switching for ABL= 1.237 rad for a

similar x-cut device [34].
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2.3.4 Switch Preference for the OTDM System

A preliminary review of the available devices seems to indicate that the balanced
bridge interferometric type device might be best suited to satisfy the switch performance

requirements.

As was the case with the mode confinement modulator, too little is known about the
digital switch at this point to completely rule it out. However, the drive voltages reported
to this date are not low enough to meet the approximately 10-15 volt limitations of available
electronic drive amplifiers. More importantly, the high frequency design and performance

of the device has not been investigated.

The balanced bridge switch design is preferred over the directional coupler for
several reasons. First, a balanced bridge design enables similar device design and
characterization for both the modulators and switches if the interferometric type is chosen.
Second, the fabrication dependent coupling length problem of the directional coupler design
is avoided. The problem of increased device length for the balanced bridge switch due to
the 3 dB coupling sections is somewhat mitigated since the design can be tailored for 1x2
and 2x1 operation. A 1x2 balanced bridge device would have one input waveguide and
two output waveguides, while a 2x1 device would have two input waveguides and one
output waveguide. The 1x2 and 2x1 designs only require one 3 dB coupling section each
instead of the two required for the full 2x2 configuration. Third, both chirp-free and
chirping operation are possible with the interferometer design. Chirp-free operation is not
an option with the directional coupler design. Finally, the periodicity of the switching
characteristic of the interferometric switch allows generation of modulated optical signals
with frequency multiples of the electronic drive signal frequency. As mentioned earlier, a 5
Gb/s type pulse train may be generated using a 2.5 GHz sinusoidal drive signal with an

amplitude of 2V,. The directional coupler does not have this capability.
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2.4 Integration Issues

Having examined several modulator and switch designs in some detail, we will
now turn to look at the problem of building up the OTDM system using those devices.
There are two ways to go about constructing the system. The first choice is to fabricate
separately and package the individual switches and modulators and link them together with

fiber. The second alternative is to integrate the devices on a single substrate.

There are several problems associated with linking together individual devices with
fiber patchcords. First, fiber to fiber optical insertion loss for a single packaged device can
be from 5 to 7 dB. The transmitter consists of five stages and therefore the total loss of the

transmitter block would be 25 to 35 dB!

Second, the lengths of the interconnecting fibers are important for operation at high
bit rates. For a final output bit rate of 10 Gb/s, and assuming a fiber optical index of 1.44,
each bit consists of a pulse of light about 2 cm long in the fiber. Therefore, to ensure
proper re-muitiplexing of the data streams, optical path lengths must be controlled to within
a few millimeters. In addition, since the electro-optic devices are polarization sensitive, the

polarization of the light must be maintained between the connected devices.

Finally, there is a concern with the coherence of the optical signals which are re-
combined in the multiplexing stages. Since the optical waveforms generated by the
sinusoidally driven switches are not perfectly rectangular in shape, there is some overlap
between adjacent pulses. If the frequencies of the recombined signals differ by less than
the information bandwidth, then detectable interference will occur in the overlapping

regions of the pulses.
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On the positive side, using individual devices allows easier characterization of the

sub-blocks within the system, and enables the blocks to be moved around to investigate the

performance of different configurations.

There are also several issues involved with integrating the devices on a single
substrate. Typical individual electro-optic elements have lengths of about 1 to 1.5 cm each
and therefore, a 7.5 cm long substrate must be available. Waveguide propagation losses
must not be too large since the optical signals will travel several centimeters through the
substrate. The waveguides must be designed to be single mode, provide good mode
confinement, and have mode profiles well matched to the fiber mode profile at the substrate
edge. The mode profiles of titanium diffused waveguides are a function of the diffusion
parameters selected in the fabrication process [35]. These parameters include the pre-
diffusion titanium width and thickness, the diffusion temperature, and the diffusion time.
Models exist for calculating the theoretical mode profile based on the above parameters.
However, waveguides with optimized mode profiles are usually determined

experimentally. Published results indicate propagation losses around 0.5 dB/cm [36].

A second consideration for component integration is that waveguide bends are
required for appropriate spacing of the switches and modulators. Discrete, circular, or s-
shaped curves may be used, depending on their relative losses, and their length to width
offset proportions. Discrete bends are perhaps the easiest to fabricate. However, since
discrete bends are limited to perhaps 1 degree for acceptably low loss (<0.2 dB/bend), the
length required for large adjacent spacing of components may become excessive. While
more difficult to implement, circular and s-shaped bends can reduce the length required for

a lateral offset.

A third factor influencing the layout is that switches and modulators must be spaced

sufficiently far apart so that optical coupling and electrical crosstalk are acceptably low.
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Optical coupling is basically eliminated with spacings of around 20-30 um [14]. Electrical
crosstalk. however, may require much larger component separation. Veselka et al. report
electrical crosstalk down to -45 dB (electrical) for a 300 um lateral spacing of directional

coupler switches [37].

Fourth, a large number of components on a single substrate may introduce thermal
problems. Since each switch or modulator typically requires from 0.2 to 1.0 W of power
for complete switching. The heat generated by ten high powered elements on a single
substrate would be substantial, and special cooling arrangements would likely be required.
In addition, it is important that the substrate be kept at a uniform temperature since the

properties of lithium niobate including the switching voltage are thermally dependent [35].

Finally, even though the devices are integrated on a single substrate, ensuring phase
matching for constructive interference of the multiplexed signals may be a problem in the
transmitter. The phases of the optical signals in a single modulator or switch can be
matched or mismatched by tuning the bias voltage to the device. In the integrated
approach, the phases of the optical signals at the multiplexing switches of the transmitter
must be matched. Since the optical wavelength is 1.55 pm, it is unlikely that good phase
matching can be obtained through matching waveguide path lengths. Therefore, phase
modulators will probably be required in one of each of the paths of the optical inputs to the
multiplexing switches. Referring back to Figure 1.2, the phase modulators could be

inserted between switches 3a and 4a, 3c and 4b, and 4a and 5.
2.4.1 An Example Integrated Substrate Layout

To get an idea of how an integrated OTDM system might be laid out, an example
single-substrate system was designed. The single-substrate system addressed the first
three integration considerations in the previous section, and is shown in Figure 2.9.

Lateral spacing of the devices is set to 250pum between the modulator elements to reduce
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electrical coupling and to permit fiber attachment for the demultiplexing structure or for a
two-stage multiplexer/modulator. Waveguide bends were designed according to the s-

shaped curve proposed by Minford, Korotky, and Alferness [38]:

:-ll -..b__ 1 ZE.
YX) = X 5p S"‘(L x) (2.24)

where h is the lateral offset, and L is the length in the direction of propagation. The
advantage of this type of curve is that its first and second derivatives are continuous, which
will in theory reduce the bend losses. Using this formula, and keeping L%h to 1.5*10% um

to keep losses acceptably low [22], the required lengths L; and L; in terms of the

modulator separation h are:

Li=V1.5%10°h (2.25)

= *105 0
L, VI.S 10 2“ (2.26)

The total length is given by:

Liotat = 2(L1 + Lg) = 1322 Yh pm .27

For h=250um, we can calculate Loy = 2.09 cm. Thus, with five elements
lengthwise on a 7.5 cm circular substrate, the maximum element length can be about 1 cm
if integration on a single wafer is to be achieved. If the structure is split into two sections
just before the modulators, the elements may be as long as perhaps 2 cm. If the insertion
loss of a pigtailed device is not excessive, this may be an acceptable alternative. As well,
since the design of the OTDM receiver is identical to the initial three-switch pulse
generation stage of the transmitter, no new design would be required for the receiver
substrate. Furthermore, longer element lengths will permit lower drive voltages, and a

two-part construction will allow easier monitoring of the finished device.
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Considering only the waveguide layout, the total width required on the substrate is only
750um. With this relatively small width, even after making cutting and polishing

allowances, several devices may be patterned on one substrate.

As noted in the previous section, however, a fairly sophisticated cooling circuit and
packaging scheme would be required to meet the thermal stability requirements of a lithium
niobate substrate. Providing adequate cooling may take up additional real estate on the
wafer. In addition, insertion of three phase modulators for optical phase matching

purposes would increase either the total length or width required for the integrated OTDM

circuit.

2.5 Summary

In Chapter 2, we have investigated the theory behind the operation of the modulator
and switch building blocks of the OTDM system. As well, the issues involved in
integrating the devices to build up the more complex OTDM structure were discussed. The
computer simulations which are presented in Chapter 3 are based directly on the theory

examined in this chapter. These simulations are used to examine the performance of the

OTDM system as a whole.
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3.0 OTDM System Computer Simulations

The theoretical models for individual switch elements of the OTDM system were
introduced in Chapter 2. However, we are also interested in the operation and behavior of
the entire system of cascaded switch elements shown earlier in Figures i.2 and 1.3. This
section describes a computer model which was developed to examine such a system. The
model was implemented using the Block Oriented Systems Simulator (BOSS) software
package running on the SPARC 2 workstations at TR Labs. BOSS is a waveform based
simulator, not a formula based analysis tool. This means that in BOSS simulations,
waveforms are discretized and transferred between blocks which operate on waveform

samples in the time domain.

Block diagrams of the system are located in Appendix 3A and are referred to
throughout this chapter. The BOSS model permits analysis of the OTDM system optical
and electrical waveforms as a function of several switch and modulator parameters. As
well, a fiber model and a demultiplexer model similar in structure to Figure 1.3 are included

to allow simulation of a complete transmission link.

In this chapter, we investigate the waveforms generated by the OTDM system as a
whole. The effects of switch and modulator extinction ratios on the OTDM waveforms are
examined. Simulations of the complete transmitter-fiber-receiver link are presented and the
effects of fiber dispersion are discussed. Finally, operation of the OTDM system
employing 2 V amplitude drive voltages for the final rate multiplexing and demultiplexing

switches are considered.
3.1 Modelling Theory

Figures 3.1 and 3.2 display the block diagrams for the OTDM tra::smitter and

receiver. As was discussed previously, blocks 1,2a,2b,4a,4b and 5 are optical switching,
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or multiplexing and demultiplexing elements, and blocks 3a-3d are optical modulating
elements. The optical bit patterns are identified as before, and each signal is labelled with a
name in parentheses ( eg. {v3a} ). These signal names correspond to the names used in
the BOSS simulation blocks which will be presented later. The 'i' prefix denotes an optical
input signal, and the 'o' prefix denotes an optical output signal. Electrical drive voltages

are denoted with a 'v' prefix. The suffix of each name indicates the associated switch.

3.1.1 Switch and Modulator Models

For these simulations, the interferometric 2 x 2 switch model was chosen for both
the switches and modulators. The transfer or crossover characteristic which describes the
intensity transferred from one guide to the other in terms of the applied voltage is given by
equation (2.10) :

= coc2| XV _
N =cCos [ 2Vn]

where Vy, is the required half-wave, or switching voltage, and V is the applied voltage.
Thus, for an applied voltage of V = Vy, complete switching from one guide to the other
takes place. In practice, perfect switching is not realized, and some finite crosstalk exists
between the guides. In the BOSS model, the transfer characteristic was modified such that

the crosstalk in either switching state was symmetric:

n =x +(l'2x) COSZ[—E———Z xﬂ] (3.1)

where X denotes the extinction ratio of the switch. Recall from Section 2.2.1.1 that the
switching voltage Vy is the voltage required to achieve ABL=T. Vy is a complex function
of the physical waveguide and electrode structures, and also of the frequency of operation.
Therefore, Vy in equation (3.1) refers to the switching voltage at the particular frequency of

operation. Since the multiplexing and demultiplexing switches are driven at a single
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frequency, Vy is a constant for these switches. The BOSS block representation of equation
3.1 was named MZI 2x2 SWITCH and is shown in Figure 3A.1 of Appendix 3A. In the
Figure, the two optical inputs enter from the left hand side, while the two outputs exit from

the right hand side. The electrical drive voltage is applied from the top.

The difference between the switch and the modulator is that the drive voltage
applied to the modulator is not a sinusoidal signal, but a digital signal. The effective drive
voltage applied to the modulator as a function of frequency must be modified by the HIf]
rolloff characteristic as discussed in section 2.2.1.2. Thus the switching characteristic for

the modulators was modified such that :

N =% +(1-2%) cos? [_ZE\TVW—D_C H[f]] (3.2)

where,

1
sinhz(%) + sin’{gk) 2
H(f) = e(-0L/2) 2 2
2
e+
2 2
as determined in Chapter 2. Note that the switching voltage Vypc in equation (3.2) is the

required switching voltage at dc, and not at some arbitrary frequency of operation.

Again, the BOSS block representation employed for the modulators was the same
as that for the switches, and only the electrical drive signal to the modulators was altered.
Figure 3A.2 in Appendix 3A contains the block diagram of the modulator signal generator
which is composed of a data generator and the HIf] filter. In Figure 3A.2, the
PN_SEQUENCE GENERATOR simply generates a sequence of TRUE and FALSE
values with a sequence length of 27-1 bits. A sequence length of 27-1 was chosen to
follow the requirements for the Synchronous Optical Network (SONET) optical
transmission format. The LOGICAL TO NUMERIC block converts the TRUE and
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FALSE values to 1 and 0 levels. The last part of the data generator is the DELAY block
which allows an arbitrary delay to be introduced. This data sequence then passes through
the rolloff function block H[f] which has the frequency characteristic of equation (2.15).
The H[f] frequency response curve was calculated by a computer program- written in 'C'
and is included as listing 3B.1 in Appendix 3B. The microwave (Ny,) and optical (No)
indices used in calculating H[f] were 4.2 and 2.2, respectively. The assumed length of the

device (LENGTH) was 1.0 cm, and the resistive losses of the electrodes (ALPHAo0) were

1.0 dB/(cm GHz!/2),
3.1.2 OTDM Transmitter Model

The modulator/multiplexer structure for the OTDM system was built up using the
MZI 2X2 SWITCH elements. Figure 3A.3 in Appendix 3A contains the BOSS block
diagram structure for the 4 CHANNEL ENCODER. The continuous wave optical input is
applied from the left side, and the modulated four channel multiplexed optical signal exits
from the right side. The drive signals to the switches and modulators are applied from
inputs at the top and bottom. Optical outputs are also provided from each switch and serve

as monitoring points.

The 4 CHANNEL ENCODER is a component of the larger 4 CHANNEL
TRANSMITTER shown in Figure 3A.4. The transmitter includes the continuous wave, or

dc laser source, the electronic drive signals for the switches and modulators, and data

monitoring points.

3.1.3 OTDM Receiver Model

The demultiplexer is also built up from the MZI 2X2 SWITCH blocks. Figure
3A.5 in Appendix 3A shows the structure of the 4 CHANNEL DMUX. The received

optical signal enters from the left side, and the four demultiplexed optical data streams



46

emerge from the right side. The electronic drive signals applied to the switches enter from

the top and bottom.

The 4 CHANNEL RECEIVER as shown in Figure 3A.6 incorporates the 4
CHANNEL DMUX building block and adds the electrical drive signals for the switches

and the data monitor points.
3.1.4 Fiber Model

As stated in the introduction, the modulation scheme adopted in this thesis attempts
to minimize the spectral width of the transmitted signal by externally modulating the carrier,
as opposed to modulating the laser source directly. The reason for this was to minimize the
dispersive effects of standard fiber which has a dispersion minimum at around the 1300um
wavelength. Using external modulation, the spectrum of the transmitted or modulated
signal is determined by convolving the cw laser spectrum with the data spectrum. If the
laser source spectrum is much wider than the imposed information spectrum, then the
spectral width of the transmitted signal will be on the order of width of the laser spectrum.
On the other hand, if the information bandwidth is much greater than the source bandwidth,
the spectral width of the transmitted signal will be on the order of the width of the

information spectrum.

Since we were interested in minimizing the spectral width of the transmitted signal it
was assumed that the width of the continuous wave laser spectrum is negligible compared
to that of the imposed information. Therefore, the fiber dispersion model implemented here
assumed that the spectral characteristics of the transmitted signal are determined solely by
that imposed information. The experimental setup to be described later in Chapter 4 used a
distributed feedback laser with a 3 dB spectral width of approximately 150 MHz. This
linewidth was in fact almost negligible compared with the 10 GHz bandwidth of the

information being transmitted. Fiber attenuation was considered to be a constant over the
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1.55 pm transmission window, and was omitted from the model since it affects only the
relative amplitude of the signals and does not change the pulse shapes. If a noise model or
other fixed amplitude process is incorporated into a future version of the system, then fiber

attenuation effects should be included.

With the above assumption that the optical spectral characteristics were identical to
those of the the baseband data signal, fiber dispersion was modelled using the dispersion

equation for standard fiber with a dispersion minimum at the 1300 nm wavelength. The

dispersion experieir :ctral component at wavelength A is given to second order
by [39]:
/(o + 50 (2] 53

where A is the wavelength, B is the source spectral width, and 7 is the wavelength group

delay given by:
2 -2
T(A) =a+bA" +cA (3.4)

For standard dispersive fiber with a dispersion minimum at 1300 nm:

a=-34.68 ns/km,

b=10.504 ns/(km pm?2)

¢=29.988 (ns um?2)/km.

If the operating wavelength is assumed to be around 1.55 pum, and the laser source
is assumed to have a linewidth less than 0.1 nm, we may neglect the second order

dispersion term. With this simplification, the dispersion is linear with respect to

wavelength around the 1550nm wavelength, and expression (3.3) becomes:

-3
D=§}I:= 2bA, - 2cA (3.5)
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The units of D are often e:.pressed in ps/(km nm) since units of km and nm are
convenient units for fiber and wavelength respectively. Evaluating the fiber dispersion for
a 1550 nm operating wavelength using the silica fiber constants specified above we obtain

D =17 ps/(km nm).

Elrefaie's derivation of the phase distortion due to fiber dispersion [39] is

reproduced below in equations (3.6) to (3.9). The absolute delay in the fiber experienced

by an optizal signal with frequency v is:

V) = T(Ve) + (V - Vo) gg L

= 1ve) + (v - v S AL,
da dv
22
=T(Vo)+(V-v) D L?— (3.6)
where v, is the optical carrier frequency and L is the fiber length.

The optical phase g(v) is given by :

\'
o(v)=2rm f (v dav’

= 2TvE(ve) + 21:1)1);—2 [(_"-Z‘L)z . i"é_)z] 3.7)

and the relative phase difference introduced between the carrier and any other frequency is :
2
AY(Y) = 6(V) - ¢(ve) = RDLA- (v - v (3.8)

As stated earlier, the relative phases between the information spectral components

are the same at the carrier frequency as they are at baseband. Therefore, we may calculate
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the relative phase shift of the information spectral components due to dispersion at the
optical frequency, and apply the same relative phase shifts to the spectral components of the
baseband signal to obtain the dispersed signal envelope. The constant delay term, or the
equivalent linear phase term, was omitted from the model since only the relative phase
difference contributes to signal distortion. The distortion producing baseband transfer

function of the fiber is therefore given by:
. 2
Hfiper(f) = 3 40(V) = cxP[-jn:DL% fﬂ] 3.9

where f=V-v¢

The BOSS model for the fiber is simply a filter with unity magnitude response and
phase response calculated according to equation (3.9). Figure 3A.7 in Appendix 3A
contains the block diagram for the FIBER MODEL. Note that since the transmitter and
receiver operate on the intensity of optical signals, the FIBER MODEL also expects an
optical intensity signal as input. For the dispersion calculations, the electric field is
required, and this is calculated by taking the square 1 ‘ot of the input intensity signal. After
multiplication with the fiber transfer function Hgpe[f], the dispersed output intensity signal
is obtained by squaring the magnitude of the electric field. The Hgpe [f] frequency
response is calculated by a computer program written in 'C' and is included as listing 3C.1
in Appendix 3C. The computations were performed using a 1550nm carrier wavelength
and a fiber dispersion constant of D = 17 ps/(km nm).

3.1.5 OTDM Link Model

The complete OTDM system model is composed of the 4 CHANNEL
TRANSMITTER, FIBER MODEL, and 4 CHANNEL RECEIVER blocks. Figure 3A.8
in Appendix 3A contains the BOSS representation of the system and is named OTDM
SYSTEM. Monitor points are provided at both the transmitter and receiver for each of the

four data channels.



3.2 4 Channel Transmitter Simulation Overview

To illustrate the operation of the model, this section steps through the functioning of
the 4 CHANNEL TRANSMITTER in detail for a particular sct of device parameters and
particular data streams to encode and multipiex. This example assumed that all switches
and modulators operated with a 15 dB extinction ratio. It was assumed that the switches
were driven at the full V switching voltage required for operation at the particular
frequency of operation. Each of the four modulators encoded data at a rate of 2.48832
Gb/s, for a final multiplexed data rate of 9.95328 Gb/s. The modulators were driven with

four independent 27-1 pseudo-random bit sequences.

The modulator and switch bandwidth determining parameters were choscn to be
consistent with the examples provided in Chapter 2. The device interaction length was
assumed to be 1 cm, and the microwave and optical refractive indices were assumed to be

4.2 and 2.2, respectively.

The BOSS system used for this simulation example was the 4 CHANNEL
TRANSMITTER OVERVIEW system shown in Figure 3A.9 of Appendix 3A. It differs
slightly from the 4 CHANNEL TRANSMITTER of Figure A.4 in that monitor points were

provided for the optical outputs of each switch or modulator.

We will now proceed step by step through the functioning of the transmitter and
examine the optical and electrical waveforms at each point in the system. The signal names
referred to throughout this section correspond to those introduced earlier in Figures 3.1 and
3.2. Figure 3.3 shows the continuous wave laser light intensity envelope {il} which is the
input to switch 1 of the transmitter. Switch 1 is driven by the ele ‘trical sinusoidal signal
{v1} which has amplitude V and a frequency of twice the bit rate, or 4.976 GHz. Figure

3.4 shows the optical intensity waveforms {i2a} zad {i2b} obtained at the two output ports
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of switch 1.
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Figure 3.3 : Simulated Waveform {i1}
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Figure 3.4 : Simulated Waveforms {i2a} and {i2b}

The vertical axis represents the light intensity normalized to the input intensity, and
the horizontal axis represents time. Figure 3.4 displays two 4-pulse frames for a total of
eight pulses. Signal {i2a} contains pulses in slots 1 and 3 ¢f each of the two frames, and
signal {i2b} contains pulses in slots 2 and 4. These patterns are also indicated on the
output branches from switch 1 in Figure 3.1.

Switches 2a and 2b further demultiplex the two pulse streams into four time-

interleaved streams. Switches 2a and Zb are driven with the electrical signals {v2a} and
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{v2b} which have amplitudes of Vy and frequencies of 2.488 GHz. The phascs of the
elecrical signals are set to match up the peaks of the electrical signal with the peaks of the
incoming optical pulse streams. Figure 3.5 shows the optical intensity signal {i3a} at the
input to modulator 3a, and Figure 3.6 overlays the intensity inputs ‘o all four modulators.
Notice that the pulses to the four modulators are interleaved in time. As well, note that the
cascading of the finite extinction ratio switches re“nces the peak intensity of the pulses

during the 'l slot, &nd increases the minimums in the '0' slots.
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Figure 3.5 : Simulated Waveform {i3a}
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Figure 3.6 : Simulated Waveforms {i3a}, {i3b}, {i3c}, and {i3d}
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Moving on to the modulator section, Figure 3.7a shows the modulator drive voltage
{v3a} applied to modulator 3a. The waveform shown is two full bit periods in length,
with a partial '1' followed by a complete '0', followed by another partial 'l'. This

waveform represents the effective rive voltage waveform applied to an ideal m:0c-'tor

with flat frequency response.
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Figure 3.7a : Simulated Waveform {v3a}

Notice that the drive signal is shifted in time so that the centers of the data bits are
located at the same time position as the peaks of the : 1coming optical pulses of Figure 3.5.

The power spectrum of the data signal is displayed in Figure 3.7b.
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Figure 3.7b : Power Spectrum {v3a}
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The spectral plot in Figure 3.7b is a simulation result. The same result can be
arrived at analytically and is given by the power spectrum of the ideal data signal X[f]

multiplied by the velocity mismatch and attenuation loss function of the modulator H[f]:

Xefrectivelf] = X[f] HIf]

where,

. o 1
XI[f]= %(%%ﬂ)z E:o ) (f-,I—I‘;[—) (3.10)

A is the amplitude scaling factor, T is the bit period, M is the length of the pseudo-
random sequence, and H[f] is given by equation (2.15). From equation (3.10) we cen sec
that the spectrum is composed of discrete spectral lines with frequency spacing /TM
following the envelope of sinc2(nfT). Excluding the dc component, the minimum

frequency component of the signal is given by fmin=1/TM.

Plots for the 3 remaining drive voltages are shown in F:. 'wes 3.8 to 3.10. The bit
patterns are '11' on {v3b}, '01' on {v3c}, and '11' on {v3d}. Figure 3.11 displays
overlaid plots of the optical intensity outputs from the four modulators. Notice that the data

applied to each modulator have been correctly impressed on each of the outputs.

The four encoded 1/4 duty cycle bit streams are then multiplexed by switches
4a,db, and 5. Switches 4a and 4b are driven with the electrical signals {v4a} and {v4b}
which have amplitudes of Vy and frequencies of 2.488 GHz. The phases of the electrical

signals are set to align the peaks of the electrical signals with the peaks of the incoming

1 The power spectral density of a pseudo-random bit sequence of arbitrary length can be determined using
autocorrelation analysis. A short derivation of equation (3.10) is included in appendix 3D.
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modulated optical pulse streams. Figure 3.12 shows the optical output intensity signals

{04a} and {o4b) fron. switches 4a and 4b. Switch § is driven with the electrical signal
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Figure 3.8 : Simulated Waveform {v3b}
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Figure 3.9 : Simulated Waveform {v3c}

{vS} which has an amplitude of V and a frequency of 4.976 GHz. The final mv'*'plexed

bit stream {05} is shown in Figure 3.13 and a larger window of the {05} signal is

presented in Fijure 3.14.

Note, that although the input data streams were true non-return-to-zero (NRZ)

signals, the multiplexed outpu: sigaal is no longer of that form. Instead, the signal has
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Figure 3.10 : Simulated Waveform {v3d}
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Figure 3.11 : Simulated Waveforms {o3a}, {o3b}, {o3c}, and {o03d}

beea converted to a quasi-return to zero format. This effect is caused by the multiplexing
action of switches 4a, 4b, and 5. The excess light is switched out of the system by way of
the second optical outputs of each switch. Also, the cascaded effect of the 15 dB switch
extinction ratio can be clearly seen now as it reduces the logical '1' level from the original
unity to around 0.85. In addition, the logical '0' level is decidedly non-zero. The effects

of switch extinction ratio will be explored further in the next section.
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Figure 3.12 : Simulated Waveforms {o4a} and {o4b}
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Figure 3.14 : Simulated Waveform {o5}
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Figure 3.15 presents the {05} waveform result from Figure: 3.14 in the form of an

eye diagram.
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Figure 3.15 : Simulated Eye Diagram {05}
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Again, we can see the quasi-RZ format clearly, and observe the eye closure due to

the finite extinction ratio. The baseband spectral content of the {05} signal is shown in

Figure 3.16.
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Figure 3.16 : Power Spectrum {05}

As one might expect, the quasi-RZ characteristic shows up in the frequency content
of the signal as spectral spikes at multiples of the output 9.95328 GHz bit rate. This slight

RZ characteristic of the output signal may be useful in clock recovery at the recc ‘ver.

This concludes the overview of the example using the BOSS transmitter model. In
the next several sections, simulations dealing with more specific aspects of the system will

be presented.
3.3 Extinction Ratio Simulations

The extinction ratio parameter as defined here refers to the optical intensity crosstalk
in the switches, or the optical intensity leakage in the off state of the modulators. It is
defined as the ratio of the maximum intensity to the minimum intensity at the output of the
modulator or switch. As stated previously, the simulations here assumed equal extinction
ratios for the 'on' and 'off states. However, due to fabrication sensitivity and structural
differences between the switch and modulator components, in practice the extinction ratios
may well be somewhat different for the 'on’ and off' states, and the extinction ratios will

varv somewhat from device to device.
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Eye diagrams were generated for the optical intensity signal at the output of stage 5
using switch/modulator extinction ratios of o, 25 dB, 15 dB, and 10 dB. The eye patterns
are overlaid in Figure 3.17. The vertical axis scale is normalized to the input optical

intensity, and the horizontal axis is the normalized symbol number.
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Figure 3.17 : Eye Diagram vs. Extinction Ratio

Examining the infinite extinction case result from Figure 3.17, we see that the peak
normalized optical intensity is unity for a transmitted 1, and the minimum intensity is zero
for a 0, as we would expect. For the finite extinction ratio cases we see that the effect of
lowering the extinction ratio is to lower the peak intensity and raise the minimum intensity

in the eye diagram. This effective eye closure is summarized in Table 3.1.

extinction normalized normalized normalized

ratio(dB) maximum minimum eye height
oo 1.00 0.00 1.00
25 0.99 0.005 0.985
20 0.95 0.01 0.94
15 0.85 0.03 0.82
10 0.60 0.07 0.53

Table 3.1 : Extinction Ratio Impact on OTDM Eye Closure
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3.4 OTDM System Simulations With Fiber Dispersion

The impact of fiber dispersion was briefly investigated to observe the signal eye
degradation as a function of conventional fiber transmission distance. Ideaily, we would
like to know at what distance the bit error rate rises above some established threshold level.
However, the answer to this question depends on the receiver noise characteristics and for
simplicity we will deal exclusively with the received optical eye pattern for now. Chapter 4
will explore bit error rates and noise for the OTDM system in a more quantitative manner.
The measure of signal degradation used here is simply the optical eye closure relative to the

zero transmission distance eye.

The system was simu’ated using four electrical input channels at bit rates of
2.48832 Gb/s each. The extinction ratio of the switches and modulators was set to 15 dB.
Attenuation of the signal due to fiber losses was not considered, since the 1~lativg seometry
of the eye diagram is in principle not affected by these losses. Figures 3.16a-3.18f display
the received optical eye diagrams for channel 1 {ch1 out} for transmission distances of 0 to

100 km in steps of 20 km. Table 3.2 summarizes the approximate eye closure as a function

of distance.
™ Distance Normalized Eye Closure
(km) Eye Height (dB)
0 0.76 0.0
20 0.83 04
40 0.55 -14
60 0.43 -2.5
80 0.23 -5.2
100 0.09 -9.3

Table 3.2 : Dispersion Impact on OTDM Eye Closure

The Figures indicate that the eye becomes closed by 3 dB after about a 60 km

transmission distance. The degradation of the eye diagram results from intersymbol
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interference as the pulses of the composite OTDM signal are spread out further and furiiier
with increased transmission distance. Later, Chapter 5 will re-examine the effects of
dispersion on OTDM pulses and compare the BOSS simulated waveforms with

experimental results.

3.5 OTDM System Operation Using 2V, Switching

The switches used in the experimental system were of the balanced bridge
interferometric variety. As suggested in Section 2.3.1, the periodic switching behavior of
this type of switch can be exploited to generate optical pulse streams at multiples of the
electrical drive signal frequency by simply increasing the drive signal amplitude. This
section will briefly present simulation results obtained by using this concept in the OTDM

system,

The 2 V switching technique was demonstrated using the standard OTDM model.
Only the sinusoidal drive signals applied to switches 1 and 5 were altered. Switch 1 was
driven by the electrical signal {v1} which was modified to have an amplitude of 2 Vy and a
frequency of 2.488 GHz. Recall that previously, the {v1} signal had an amplitude of Vz
and a frequency of 4.976 GHz. Figure 3.19 shows the {v1} drive signal which had the

bias level set to zero.

This type of drive signal applied to switch 1 produced the optical 5 Gb/s pulse

streams as shown in Figure 3.20.

Notice that the 2 Vr switching creates a wide pulse stream {i2a} and a narrow
pulse stream {i2b}. The {i2a} pulse stream is created by the slowly varying maximum and
minimum points of the drive signal, and thus the pulses are wide. The {i2b} pulse stream
is created by the more rapidly sloped zero crossings of the drive signal and so the pulses

are narrow.



64

1.0
o 05
e
2
5 0.0
£
< -05
-1.0 - T T T T T 1 | Y T T [ T T T
4.3 44 45 4.6 4.7 4.8 4.9 50
Time (ns)

Figure 3.19 : Simulated 2 V; Drive Signal {v1}
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Figure 3.20 : Simulated Waveforms {i2a} and {i2b}

The second, third, and fourth banks of switches operate a: previously described,
and the waveform patterns are not included here. The puise differentiation is reversed by
operating switch 5 to gate the wide pulses with the zero crossings ot the drive sig.:al, and
gate the narrow pulses with the extremities of the drive signal. Figure 3.21 shows the

{v5} drive signal applied to switch 5.



Amplitude

65

20

1.5

1.0

l/

0.0 q L 1 1 | V I ! I 1 L T I ) 1 1 l
43 4.4 4.5 4.6 4,7 4.8 4.9 5.0

Time (ns)

Figure 3.21 : Simulated 2 V. Drive Signal {v5}

To multiplex the signals properly and reverse the pulse s: 2ne differences, the drive

signal bias level is shifted to 1. In addition, the phase of i {v5} drive signal is adjusted

to line up the zero crossings with the wide optical pulse stream. Figure 3.22 shows the

rmultiplexed signal at the output of switch 5.
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Figure 3.22 : Simulated Waveform {05}

With the proper bias, amplitude, and phase adjustment to {v5}, similar pulse

shapes are produced on all four channels. Comparing Figures 3.13 and 3.22, we can see

that the pulse shape for the 10 Gb/s output signal has changed significantly by introducing
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2 V,; switching at the firct and last switching stages. Figure 3.23 shows this as well in the

form of an eye diagram for the {05} optical signal.
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Ficure 3.23 : Sim.:iated Eye Diagram {05}

Comparing Figures 3.15 and 3.23, we note that 2 Vg switching narrows the data
pulses somewhat and slightly increases the return-to-zero characteristic of the composite
OTDM signal. Chapier 5 presents experiz::ital results obtained using the 2 Vg switching

technique in the DTDM system and compsre them with the analogous simulation results.

3.6 Summary

In Chapter 3, we have presented the BOSS compute r sim lations used to model the
operation of the OTDM system. The modelling theory was r-esented first along with the
BOSS block diagrams of the system. An overview of the sir-1"ations was presented, and
the optical and electrical wav=forms were examined at - :lected points in the OTDM madel.
The impacts of both switch extinction ratios and fiber dispersion on the cye diagram were
examined. Finally, simulations of the OTDM sy~*=m utilizing 2 V switching in the first

and last switching stages were discussed. In Chapters 4 an- S, we will move on to
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examine the OTDM experimental set up and results and make comparisons with the

simulation results w ierever possible.
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4.0 OTDM Experimental Setup and Component Analysis

Tn Chapter 3, we examined the oneration of the OTDM system using computer
simuiations. The purpose of this chapter *« “\» describe and characterize the experimental
setv used to implement the system physically. First, an overview of the general system
will be presented, along with a discussion of the factors which determined the choice of the
experimental design. The rest of this chapter will concentrate on the component
characteristics of the optical source, the OTDM transmitter, and the OTDM receiver along

with their impact on the OTDM system as a whole.
4.1 Selecting the OTDM Implementation

Earlier, section 2.4 discussed twu metods .or implementing the OTDM structure.
Onz option considered was to obtain individual modulators and switches and link them
together with fiber patchcords. The other option was to integrate the entire transmitter and

receiver confi ;urations on single substrates.

The discrete component approach was selected to demonstrate the OTDM concept
{or several reasons. First, the cost of designing and fabricating the integrated versions of
the opto-electronic circuits was found to be prohibitively expensive. Second, the four
channel OTDM concept can be demonstrated to a satisfactory degree with only five
switching elements. The exact switch configurations to accomplish this will be described
later in Chapter 5. Third, the discrete approach allows the switches to be disconnected and
re-arranged. In a laboratory environment, this modular capability is valuable since it
provides a cost effective way te investigaie many topics involving electro-optic modulation

and switching.

As indicated in section 2.4, there are several problems associated with the discrete

approach which must be resolved. A major concern is that the insertion loss of 5 to 7 dB
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for the individual switches is relatively high. For demonstration purposes, the transmitter
and receiver will employ at most five concatenated switches, and thus the total excess loss
in the link may be as high as 35 dB. These extreme losses will limit the transmission
distances possible, even with the use of erbium-doped fiber amplifiers to boost the optical
signal. While this discrete approach would not be practical for commercial systems, the
laboratory objective of showing the functioning of the OTDM system should still be

poesible in spite of these losses.

The second problem involves controlling the optical path lengths. As mentioned
earlier, the 10 Gb/s OTDM system requircs variable optical path delays to ensure proper

time-interleaving in the multiplexing process.

Finally, there is a concern with the coheruice of the optical signals which are re-
combined in the multi~lexing stage. Since the optical waveforms are not perfectly
rectangular in shape, there is some overlap hetween adjacent pulses. If the frequ- .+ ¢f
the recombined pulse streams are the same, or differ by less than the information
bandwidth, then detectable interference will occur in the overlapping regions of the pulses.
These problems and potential solutions will be discussed in more detail as the experimental

setup is detailed in the subsequent sections.
4.2 OTDM Implementation Overview

Figure 4.1 shows the general block diagram of the experimental setup. This high
level structure is common to all the experimental work conducted using the OTDM system.
The OTDM transmitter takes as inputs a continuous wave optical signal, a 2.5 GHz clock
signal, and a 2.5 Gb/s data signal. The OTDM transmitter encodes the data optically and
multiplexes it with three other 'dummy' data streams. In the experimental work presented
here, only one of the four data channels is actually used to transmit data. The resulting

pseudo-10 Gb/s OTDM signal is then sent through the fiber medium. The OTDM receiver
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optically demultiplexes the true data channel from the three other channels and converts the
optical signal back into an electrical signal. The bit error rate test set compares the

transmitted data stream with the received data stream to determine the error rate

performance of the link.
oW
- (), ‘
Cg)lﬂggt - Transmitter |  FieCOIVEr

=

CK DATA _I
™
Bit Error
Rate Test DATA <
Set RX

Figure 4.1 : OTDM Experimental System Block Diagram

To provide a framework in which t~ <nalyze the individual components of the
system, more specific configurations of the OTDM ontical source, transmitter, and recciver
sub-blocks will be considered in the subsequent sections of this Figure. Section 4.3 will
investigate the characteristics of the optical source. Section 4.4 will present a specific
arrangement of the switches and modulator and examine the transmitter components in
detail. Section 4.5 will briefly describe characteristics of the optical fiber, and section 4.6

will investigate the components of the OTDM receiver.
4.3 Optical Source Characteristics

The continuous wave optical source in the system is simply composed of a laser
and an optical isolator as shown in Figure 4.2. The laser source used for all the
experimental work was the Fujitsu Gi-tricuted feedback laser model #FLD150F3CJ. The

maximum optical output power front {ie laser was +6 dBm, and the operating wavelength
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was 1551.0 nm. This particular laser was chosen because its output power was high, and

its DFB structure yields a narrow spectral linewidth.

Fujitsu » g CWLight
DFB Laser Isolator Output

Figure 4.2 : CW Light Source Components

An optical isolator was placed immediately after the laser to minimize reflections to
the source. It is important to limit reflections since the spectral width of the laser is
broadened by reflections. If reflections to the laser can be eliminated or at least
substantially reduced, then a relatively narrow spectral width can be achieved. Since a
main concern of the GTDM system was to obtain a narrow spectral width for the
transmitted signal, the unmodulated laser linewidth should be much smaller than the
approximately 10 GHz information bandwidth of the imposed 10 Gb/s data. The optical
isolator used to reduce the feedback to the laser was an OFR model #I0_F_IR2 polarization
independent isolator. This device provided at least 33 dB of isolation and had a retvrn loss
in excess of 60 dB. The insertion loss of the isolator was about 2.0 dB and so the

maxiraum power available at the isolator output was about +4.0 dBm.
4.3.1 Laser Relative Intensity Noise Measurement

All lasers are inherently noisy due to the quantvm nature of light. Spontaneous
emission is the primary source of both phase and intensity noise in lasers [40]. Phase
noise, or frequency fluctuation in the spontaneous emission is the root cause for the finite
spectral width of lasers. Intensity fluctuations of the spontaneous emission determine the

laser intensity noise.

The relative intensity noise (RIN) parameter of a laser describes the ratio of the laser

intensity noise to the average output power of the laser. The RIN of a laser is in general a
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function of several parameters, including the physical structure of the laser and ~egrational
factors such as the uias level and output power of the laser. RIN is also a function of

frequency with a RIN peak occurring at the relaxation resonance frequency of the laser.

Laser RIN is an important noise consideration in any lightwave system. For digital
systems in particular, such as the OTDM system, noise limits the bit error rate performance
of the system. For a digital system a signal to Gaussian noise ratio of about 15.5 dB will
yield a standard acceptable bit error rate of 10-9 [41]. Therefore, in order to avoid RIN
limitations, a laser with a RiN level of somewhat less than -15.5 ¢B should be used to

make 109 error rate performance possible.

The RIN of the Fujitsu laser was measured using a Hewlett Packard mcdel 71400
Lightwave Signal Analyzer and associated RIN software. Figure 4.3 displays the laser
RIN as a function of freuency from O to 22 GHz. The worst case value of the RIN w.curs
at approximately 11 Gt -« was measured to be -134.5 dB/Hz after subtracting out the

thermal and shot noise contributicns.
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Figure 4.3 : Laser Relative Intensity Noise
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The electrical bandwidth of the OTDM signals at the receiver will be approximately
2.5 GHz per channel. Using the worst case value for the RIN of -134.5 dB/Hz, the total

RIN in a 2.5 GH~7 bandwidth is :

-134.5 dB/Hz + 10*1og10(2.5*10° Hz)
-40.5dB

RIN2 sGHz

Thus the maximum RIN related signal to noise ratio after detection will be 40.5 dB.
A more accurate value for the total RIN is obtained by integrating the RIN from * to 2.5
GHz. Performing the integration under the curve in Figure 4.3, 2 RIN level of
approximately -55 dB is obtained. Since the signal to noise ratio as a result of laser RIN is
25 to 40 dB greater than that required for a 10-9 bit error rate, we can safely conclude that
_the RIN from the Fujitsu laser used the OTDM system will not be the limiting noise factor
in the systcrn. A more thorough examination of the various noise sources and their relative

significance in the OTDM system will be presented later in section 4.6.2.6.
4.3.2 Laser Linewidth Measurement

To avoid excessive dispersion penalties, one of the objectives of this work was to
ensure that the optical linewidth of the transmitted OTDM signal was primarily determined
by the information imposed on the optical carrier. To me 3t this objective, the unmodulated
laser light must have a linewidth that is significantly narrower than the information
bandwidth since the overall spectral width is determined by the convolution of the laser
lineshape with the data spectrum. For 10 Gb/s transmission requiring approximately 10
GHz of bandwidth, we would like the unmodulated laser to have a spectral width of no

more than perhaps 1 GHz.
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The spec «al width of the Fujitsu laser so'nve was experimentally determined by
using the standard self-delayed homodyne (DSH* r+ asurement technique [42]. Figure 4.4

below shows the experimental setup used to perform the measurement :

Fujitsu
DFB ‘
Polarization
Controller 'L
‘ Receiver and
Isolator Coupler @ Coupler Spectrum Analyzer

750 m fiber deiay

Figure 4.4 : DSH Experimental Setup

A qualitative explanation of how the technique works will be presented here. The

mathematical details can be found in the cited reference.

The isolated laser light is first split into two branches using a standard coupler. The
light in one branch is delayed ©; 2 section of { -, and the light in the other passes through
a polarization controller. The ! ht i the two branches is then recombined in the second
coupler and detected by the receiver. If the length of the delay fiber is much l-nger than the
coherence length of the optical source, then the recombined optical signals are incoherent.
When the two signals are mixed in the photodetection process, oue signal may be thought
of as an independent local oscillator which mixes the other incoming signal down to

baseband. The frequency resolution obtained v<ing this sysic.m is given by [42]:

Af= 2o (4.1)

where ¢ = 3*108 m/s is the speed of light in a vacuum, n = 1.4 is the refractive
index of iiic fiber. and L is the length of the fiber delay line. For a 750 m fiber delay as

shown in Figure 4.4, the measurement resolution is roughly 140 kHz. The laser under test
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t-; expected to have a linewidth on the order ot MHz, and so this 140 kHz resolution should

b sufficient.

It can be shown that if the lineshape of the laser spectrum is Lorentzian, then the
lineshape produced at baseband is also Lorentzian with double the original laser linewidth
[43]. The mixing process in effect convolves the Lorentzian laser spectrum with itself.
This process reproduces the same Lorentzian lineshape at baseband with twice the spectral

width as shown in Figure 4.5 below:

—\e— A % — [\ Af  —)p- — «— 2 Af

f=t, f=1, f=0

Figure 4.5 : DSH Baseband Reat Spectrum

The polarization controller is included in one bra ¢ + f tiie inw ferometer to allow
the polarizations of the two signals to be aligned so that the baseband noise is maximized.
The single-sided lineshape produced at baseband can be observed on a cenventional

spectrum analyzer.

The DSH experiment was carried out using the .551 nm Fujitsu DFB as the optical
source operated at a +4 1Bm optical output power level. Figure 4.6 displays the beat
spectrum which was observed at baseband using a spectrum analyzer. The data points in
the Figure have been adjusted to factor out the contributions of thermal noise and shot

noise.
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Figure 4.6 : Fujitsu DSH Baseband Beat Spectrum

From Figure 4.6, we can see that the 3 dB electrical half width of the beat spectrum
is approximately 150 MHz. Since this baseband spectrum is twice the width of the original
laser linewidth, the full-width 3 dB electrical linewidth of the Fujitsu laser is 150 MHz.
Figure 4.6 also shows that the experimentally determined DSH baseband lineshape agrees
well with the Lorentzian lineshape which would theoretically result from the DSH process

using a 150 MHz wide Lorentzian source.

The 150 MHz linewidth of the source is almost two orders of magnitude less than
the 10 GHz information which will be impressed on the carrier. The spectral width of the
signal at the output of the OTDM transmitter is given by the convolution of the laser
lineshape with the spectral envelope of the data. Therefore, the inherent optical linewidth
of the Fujitsu laser source chosen for the OTDM experiments will not significantly braoden
the specirum of the transmitter output signal. There is, however, residual switch or
modulator chirp to consider which may also contribute to spectral broadening. This

phenomenon will be investigated later in section 4.4.2.
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4.4 OTDM Transmitter

Having completed our investigation of the optical source characteristics, we now
turn our attention to the OTDM transmitter block of Figure 4.1. This section examines a
specific configuration of the OTDM transmitter in order to provide a setting for the analysis

of its typical components.

Figure 4.7 shows the experimental setup used to accomplish optical time division

multiplexing on two 2.5 Gb/s channels.
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Figure 4.7 : OTDM Transmitter
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This configuration is a subset of the the full-blown four channel OTDM architecture
examined previously in Chapters 2 and 3. As shown in the optical timing frames in the
diagram, the data channel is interleaved with the continuously pulsed channel which is
offset by two bit positions. This configuration demonstrates the OTDM principle from 2.5
Gb/s up to 5 Gb/s using pulses ultimately intended for 10 Gb/s transmission. The various

OTDM system configurations and their performance is dealt with later in Chapter 5.
4.4.1 Polarization Controller

A polarization controller was placed prior to the first switch to adjust the
polarization of the light entering the switch. Appendix 4A describes in more detail the
theory and phy «ic7.- implementation of the polarization controller. The controller was used
to adjust the ¢olarization of the light to a linear state and to orient it in the direction which
maximized the electro-optic effect of the switch. The insertion loss of the device was

approximately 1 dB.

4.4.2 Modulator and Switch Characteristics

Key elements in the OTDM concept are the electro-optic switches and modulators.
This section will concentrate on examining the performance characteristics of thesc devices.
A brief description of the switches and modulator used in the OTDM configuration will be
presented, along with a discussion of the rationale for their selection. Specific dc and radio
frequency (rf) measurements of the devices will then be presented. Finally, experimental

determination of the residual chirp associated with the switches will be investigated.

4.4.2.1 Switch and Modulator Selection

As discussed earlier in Chapter 2, the switching and modulating functions in the

OTDM system may be performed by a single type of 2 x 2 switch. However, the two
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functions are distinctly different, and under closer examination of the requirements tor cach
function, it becomes apparent that using difterent devices for the two functions is
advantageous. The switches should have a low drive voltage at the particular frequency of
operation. The low voltage requirement is especially important in this particular
experimental setup since the first switch will be driven at twice the switching voltage.
Recall from section 3.5 of Chapter 3 that driving the switch with a 2.5 GHz sinusoidal
electrical signal with an amplitude of 2 V can be used to generate 5 Gb/s pulse streams.
Since the switches are driven at single frequencies, the actual frequency and phase response
of the switches is not so important. For the modulator, on the other hand, relatively flat
wideband phase-linear performance is required since the modulator is driven by a 2.5 Gb/s

digital signal.

In view of the distinct requirements for the switching and modulating functions,
different electro-optic devices were selected for the two purposes. The ETEK 2 x 2 switch
model #EOSW-0202-1550 was selected for the switching function. Four switches were
obtained to facilitate the OTDM work. The switches were of the balanced-bridge class
examined in Chapter 2. A simple layout of the device is shown in Figure 4.8. The input
and output fibers consisted of Corning 1550 nm polarization maintaining single mede fiber
with a mode field diameter of 6 to 7 um. All fibers werc conncctorized with FC/PC type
optical connectors which were keyed identically to facilitate cascading switches without a

need for intermediate polarization controllers.
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Figure 4.8 : ETEK 2 x 2 Switch Configuration

The switches typically required a dc switching voltage of about 5 volts, and had a

specificd 3 dB clectrical bandwidth of 4-5 GHz.

The United Technologies Photonics modulator #APE-YBBM-1.5-12.T-02 was
sclected to perform the modulating function. This particular modulator was a 1 x 2
balanced bridge type device, where the single input was split into a standard interferometric
section and followed by a 50/50 coupling stage at the output to provide complimentary
outputs. The layout of the modulator is shown in Figure 4.9. The input and output fibers
consisted of Fujikura 1550 nm polarization maintaining single mode fiber with a mode field
diameter of about 10 pm. Again, the fibers were connectorized with FC/PC type optical

connectors and keyed in the same manner as the ETEK 2 x 2 switches.
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Figure 4.9 : UTP 1 x 2 Modulator Configuration

The modulator switching voltage was approximately 6 volts and the specified 3 dB
electrical bandwidth was 12 GHz. The wide bandwidth of this device makes it usetul for

any experiments involving multi-gigahertz external modulation.
4.4.2.2 DC Characteristics

The dc operating characteristics of the switches and modulators were confirmed
experimentally. All of the measured parameters fell within the stated specifications. The
table below summarizes the dc performance of the electro-optic devices. More complete

details on the performance of the switches and modulator are provided in appendix 4B.

Parameter Typical ETEK UTP
Insertion Loss* 6-8 dB 5dB
Extinction Ratio* 22-40 dB 24-32 dB
DC Vr 4.3-5.3 volts 5.8 volts
I/O Coupler Tuning Bias 0-15 volts not applicable

* Parameter varies depending on input or output selected.

Table 4.1 : ETEK and UTP DC Performance Data

These results were obtained by using the isolated laser source, an optical power

meter, and variable dc voltage sources to test each device. Note that the optical patchcords
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used in these tests were standard single mode SMF28 fiber with a mode field diameter of
about 10 um. Since the mode field diameter of the Corning fiber pigtails on the ETEK
switch is 6-7 pum, there is an excess coupling loss due to mode mismatch when the Corning
fiber is connected to the SMF28 fiber. The theoretical mode mismatch splice loss L) is

given by [44]:

4 r2
1 +12)2

L(r) =-10 l()g]() ] (4.2)

where r is the ratio of the mode field diameters for the two fibers. For the
connection of standard fiber and ETEK fibers, using a factor of r=10/6.5=1.53 yields a
theoretical loss of about 0.8 dB per connection. The insertion loss reported for the ETEK
switches in the appendix and in the preceding table includes mismatched connections at
both the input and output fibers, and thus 1.6 dB of that loss is attributable to mode
mismatch alone. Note however, that there will be no mismatch when the ETEK switches
are cascaded since the fibers will be of the same type. In addition, there is essentially no
mode mismatch loss when using the UTP modulator in conjunction with SMF28 fiber

since the Fujikura and SMF28 fibers have comparable 10um mode field diameters.

4.4.2.3 RF Characteristics

Two techniques were used to determine the frequency responses of the switches
and modulators. The first method involved measuring the small-signal swept-frequency
response of the electro-optic device cascaded with a photodetector as shown in Figure 4.10

below:
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Figure 4.10 : Experimental Setup for Swept Frequency Modulator
and Switch Frequency Response Measurements

The response of the swiich or modulator and the detector is isolated from the rest of

the electrical setup in the network analyzer calibration step. Then, the frequency response

of the electro-optic device cascaded with the photodetector is measured. If the frequency

responce of the photodetector is known, then the response of the switch or modulator can

be obtained by subtracting the detector response from the cascaded response. Isolating the

frequency response of the photodetector will be discussed later in section 4.6.2.3. Figure

4.11 shows the frequency responses of the typical ETEK switch and the UTP modulator as

measured using the swept frequency technique.

3

o

Y

5
=
=

S
m
T
'
O
g ‘3. t Y 4 | L 4
o \ ’ ) A A
% 6 \ N V|l ‘l\.’l
o W hal
(i ' by
Q n. j t \ }_ﬂ ]
S 7] UTP Modulator vl )
s S B et ETEK Switch (#2) r
° T4 Y
& hiA
'15 v T T T Y T 14 Y T LEm S ! S | T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Frequency (GHz)

Figure 4.11 : Modulator and Switch Frequency Responses Based

on Network Analyzer S;; Measurement



84

A sccond technique was used to confirm the swept-frequency measurements of the
switch and modulator RF performance. This method involved driving the electro-optic

devices with single tones as shown in Figure 4.12 below :

Signal Power Bias
Generator Amplifier Control

RF Bias
CW 'I Spectrum
Laser MOdL!lator/ 4 Detector Analyzer
Switch

Figure 4.12 : Single Tone Modulator and Switch Frequency
Response Experimental Setup

In section 4.6.2.3 dealing with photodetector frequency response measurements, it
will be shown that the frequency responses of both the detector and switch can be
dctermined independently. When the switch is biased at the midpoint and driven with a
single frequency, the maximum power in the fundamental is achieved at the receiver when
the drive voltage amplitude to the switch is 1.17 V. To determine the switching voltage or
power of the switch at a particular frequency, the drive voltage is increased until the power
obscrved in the fundamental is maximum. At this point, the drive voltage is equal to 1.17
V. The frequency response of the switch can be determined by carrying out the procedure
at sclected frequencies and noting the frequency dependence of V. Figures 4.13a and
4.13b show the frequency responses for the typical ETEK switch and UTP modulator
using the single-tone technique. For comparison purposes, the results from the swept-

frequency measurements are superimposed in both Figures.
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Figure 4.13a : Single Tone and Swept Frequency
Modulator Response

3 T T T T 1
——
m Swept Frequency
2 01 ——  Single Tone |
1]
g G\
5 ¥
& . Jh
[ N
e
Q qQ AA_
2 ¥ {
i
m -
T 12 .L-
0 ] M
'15 T T Ls T T T T ) 4 T . g Y T 7 T T Y
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency (GHz2)

Figure 4.13b : Single Tone and Swept Frequency
Switch Response
As Figure 4.13a shows, the 3dB electrical bandwidth of the UTP modulator was
approximately 12 GHz, which conforms with the specification. With this relatively wide
bandwidth, the UTP modulator can be safely driven with the 2.5 Gb/s digital data signal.
The low frequency ( ie: < 50 MHz ) full switching rf power required for the UTP
modulator was approximately +27 dBm. This level is within the +29 dBm 1 dB

compression limit of the power amplifier which drives the modulator.
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The 3dB clectrical bandwidth for the typical ETEK switch was approximately 6
GHz, which also meets the device specifications. The typical low frequency full switching
power required for the ETEK switch was about +22 dBm, and thus the switches can be
driven with the available amplifier. 2V switching requires 6 dB more power and thus +28
dBn: is required for low frequencies. At 2.5 GHz, approximately +29.5 dBm is required
for 2Vr switching which means that the power amplifier gain will be compressed by
grcater than 1 dB. Operating the amplifier in the gain compressed region should not pose a

problem since the amplifier introduces no distortion at single frequencies.

4.4.2.4 Switch Chirp

In section 4.3.1.2 it was determined that the inherent spectral width of the optical
source was about 150 MHz. It was also concluded that this inherent linewidth would not
significantly broaden the approximately 10 GHz spectrum of the data carrying signal at the
OTDM transmitter output. There is one more factor which may contribute to spectral
broadening of the transmitted signal. As discussed theoretically in section 2.2.7.3, the
clectro-optic switches and modulators may introduce residual phase modulation or chirp

which will also broaden the optical spectrum.

As far as chirp is concerned, the electro-optic device which has the greatest potential
impact on the OTDM system is the first switch in the transmitter. Chirp is essentially
wavelength shifting on the edges of pulses. The first transmitter ETEK switch creates the
narrow 10 Gb/s pulses. The second switch stage and the modulator serve only to 'gate' the
pulse, and do not introduce new pulse edges. Since the first switch creates the pulse

edges, chirping will be greatest at that point.

Both the ETEK switches and the UTP modulator are of the balanced bridge design.

Since the design incorporates a symmetric electrode structure, these devices should in
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theory produce no residual chirp. In reality, however, there will be some asymmetries due
to the fabrication processes and therefore the devices will not operate perfectly chirp-frec,
This section will qualitatively assess the severity of the resilual chirp in the electro-optic

devices and estimate the impact of this chirp on the performance of the OTDM system,

Figure 4.14 shows the experimental setup used to investigate chirp in the modulator

and switch.
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Figure 4.14 : Switch and Modulator Chirp Experiment

The experiment involves external single frequency modulation of the optical source
in conjunction with a delayed self-homodyne mixing stage. If the electro-optic switch or
modulator is driven with an electrical tone of frequency fp,, then the optical spectrum at its

output will contain dc and f;,, components as shown in Figure 4.15 below :

- <« Af
- <~ Af - <« Af

=ty fm f=1, t=tg+ i,

Figure 4.15 : Single Frequency Modulated Optical Spectrum
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If the external modulator is chirp-free, then the linewidth of each of the spectral
components is the inherent laser linewidth Af as shown in the Figure. After the delayed
sclf-homodyne mixing stage, the spectrum analyzer will display at baseband the
convolution of this optical spectrum with itself. In the case of chirp-free operation, the

linewidth of each of the spectral components will be 2Af as shown in Figure 4.16.

& 2Af
< 2Af - < 2Af
<« 24f e 2Af

t=-2fy  f=-fmqm t=2fn

Figure 4.16 : DSH Baseband Spectrum

If the electro-optic device introduces significant chirp into the signal, the optical
spectral components will be much wider than Af, and the DSH-produced electrical
baseband spectral components will be much wider than 2Af. In addition, the lineshapes of
the spectral components at both optical frequencies and at baseband will not be Lorentzian

since chirping will modify the lineshape as well as the linewidth.

The DSH chirp experiment was carried out using the ETEK switch driven with a
full-Vy 2.5 GHz electrical signal. Note that full-Vy drive of the switch produces higher
order harmonics in the modulated optical output due to the nonlinear switching
characteristic of the Mach-Zehnder type switch. The electrical power in the third harmonic
was calculated to be 18dB less than the power in the fundamental. The additional spectral
components introduced in the DSH process as a result of the presence of even the third
harmonic are not significant, and for qualitative purposes the higher order harmonics may

be ignored.
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Figures 4.17a and 4.17b display the single-sided baseband spectrum observed on
the spectrum analyzer using the ETEK switch and the UTP modulator in the DSH chirp

experiment.
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Figure 4.17a : UTP Chirp Baseband Spectrum
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Figure 4.17b : ETEK Chirp Baseband Spectrum

The dc, 2.5 GHz, and 5 GHz spectral components are readily distinguished in both

Figures. In addition, the full-width half-maximum linewidth at any of the peaks appears to
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he no wider than perhaps 200 MHz. This figure is close to the 150 MHz spectral width of
the laser itself. Therefore, the additional spectral broadening due to residual switch and

modulator chirp is qualitatively insignificant.

It has now been determined that the combined line-broadening effects of both the
laser itself and residual chirp are substantially less than the 10 GHz information bandwidth
to be imposed on the carrier. It can now be stated with confidence that the spectral width of

the optical signal at the OTDM transmitter output will be primarily information limited.

An interesting feature of Figures 4.17a and 4.17b is the somewhat discrete nature
of the spectral scans. This characteristic probably warrants further exploration. For now,
it is hypothesized that the discrete components of the Figures arise from the fixed relative
phase introduced between the two modulated signals in the self-homodyne experimental set
up. It is thought that to obtain a more continuous plot, the phases of the modulated signals
cou'd be adjusted through a full 360 degrees during the spectral measurement using some
sort of variable optical delay component. Alternatively, one could modulate the optical
signal in one branch only. This would remove the fixed phase condition altogether since

only one of the recombined signals would be modulated.
4.4.3 Multiplexing Optical Signals

Having examined the operation of the electro-optic switches and modulators of the
OTDM transmitter, we will now explore important issues involving multiplexing the optical
signals. Specifically, this section discusses the timing of optical signals, and also deals

with a coherence problem which arises during the OTDM multiplexing process.
4.4.3.1 Variable Optical Delay

Inspecting the optical bit pattern diagrams of Figure 4.7, we see that some form of

optical path length adjustment is required in order to time properly the interleaving of the
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: 1 . . :
0001 pulsed channel with the 0 . 00 data channel. There is no way to accomplish this

0

timing through electrical delay adjustments. The relative timing of the the two channels
. 1 o . . .

must be accurate since the O 0 01 channel is ultimately intended to be multiple aed with the

1010 channel. Therefore, if we allow +/- 10% timing error for a 10 Gb/s pulse, the

required adjustment resolution using an optical index of 1.44 is :

APpes = +/- (10%) (10*%10% s-1)-1 * (3*¥1010 cm/s) * (1.44)"!
=+/-2.1 mm

The maximum adjustment required is two full bit periods or

(10*10? s°1)-! * (3*1010 cm/s) * (1.44)"!

42 cm

While it is possible to cut fiber lengths to these tolerances, it is not a simple or
flexible solution. Fibers of different lengths are required every time the system is re-
arranged. As shown in Figure 4.7, the OTDM variable optical delays were accomplished
using two SELFOC lenses in a free space configuration. The positioning and scparation
distance between the lenses was controlled through the use of optical positioning hardware.
Using an optical index of 1 in the previous calculations we obtain the free space resolution
and maximum spacings as 3.0 mm and 6.0 cm respectively. Thesc targets were readily
achieved using the SELFOC lenses. The insertion loss through the two lens arrangcinent

was typically less than 2 dB for lens separations of up to 10 cm.
4.4.3.2 Ccherence Problems

During the collection of the experimental results for the OTDM system, it was

(1) 01 signal was unstable. When viewed on the sampling

oscilloscope, the waveform at some instants of time was quite clear. However, over a

discovered that the multiplexed 0

period of seconds the waveform would fluctuate so badly that the data and pulse streams
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were not recognizable. It was determined that the source of these fluctuations was a

coherency problem involving partial pulse overlap of the two multiplexed channels.

When operated using purely sinusoidal signals for creating optical pulses, the
OTDM system does not yield non-overlapping pulses as suggested by the notation 0 (1) 01

typically used in the OTDM Figures. As observed in the computer simulations of Chapter
3, the pulses created by the 2V, OTDM system are partially overlapping due both to the
finite extinction ratio of the switches and the sinusoidal drive signal applied to the switches.
Figure 4.18 below shows the theoretical optical electric field envelopes of two ones on
channels two bits apart when combined with the optical switch. The Figure clearly shows
that there is some pulse overlap even in the ideal OTDM case where the extinction ratio is

infinite.
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Figure 4.18 : Pulse Overlap (2 Bit Separation)

The overlapping occurs to a much greater extent when immediately adjacent pulses
are multiplexed. Figure 4.19 shows the theoretical pulse overlap when adjacent pulses are
combined through the optical switch. The pulse shapes are not the same as those in Figure

4.18 since 2Vy switching is used to multiplex immediately adjacent pulses.
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Figure 4.19 : Pulse Overlap (1 Bit Separation)

If the OTDM system is implemented as an integrated optical circuit as described in
Chapter 2, the optical signal path lengths will be less than perhaps 5 cm from the point at
which the pulses are divided until uic puises are recombined. The difference in the distance
travelled by any two optical signals which are recombined may be limited to less than
millimeters depending on the accuracy of the fabrication process. Now the coherence

length L of the optical source is related to its spectral width Af by [4]:

L= 2 ncAf 4.3

- 3*10% m/s
2 (1.44) (150 MHz)

=70cm

In an integrated OTDM system, the path length difference of recombined optical
signals would be much less than the coherence length of the optical source, and therefore
the signals are phase related. As indicated earlier in Chapter 2, the phases of the optical
signals must be aligned so that constructive interference or electric field addition occurs.
This phase alignment could be accomplished by using a phase modulator in one branch of

any pair of recombined optical signals.
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In the distributed component approach, however, individual switches and
modulators are linked together using relatively long lengths of fiber. The optical path
lengths in this case are on the order of meters. In the experimental setup used for our
experiments, the path length difference between recombined optical signals was not easily
controlled. In addition, phase modulators were not available to perform phase alignment.
If the phases of the overlapping recombined optical pulses are not aligned, then the sum of

clectric fields can vary from complete addition to complete subtraction.

Even if phase modulators were available, thermal variations over meters of fiber
will likely cause significant phase fluctuations. The differential optical path delay as a
function of temperature for typical silica fiber is approximately 40 ps per km per °C. For
typical fiber path lengths of about 5 meters for the OTDM recombined optical signals, only
a 0.05 °C temperature variation between the two fiber paths will result in 180° of phase
shift between the two optical signals at at 1550 nm operating wavelength. Unless both the
optical phase and temperaturc stability of the system can be accurately controlled, coherent

addition of the optical signals in the distributed system will not be possible.

In the experimental setup where the multiplexed waveform fluctuations occurred,
the path lengths of the recombined optical signals were about 5 meters, and the path
difference between the recombined signals was about one meter. Since this path length
difference was on the order of the coherence length, it is suspected that the waveform
fluctuations described earlier were in fact due to quasi-coherent addition of the two signals.
Sometimes the frequencies of the two multiplexed signals were the same. In this case,
thermal variations likely caused instability in the combined signal due to electric field
addition under fluctuating phase conditions. When the frequencies of the two signals were

sufficiently different, there was little fluctuation since the optical signals would add on an
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intensity basis. In other words, it is hypothesized that both frequency and phase variations

of the two almost coherent optical signals caused instability in the combined signal.

Since coherent addition of the signals was not practical in the distributed OTDM
implementation, another solution was conceived. As shown in Figure 4.7, onc optical
signal was intentionally delayed using 15m of fiber to ensure that the muitiplexed signals
were incoherent. In this configuration, the two optical signals are added on an intensity

basis, and any thermally induced phase fluctuations will not produce instability.

Note, however, that incoherent addition of the two signals also introduces some
problems of its own. When it is stated that the two signals are incoherent, we mean that the
frequencies of the two signals are not correlated. It is false to assume that the frequencies
of the two signals will never be the same. Increased noise will be produced whenever the
frequencies of the two signals become close. In effect, a self-delayed homodync system
has been set up, and a beat-noise spectrum is produced at baseband in the same manner as

described earlier in the analysis of the optical source spectral width.

Quantitative determination of the additional noise introduced into the digital OTDM
system as a result of this 'incoherent' multiplexing process is not trivial. Scveral factors
must be considered in the process. First, the baseband beat noise spectrum produced from
mixing the two digitally encoded optical signals is not the same as that produced using cw
laser light as examined in section 4.3.2. Second, the noise produced in a given digital
pulse is not constant over the pulse duration. As Figures 4.18 and 4.19 show, the pulse
overlap varies with time within a bit period. The noise at a particular time in the pulse
depends on the amount of overlap from the adjacent pulse. Some method for determining
the effective noise at the decision time in the pulse is required. In addition, the bandwidth
of the system is limited at the receiver, and the noisy 'edges' of the pulses will be smeared

in towards the decision point.
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Mathematical analysis of the 'coherence noise' in the OTDM system will not be
attempted in this work. Chapter 5 will present system results which experimentally

determine the penalty associated with this phenomenon.
4.4.4 OTDM High Speed Electronics

Having finished examining the characteristics of the optical elements of the OTDM
transmitter, we will now move on to discuss the electrical components of Figure 4.7. The
clectrical blocks of Figure 4.7 include the clock filter, the electrical delay elements, and the

amplifiers. This section will review the implementation of these blocks in turn,

4.4.4.1 Clock Filter

The error rate test set provides the transmitter with a 2.5 GHz square wave clock
output which is synchronized with the data signal. We wish to show that OTDM switching
can be accomplished with purely sinusoidal signals. Therefore, a 2.5 GHz lowpass filter is
used to recover the clock fundamental. This sinusoidal clock signal is then delivered to the

switches after passing through separate variable electrical delays and power amplifiers.

4.4.4.2 Delay Adjustment

Delay adjustment is necessary to synchronize the drive signals with the optical
signals entering the switches and modulator. Omni-Spectra coaxial phase shifters were
used for the variable electrical delays. The delay adjustment range was about one
centimeter, or about 50 ps of délay time if the rf propagation velocity in the device is 0.7c.
This delay time corresponds to approximately 12 percent of the 400 ps (8 cm) data bit
period. Therefore, lengths of semi-rigid coax were used to provide coarse delay

adjustment, and the phase shifters were used to provide the variable fine adjustment.



97

4.4.4.3 Amplitude Adjustment

The error rate test set provided 2.0 volts peak to peak maximum amplitude clock
and data signals. Since the switches and modulators required from 7 to 14 peak-peak volts
for complete switching, power amplifiers were required to boost the signal amplitudes.
For the switch signals, variable attenuators were inserted prior to the power amplifiers to
provide amplitude adjustment capability. For the data signal, the amplitude was adjusted

via the test set data output signal level.

The power amplifiers used in ihe experimental work were Mini-Circuits ZHL42W
models. These amplifiers typically had passbands from 10 MHz to 4.2 GHz, and gains of
32-36 dB. The 1 dB gain compression output levels were +29 dBm which corresponded
to about 17.8 sinusoidal peak-peak volts, or 12.6 square-wave peak-peak volts. This

provides enough voltage to drive the switches at 2V, and the modulator at V.

The switches are driven at single frequencies and therefore there is no distortion
caused by ripples in the frequency response of the power amplifier. Amplifier distortion is
a concern, however, for the relatively broadband 2.5 Gb/s data signal which drives the
modulator. The 2.5 Gb/s, 27-1 pseudo-random data stream has a lower frequency
component of 2.48832/(27-1) Hz or 19.6 MHz. The significant upper frequency content of
the signal is limited to perhaps 2.5 GHz. The bottom trace of Figure 4.20 shows the cye
diagram for the 2.5 Gb/s data signal as delivered by the test set. The top trace of Figure

4.20b shows the same data signal after amplification using the ZHL42W amplifier.
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Figure 4.20 : Amplifier Distortion of 2.5 Gb/s Data Signal

There are several causes for the distortion in the amplified signal. First, there is
some ripple in the 10-4200 MHz passband of the amplifier. Second, the phase response of
the amplifier is not quite linear with frequency near the lower section of the passband (<50
MHz). And finally, the gain compression of the amplifier is in general a function of

frequency, so additional ripple can be introduced into the passband at higher output levels.

Two characteristics of the modulator in the OTDM system serve to somewhat
mitigate the distortion effects of the power amplifier on the data signal. First, the data
signal is used only to gate the much narrower optical pulses which pass through the
modulator. Therefore, the data signal can be electrically delayed such that the ‘cleanest’
part of the data eye is centered on the optical pulses. Second, and perhaps more important,
is the fact that the cosine squared switching characteristic of the Mach-Zehnder modulator
reduces the effects of overshoot and undershoot of a full Vy drive signal. Figure 4.21
shows the calculated optical intensity percentage amplitude ringing as a function of the
electrical signal under-shoot or over-shoot ringing. For example, 10% amplitude ringing

on the electrical drive signal pulses reduces to approximately 2.5% ringing on the optical
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signal. The data eye diagram resulting from use of this power amplifier in the OTDM

system will be presented in the system results section of Chapter 5.
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Figure 4.21 : MZ Modulator Ring Reduction

4.5 Fiber Characteristics

Having finished a description of the OTDM transmitter, we will now move on to
describe briefly the optical fiber transmission medium. There were two types of fiber
available for the OTDM transmission experimental work at TR Labs. One fiber type was
70 km of Corning 900-pm tight buffered fiber. This fiber was wound on 20 cm diameter
spools, and was divided into two 25 km sections and two 10 km sections, with the ends of
each section being terminated in angled physical contact (APC) connectors. Thc other fiber
type was 100 km of Northern Telecom fiber, wound on 35 cm diameter spools, and
divided into two 50 km sections. For both types of fiber, the attenuation constant was
approximately 0.22 dB/km at an operating wavelength of 1550 nm. The estimated
dispersion factors were 17 ps/(km nm) for both the Corning and the Northern Telecom

fiber.
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Dcpending on the OTDM configuration and transmission distance, up to 2 erbium-
doped fiber amplifiers (EDFAs) were used to boost the optical signal. An EDFA was also

used as part of the optical receiver, and EDFA operation will therefore be discussed as part

of the receiver characteristics.
4.6 Receiver Characteristics

Now that the transmitter and fiber blocks of the OTDM system have been
investigated, we will turn to examine the receiver component of Figure 4.1. The receiver
will be discussed in two sections. The optical demultiplexing process will be described
first, followed by details of the optical to electrical conversion process for a single 2.5 Gb/s

optical data channel.

4.6.1 OTDM Receiver

Figure 4.22 shows an expansion of the receiver block from the overall system
diagram of Figure 4.1. This particular receiver configuration optically demultiplexes two

2.5 Gb/s data channels which have been interleaved by the transmitter of Figure 4.7.

The operation of the OTDM receiver is relatively simple. The incoming optical
signal is first passed through a polarization controller in order to maximize the electro-optic
effect of the optical switch. The two 2.5 Gb/s channels are demultiplexed by the optical

switch which is electrically driven with a 2.5 GHz sinusoidal clock signal.

Receiver clock recovery was not undertaken for the OTDM experimental work.
The clock signal used in the OTDM experiments was a 'cheat’ clock taken from the error
rate test set at the transmitter. Using the transmitter clock for clocking in the receiver can

introduce timing stability problems at the receiver if there is significant variation in the
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frequency reference over the length of the transmission link. This issue will be discussed

during aualysis of the transmission experiments in Chapter 5.
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Figure 4.22 : OTDM Receiver

Proper timing of the electrical drive signal to the switch was accomplished i1 the
same manner as for the transmitter. The timing adjustment was performed using lengths of
semi-rigid coaxial cable for coarse adjustment, and a coaxial phase shifter for fine

adjustment. Similarly, amplitude adjustment was again carried out by using a variable

attenuator followed by a power amplifier.

After the optical demultiplexing stage, the return-to-zero (RZ) optical data signal is

delivered to the receiver lightwave converter section to be converted to an electrical signal.

4.6.2 Receiver Lightwave Converter

The overall function of the lightwave converter block is to convert the optical signal
to an electrical signal, and then to amplify and filter the data in order to optimize the signal

to noise ratio. Figure 4.23 outlines the basic components of the converter.
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Figure 4.23 : Receiver Lightwave Converter

The optical data stream is first amplified optically using an erbium-doped fiber
amplifier. The purpose of optical amplification is to improve the sensitivity of the receiver.
As we will show later, the sensitivity of the overall receiver can be improved until noise
introduced by the amplifier dominates the thermal noise of the detector. The amplified
optical signal is then passed through an optical bandpass filter to limit the wideband noise
introduced by the EDFA. The optical signal is then converted to an electrical current signal
by the detector. The electrical data signal is amplified in order to overcome noise floor
limits of downstream data analysis equipment. A low pass filter is also used after
amplification to reduce the noise bandwidth of the signal. Important characteristics of each

of these components will now be detailed in turn.
4.6.2.1 Erbium-Doped Fiber Amplifier

In optical digital transmission systems without optical amplifiers, the dominant
source of noise is usually the thermal noise of the electrical pre-amplifier. The erbium-
doped fiber amplifier is used to amplify the received optical data signal prior to detection,
and thus improve the signal to noise ratio. The signal to noise ratio can be improved
through optical amplification until the noise introduced by the optical amplifier overcomes

the thermal noise floor of the pre-amplifier. An overview of EDFA operation and noise
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considerations will be presented in this section. More detailed information on EDFAs can

be found in the cited references.

The typical EDFA is composed of two wavelength division multiplexers, a section

of erbium-doped fiber, and a pump laser as shown in Figure 4.24 below :
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Pump Laser Doped 980nm Pump
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Wavelength @ Wavelength
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Multiplexer Multiplexer —" Output Signal

1550nm
Input Signal

Figure 4.24 : Erbium Doped Fiber Amplifier Configuration

Conceptually, the operation of the amplifier is relatively simple. The 980 nm pump
laser light and the 1550 nm input signal are multiplexed onto onc fiber using the
wavelength division multiplexer. The 980 nm pump light is absorbed by the erbium atoms
in the erbium fiber. 1550 nm light passing through the erbium fiber is then amplified
through the process of stimulated emission. The wavelength division multiplexer at the
output separates the 1550 nm signal from the residual 980 nm pump light. The EDFA
contributes additional noise to the signal through the process of spontancous emission.
The spontaneous emission is amplified as it travels through the erbium-doped fiber, and
thus it is termed amplified spontaneous emission (ASE). The spectral distribution of ASE
depends on a host of parameters including erbium-doped fiber properties, fiber length,
pump power, and signal input level to name a few. Typically, the ASE spectrum is tens of

nanometers wide with a peak at the gain peak wavelength of the EDFA.

The average optical ASE power from an erbium-doped fiber amplifier with gain G

can be expressed as [46] :

Psp = 2 hV Bo Nsp (G'l) (4.4)
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where B, is the ASE bandwidth, Ngp, is the spontaneous emission factor of the
EDFA and hv is the photon encrgy. For the EDFA used in the OTDM receiver, the
maximum achievable small signal gain was 21 dB at 1550 nm. This gain was achieved
using a 980 nm pump laser current of 160mA, and the corresponding pump power coupled

into the erbium fiber was about 50 mW.

The spontaneous emission factor for the amplifier was experimentally determined
by measuring the ASE power and the small signal gain at 1550 nm. An optical filter with
bandwidth of 1.4 nm was used to filter the ASE and the 2 dB loss of the filter reduced the
effective gain of the amplifier to 19 dB. The measured ASE power in the 1.4 nm

bandwidth was -23 dBm and thus the spontaneous emission factor was calculated as :

Ny =Pgyp/[2hvBq (G-1)]

/
1.42

It is important to note that B, is the equivalent noise bandwidth, and that this
parameter will be determined by the actual bandpass filter optical frequency response. We

have used a value for B, equal to the specified 3 dB bandwidth of the optical filter for

calculation purposes.

In addition, the noise factor depends on several parameters [47]. These include the
length and exact composition of the erbium fiber, the pump power, and the signal input
power. For the purposes of calculation comparisons, however, we will assume that the

spontaneous emission factor is constant with a value of 1.4.

When the amplified signal along with ASE is detected using a square law detector,
the incoherent ASE beats wich both itself and the signal producing baseband noise. The
noise power contribution due to the ASE beating with itself in the detection process is

termed spontaneous-spontaneous beat noise and is given by [48]:
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where 1 is the detector quantum efficiency and q is the clectronic charge.
Expressions 4.4 and 4.5 assume that the EDFA gain spectrum is uniform with gain G and
bandwidth B, and also that the ASE spectrum is uniform with bandwidth B,,. Since the
detection process in effect performs a convolution of the ASE spectrum with itsclf, the
baseband noise spectrum generated will be triangular in shape with a single-sided electrical
bandwidth of B,. An optical bandwidth B,, on the order of nanometers translates into an
electrical bandwidth of terahertz, and so only the first few percent of this noisc spectrum
will impact systems operating in the gigahertz region. For gigahertz systems then, the
spontaneous-spontaneous beat noise is essentially flat. Equation 4.5 represents the value
of the spontaneous-spontaneous beat noise close to dc when the ASE spectrum is uniform
with bandwidth B,. In reality, however the spectral shape of the ASE is not exactly
rectangular. Equations 4.4 and 4.5 are approximations, but they nonctheless provide a

useful reference point for relative noise contribution analysis.

The noise component due to the ASE beating with the signal during detection is
known as signal-spontaneous beat noise and is given by {48]:

. 4 g2
1gig-sp = 'E(l"nz Py Nsp (G-1)G (4.6)

where hv is the photon energy and Py is the input signal power to the optical
amplifier. Expression 4.6 was arrived at by assuming again that the ASE spectrum is
rectangular, and also that the signal spectrum is an impulse function. Under thesc
conditions the beat-noise spectrum produced at baseband is uniform with bandwidth B,

and amplitude given by equation 4.6.
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Both spontancous-spontaneous beat noise and signal-spontaneous beat noise limit
the signal-to-noise ratio improvements possible through optical amplification. A
comparison of the relative receiver noise contributions from ASE and other sources will be

presented later in section 4.6.2.5.

4.6.2.2 Optical Bandpass Filter

An optical bandpass filter is inserted immediately after the optical amplifier to band-
limit the ASE. Assuming a perfectly frequency stable optical source, the ideal optical filter
bandwidth has a bandwidth of twice the electrical signal bandwidth. For a 10 Gb/s data
signal with a two-sided bandwidth of 20 GHz, the narrowest possible optical filter
bandwidth is :

2
= L_]._: _lom_|_ 4.7
AL Af[c 20 GHz [ LBM—| = 0.16 nm @7

In practical systems, neither the filter or the optical source is perfectly frequency
stable, and thus some tolerance must be allowed. In addition, narrow optical filters are

typically difficult and expensive to construct.

The filter used in the OTDM receiver was the JDS FITEL TB1500B tunable
bandpass filter. The insertion loss of the filter was about 2.5 dB, the tuning range was
1530-1560 nm and the optical filter bandwidth was approximately 1.4 nm at 1550 nm.
Due to the relatively wide filter bandwidth, the spontaneous-spontaneous noise contribution
in the OTDM receiver will be considerably higher than the theoretical minimum achievable

using a 0.16 nm filter.
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4.6.2.3 Photodetector Characteristics

The photodetector used in the OTDM receiver was a BT&D model #PDC4310. The
dc responsivity of the device was approximately 0.7 A/W and the specificd 3dB bandwidth
was 20 GHz. The frequency response of the photodetector was confirmed using two

measurement techniques.

The first method involved detecting high levels of amplified spontancous emission
produced by an erbium-doped fiber amplifier. As described in section 4.6.2.1, the ASE
produces essentially flat wide-band spontaneous-spontancous beat-noise during the
detection process. The frequency response of the detector is then reflected in the noise
spectrum through changes in the quantum efficiency m, which is frequency dependent for
the detector. If enough spontaneous-spontaneous beat noise can be produced to overcome
the thermal noise floor, the noise spectrum containing the rolloff of the detector can be
observed directly with a conventional RF spectrum analyzer. Figure 4.25 below shows the
experimental setup used to measure the detector frequency response using the optical

amplifier noise.

SHF90P Spectru
EDFA —’I Detector 10kHz-15GHz —)l A’:]alyrz::
Amplifier

noise power
response
noise power

freq freq freq
Detector Amplifier Resultant
Sp-Sp Beat-Noise Response Spectrum
Spectrum

Figure 4.25 : Detector Frequency Response Measurement Setup
Using EDFA Sp-Sp Beat Noise
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The EDFA generates ASE which is mixed down to baseband as spontaneous-
spontancous beat-noise by the detector. At this point, the electrical noise spectrum includes
the rolloff of the detector. The signal is boosted by a low-noise wide-band amplifier to
bring the signal level up above the noise floor of the subsequent spectrum analyzer. The
spectrum observed on the analyzer thus contains the rolloff of both the detector and
amplifier, the shot noise due to the high average optical input power, and the thermal noise

introduced by the amplifier.

The experiment was carried out with 0.0 dBm of ASE optical power incident on the
BT&D detector. The pump current to the EDFA was 115 mA, and the small signal gain
varied from greater than 30 dB at the 1535 nm gain peak to about 18 dB at the 1551 nm
wavelength. Note that no optical bandpass filter was after the EDFA, and therefore the full

ASE spectrum of perhaps 10 to 30 nm was incident on the detector.

The resulting total noise power at low frequencies (ie: 1-50 MHz) was
approximately -123 dBm/Hz. A figure of -125 dBm/Hz for the spontaneous-spontaneous
beat noise can be calculated using equation 4.5 with parameters B,=20 nm, G=25 dB
(average), Nsp=1.4, R=50 ohms, 11=0.56, and multiplying the expression by the 26 dB
gain of the SHF90P amplifier. The amplifier noise floor was mcasured at about -145
dBm/Hz and the shot noise was calculated to be about -144 dBm/Hz. Thus the
spontaneous-spontaneous beat noise level was sufficiently high to dominate the other noise
terms, and make detector frequency response measurement possible. The response of the
amplifier was determined using a 40-GHz network analyzer. The detector response shown
in Figure 4.26 was isolated by taking the total noise level as a function of frequency and
then subtracting out the frequency response of the amplifier, the shot noise, and the thermal

noise floor of the amplifier.
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The frequency response in the Figure was limited to a usetul range of
approximately 13 GHz due to the sharp rolloff of the amplifier after 14 GHz. As the
Figure shows, the 3dB electrical response of the detector is about 6 GHz and the 6 dB
response is perhaps greater than 13 GHz. This result is substantially less than the 3 dB 20
GHz bandwidth rcported in the device specifications. The discrepancy may be associated

with the somewhat unreliable coupling between the fiber and the detector chip. The
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Figure 4.26 : Detector Frequency Response
(EDFA Sp-Sp Beat Noise Method)
detector is fitted with a FC/PC mating sleeve, which facilitates removal of the FC/PC
terminated fiber. The detector efficiency and bandwidth varied with different FC/PC
connectors and tightness levels. It is possible that the detector bandwidth is reduced if the
fiber is not optimally aligned with the detector illumination target. For the OTDM
experiments, the input fiber was secured in a position which yielded high dc responsivity,

and Figure 4.26 is the high frequency response result in that same position.

In any case, the 6 GHz measured bandwidth of the detector is sufficient for
detection of the 2.5 Gb/s signals in the OTDM system. In fact, this bandwidth is sufficient
to view the 10 Gb/s pulse shapes produced by the system.
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A second technique was used to confirm the frequency response of the detector.

This method involved external modulation of a cw laser source at single frequencies using

an clectro-optic modulator.

As presented in Chapter 2, the switching characteristic of a Mach-Zehnder

interferometer is given by :

V,
Tow = Iin 0057{% V,ﬂ (4.8)

where I, and I, are the input and output optical intensities respectively. It is
assumed that a cw optical source is used as input to the modulator and therefore I;,is a
constant. Vyis the electrical drive signal applied to the interferometer, and Vy is the half-
wave voltage. Note that in general, Vy is a function of frequency. If the device is driven at

a single frequency with an electrical signal of amplitude V, and dc bias Vy, then :

V= Vp + Vycos(2rft) (4.9)

The output intensity is then :

Vp + Vcos(2nft
fou = T cosF . Y02 VaEOsZR0Y) (4.10)

When this modulated optical signal is detected, the electrical power spectrum is
composed of discrete frequencies at dc, f, 2f, 3f, etc. The relative levels of these
harmonics depend on both the bias level and the amplitude of the RF drive signal. For an
arbitrary RF drive level, midpoint biasing of the modulator is obtained at a level of
Vp=V/2 and at this point the powers of both the fundamental and third harmonic are
maximum and the power of the second harmonic is theoretically zero. It can be calculated
that a maximum fundamental power level occurs when the peak to peak RF drive level is

1.172 Vy.
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To obtain a constant amplitude modulated optical signal for use as a probe source to
test the photodetector response, the bias level of the MZ modulator must be adjusted such
that the second harmonic content of signal at the modulator output is minimum. The RF
drive power must then be increased until the fundamental content of the signal is maximum,
This process compensates for any frequency dependence of the Vy of the modulator. The
frequency response of the detector can be determined by carrying out this procedure at a
number of single tones, and noting the maximum power in the fundamental at cach
frequency. In addition, the frequency response of the modulator is determined by
observing the relative increase in drive voltage or power required to produce the constant

level optical test signal.

Figure 4.27 shows the experimental setup used to perform the single tonc

modulation tests using the UTP modulator and the BT&D detector.

Signal Power Bias
Generator Ampilifier Control

cW 'l RF  Bias 'I 'I' Spectrum
Laser Modulator Detector Analyzer

Figure 4.27 : Detector Frequency Response Measurement Setup
Using Single Tone Modulation Technique

The modulator was driven at selected RF frequencies, and the detected clectrical
power spectrum was observed on the spectrum analyzer. The bias level was set so that the
second harmonic content of the received signal was minimized, and the RF amplitude level
was adjusted to maximize the power in the fundamental. The measurements were taken
over the 10 MHz to 4.2 GHz frequency range which corresponded to the lower and upper
limits of the available power amplifier required to drive the modulator. The rolloff in the

power observed at the fundamental frequency as a function of frequency is shown in
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Figurc 4.28 along with the detector response as previously measured using the EDFA

spontancous-spontancous beat-noise technique.
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Figure 4.28 : Detector Frequency Response
(Single Tone Modulation Method)

Over the frequency range of the power amplifier, the two techniques yield similar
measurements of the detector frequency response. The detector responsivity at dc was
measured to be about 0.7 A/W. The responsivity at relatively low rf frequencies (ie: 10-50
MHz) was also found to be about 0.7 A/W. The frequency dependence of the detector
responsivity relative to the 0.7 A/W level can be determined using Figure 4.28 and dividing
the vertical axis scale by two since Figure 4.28 measures RF power response of the

detector.
4.6.2.4 Data Ampilifier

A wide-band, low noise electrical amplifier follows the photodetector in Figure
4.23 in order to boost the signal for subsequent processing and/or data analysis equipment.
For the purposes of the OTDM receiver, the amplifier should have flat response out to at
least 2.5 GHz to properly amplify the 2.5 Gb/s data streams. For observation of the

multiplexed 10 Gb/s signal, flat response out to about 10 GHz is preferred. The amplifier



113

should also have as low a noise figure as possible in order to maximize the signal-to-noise

ratio.

The amplifier selected for the OTDM receiver was the SHF9OP pulse amplifier.
The typical specifications for the amplifier were 23 dB gain, 7 dB noise factor, and 15 GHz.
bandwidth flat to within +/- 1.0 dB. Experimentally, the gain was measured to be
approximately 25 dB and the noise figure about 7 dB. The frequency response of the
amplifier was measured directly using the 40 GHz network analyzer and is displayed in

Figure 4.29.
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Figure 4.29 : SHF90P Frequency Response

The amplifier gain is flat to +/- 1 dB and the 3 dB bandwidth of the device is
approximately 14 GHz.

4.6.2.5 Noise Limiting Lowpass Filter

After amplification by the pulse amplifier, the noise bandwidth of the signal is
approximately 14 GHz. The 2.5 Gb/s data channel only requires approximately 2.5 GHz
of information bandwidth, and thus a signal-to-noise ratio improvement can be obtained by

adding a noise limiting low pass filter after the pulse amplifier. In addition, zcro
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intersymbol interference (ISI) can be theoretically achieved at the receiver using an

appropriate filter.

The raised cosine pulse shape has been chosen as the target pulse shape since it is a
common zero ISI pulse shape in digital transmission systems [49]. The raised cosine pulse
shape is preferred since it provides zero ISI and minimum pulse ringing. The objective

frequency content OBI[f] of a pulse at the output of the filter is given by the raised cosine

spectrum :

OBI [f] = cos? (Jz‘-ffi) (4.11)

where f, is the bit rate of operation. The filter frequency domain transfer function
FILTER[f] multiplied by the remaining transfer functions in the system must produce the

objective function as shown below :
OTDM([f] * RCV(f] * AMP[f] * FILTER[f] = OBJ[f] (4.12)

where OTDM][{] is the spectrum of the OTDM data pulse falling on the detector.
RCV[f] is the frequency response of the detector, and AMP[f] is the frequency response of
the low-noise amplifier. The required frequency response for the filter is then given by :

OBIJ [f]
OTDM [f] * RCV [f] * AMP [f]

FILTER [f] = 4.13)

The OTDM pulse shape after detection by a perfect detector is approximately a 1/4
duty cycle pulse. This pulse shape, along with the objective 2.5 Gb/s pulse shape is

displayed in Figure 4.30.
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Figure 4.30 : OTDM and Target Pulse Shapes

The equivalent frequency domain content of the OTDM pulse, the objective pulse,

and the concatenated responses of the detector and amplifier are shown in Figure 4.31.
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Figure 4.31 : OTDM, Receiver and Objective Pulse Spectrums

The ideal filter frequency response was calculated using equation (4.13) and the
result was a frequency response almost identical to the objective response. The filter
frequency response is approximately the same as the objective response because as Figure

4.31 shows, the OTDM pulse spectrum and the concatenated responses of the detector and
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amplifier are broad and effectively flat over the region of the objective response. Thus, the
exact shape of the OTDM pulse at the receiver is relatively unimportant in the design of the
filter, and the ideal filter response is approximately given by the objective pulse frequency

content.

The calculated ideal filter response, along with the 1.8 GHz, 5th order butterworth

low pass filter used to approximate the ideal filter are shown below in Figure 4.32.
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Figure 4.32 : Ideal Filter and Actual Implementation

The 1.8 GHz filter used in the OTDM receiver has a frequency response somewhat
wider than the ideal characteristic and has a sharper initial rolloff. Gradual rolloff filters at
gigahertz frequencies are not easy to manufacture, and the 1.8 GHz fifth order low pass

version was one of the closest commercial approximations © .ilable.
4.6.2.6 Receiver Noise Considerations

The noise characteristics of several elements in the OTDM system have been
discussed briefly in previous sections. This section will summarize the several sources of

noise and their relative importance in the OTDM system. Five source of noise will be
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considered and will be referred to the output of the photodetector in terms of noise current

densities for comparison purposes.

The noise current density contribution due to relative intensity noise of the optical

source is given by :
i2, =RIN (Pyr)? (4.14)

where RIN is the relative intensity noise, Py is the optical power incident on the
detector, and r is the detector responsivity. For the OTDM system, RIN=-134.5 dB/Hz,

and r=0.7 A/W. The optical input power P4 will be varied in the analysis.

The thermal noise is given by:

if = 4KTE (4.15)

where k=1.38%10-23 is the Boltzmann constant, T=300K is the resistor

temperature, R=50 ohms is the resistance, and F=7 dB is the noise figure of the amplifier.
The shot noise contribution due to the signal and ASE is:
o =2q [ (Pg+Pgp) ] (4.16)

where q=1.6%10-19 is the electronic charge, and Py, is the ASE optical power

defined in equation (4.4).

The optical amplifier noise terms include the spontaneous-spontaneous beat noise

and the signal-spontaneous beat-noise and are given by:

i%p-sp=4Bo[Nspn(G"1)Q]2 (4.17)

. 4 g2
lgig-sp = —ﬁv&‘nz PinepFA Ngp (G- 1) G (4.18)
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where B, is the filtered ASE bandwidth, Ny is the EDFA noise factor, G is the
EDFA gain, and hv is the photon energy. For the EDFA in the receiver Bo=1.4 nm and

Ngp=1.4. 7 is the detector efficiency and is related to the responsivity by n =r * (hv/q) =
0.56. The EDFA gain G will be a variable parameter. Pj,rpra is the optical input power to

the EDFA and is related to Py by Pg= G PjpgpFa.
The signal power is given by :
i%ig = (Pgr)? (4.19)

With a noise bandwidth of B,, the signal-to-noise ratio is given by :

2
2 .2 .2 Sli 2 (4.20)
[Irin + Iip + Ishot + Isp-sp + lsig-sp] Be

SNR = !

For 109 bit error rate performance, the SNR for the system must be 15.5 dB. Asa
starting point we will calculate the required optical input power Py to achieve a SNR of
15.5 dB if thermal noise is the only noise source. Evaluating (4.15) and (4.20) with an
electrical noise bandwidth of B.=2.5 GHz, the required optical input power for 10-9 error
rate performance is approximately -17.5 dBm. The EDFA gain in the OTDM receiver has
about 20 dB of gain at the 1551 nm wavelength. Therefore, a probable optical input power

to the EDFA at 109 bit error rate performance is -37.5 dBm.

Figure 4.33 shows the calculated noise current densities of the five noise sources
along with the total noise as a function of gain when the input power to the EDFA is fixed

at -37.5 dBm.
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Figure 4.33 : Noise Levels vs. EDFA Gain

Figure 4.33 shows that the total noise in the system is determined primarily by the
thermal noise for EDFA gains up to about 22 dB. For higher gains, the signal-spontancous
beat-noise dominates. Both signal power and the signal-spontancous beat-noisc power are
proportional to the square of the EDFA gain. As a result, the composite signal-to noisce
ratio improves with increasing EDFA gain until the signal-spontancous beat-noisc starts to
dominate. Figure 4.34 shows the signal-to-noise ratio as a function of EDFA gain for an
EDFA signal input power of -37.5 dBm. As expected, the SNR improves until the signal-

spontaneous beat-noise becomes the dominant noise factor.

Figure 4.34 also shows the SNR curves for Pj,epra levels of -45 dBm and -30
dBm. For a higher input power, the SNR 'knee' occurs at lower EDFA gains since the
signal-spontaneous beat-noise power is proportional to Pipgpra. In addition, the SNR limit
increases for increased input power since the signal power is proportional to the squarc of
Pinepra. Note that for an input power of -45 dBm, 10-9 bit error rate opcration i« not

possible for any EDFA gain since the SNR saturates below the required 15.5 dB level.
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Figure 4.34 : Composite SNR vs. EDFA Gain

For the EDFA used in the OTDM receiver, the maximum achievable small signal
gain was 19 dB at 1551 nm. Fixing the EDFA gain at this particular level, we can compare
the relative levels of the various noise sources as a function of Pi;gpra. Figure 4.35 shows
the noise current densities of the five noise sources along with the total noise as a function

of signal input power for an EDFA gain of 19 dB.
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For Pinepra levels of less than -32 dB, the total noisc is primarily determined by
thermal noise. Signal-spontaneous beat-noise dominates at input levels from about -32 to -
16 dBm. At very high input levels above -15 dBm, the ultimate limit of laser RIN is

encountered. Figure 4.36 shows the corresponding SNR levels for Figure 4.35.
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Figure 4.36 : SNR vs. EDFA Input Power

Again, we see that below -32 dBm input power levels, the SNR is dependent on the
thermal noise. The slope of the composite SNR curve in this region is 2, which means the
SNR is improved by 2 dB for every 1 dB increase in input power. In the -32 dBm to -16
dBm range, the SNR curve has a slope of 1 since signal-spontaneous beat noise is
dominant. Finally, the SNR approaches the hard limit of 40.5 dB as laser RIN dominates

at input levels above about -15 dBm.

The performance of the OTDM system will be assessed by determining the received
optical power for which 10 bit error rate performance is achieved. Figure 4.36 shows
that at a SNR of 15.5 dB or equivalently a bit error rate of 10-9, the theoretical receiver

sensitivity as referenced to the input of the EDFA is about -36 dBm. At this input power
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level, the thermal noise is the dominant noise factor. Chapter 5 will compare the actual

performance of the OTDM system with these theoretical results.

4.7 Summary

In Chapter 4, we have examined the experimental setup used to test the OTDM
concept. The distributed component solution along with its associated problems was
discussed first. The general system setup was presented in block form, and then a more
specific configuration was selected for the purposes of detailed analysis. The components
of the optical source were examined, and it was determined that the relative intensity noise

and linewidth of the source met the requirements for information limited 10 Gb/s OTDM

operation.

A specific OTDM transmitter arrangement which multiplexed two 2.5 Gb/s
channels was presented. Characteristics of the modulator and switches, the passive optics,
and the high speed electronics were then investigated. In addition, the coherence problem

introduced by the discrete approach to the OTDM layout was discussed along with a

potential solution.

Finally, operation of the OTDM receiver was considered. The optical
demultiplexing process was discussed for the two channel OTDM configuration. The
optical detection process was then examined in some detail. Characteristics of the optical
amplifier, filter, photodetector and subsequent electronics were presented. A brief analysis
of the several sources of noise, and their relative significance in the OTDM system was
conducted. Having completed the examination of the individual components, we will now

move on to discuss the performance of the OTDM system as a whole.



5.0 OTDM System Experimental Resuits

In Chapter 4 we were concerned with characterization of the individual components
of the OTDM system. Having completed this task, we now turn to examine the
performance of the system as a whole. In this Chapter we first discuss the rationale for
implementing a scaled down experimental version of the OTDM system. Experimental
results pertaining to optical time division multiplexing of two 2.5 Gb/s channels are then
presented. This is followed by an investigation of multiplexing the 2.5 Gb/s data channel
with the two immediately adjacent channels. Finally, we move on to examine the
polarization multiplexing experiments. Polarization multiplexing was investigated as an
alternative to OTDM. Comparisons between computer simulation results and experimental

results are made to evaluate the accuracy of the computer model.
5.1 Demonstiating the OTDM Concept

Ideally, we would like to evaluate the performance of the OTDM system in its
complete form. This would involve modulating and fully multiplexing and demultiplexing
four 2.5 Gb/s channels. It would be beneficial to examine both the spectral propertics and
eye patterns of the composite OTDM signal. In addition, system concerns involving power
budgets and determination of the receiver sensitivity degradation as a result of the complete

OTDM process would be valuable.

For an OTDM system composed of integrated electro-optic devices, experimental
operation of a four channel system would likely be possible, since the combined optical
power loss in the transmitter and receiver might be in the 15-20 dB range. However, for
the distributed experimental system examined here, four concatenated switches and a
modulator may result in a 30 dB power loss in the transmitter alone if the average device

loss is 6 dB. In the receiver, two more switches are required which adds another 12 dB of
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loss. The total losses in the link due to the electro-optic devices alone will be
approximately 42 dB. These losses were considered too high to perform measurements on
the system cven with the availability of the three optical amplifiers at TR Labs. In addition,
cconomical considerations and concern over the coherency problem of the distributed
system discussed in Chapter 4 suggest that a scaled down version of the OTDM system is

more appropriate for the experimental work stage.

To demonstrate the OTDM concept, three configurations of the system were tested
cxperimentally. The first system examined was presented in Chapter 4 during analysis of
the individual OTDM components. This configuration of the system multiplexed two 2.5
Gb/s channels using 10 Gb/s type pulses positioned 2 bit times apart. The results of this
pseudo-5 Gb/s back-back OTDM system are presented in Section 5.2. The second system
was designed to show multiplexing of directly adjacent channels in the system, and is
presented in Section 5.3. The third system used polarization multiplexing instead of time
division multiplexing to combine the adjacent channels. The insertion loss penalties
associated with polarization multiplexing were substantially less than for OTDM, and thus
100 km transmission experiments were possible. The polarization multiplexing system and

the fiber transmission results are explored in Section 5.4.
5.2 Two Channel OTDM Results

The two channel OTDM transmitter and receiver configurations were presented
earlier in chapter 4. This configuration demonstrated the pulse forming, modulation, and
multiplexing aspects of the system at a 5 Gb/s throughput rate using pulses ultimately
intended for 10 Gb/s applications. This section presents details of the experimental results
obtained with the two channel system. In Sections 5.2.1 and 5.2.2, the transmitter and
receiver configurations are revisited, and the experimental pulse shapes and eye diagrams

obtained at various points in the system are examined. Finally, the bit error rate
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performance of the system in the back to back configuration is determined, and the impact

of the two channel OTDM approach on receiver sensitivity is assessed.
5.2.1 Transmitter Layout and Pulse Shapes

The experimental setup of the transmitter used to perform optical multiplexing of
two 2.5 Gb/s type channels is shown in figure 5.1 below. This layout is identical to the
transmitter of figure 4.7 except that the electronic details have been omitted, and an erbium-

doped fiber amplifier has been added between the first two switches to compensate for

losses.
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Figure 5.1 : 2 Channel OTDM Transmitter

The average power levels in terms of optical dBm units are indicated in brackets in
the figure. The operational details for the optical amplifier blocks including EDFA #1 in
figure 5.1 are included in appendix 5A. The EDFA has a relatively low 6 dB gain because
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it is operated under highly saturated conditions. Including the optical amplifier, the losses

1
in the transmitter are still extremely high. If 0 o 01 modulation of the +4 dBm cw optical

source was performed in a zero-loss system, the optical powers in the modulated 0 (l) 00
channel and the unmodulated 0001 channel would be -5 dBm and -2 dBm, respectively.
The total power at the transmitter output would then be about -0.2 dBm. In the actual
transmitter presented in figure 5.1, the total power at the transmitter output is about -23
dBm. Thus, the excess loss of the OTDM two channel transmitter is a hefty 23 dB, even

after including the 6 dB gain of the optical amplifier.

Having presented the physical layout of the transmitter, we will now turn to
examine the transmitter pulse shapes obtained using this system. The modulated optical
waveforms were observed using the lightwave converter and a high-speed sampling

oscilloscope as shown in figure 5.2 below.

electrical
signal

optical
signal

Modulated \ ‘
Optical BT&D | ) SHFSOP o Sampling
Signal Detector Amplifier Oscilloscope

Figure 5.2 : Waveform Acquisition Equipment

The modulated optical signal was detected using the BT&D photodetector. The
detector output was amplified using the SHF90P amplifier, and then delivered to the
Hewlett Packard 34 GHz bandwidth sampling oscilloscope via a low loss connection cable.
The sensitivity of the oscilloscope was approximately 1 mV, and the thermal noise floor of

the SHF9OP amplifier was measured at 4.5 mV rms or about 10 mV peak-to-peak visually.
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Referring back to figure 5.1, the first switch was driven with a switching voltage
amplitude of 2V at 2.5 GHz. The switch was biased at the minimum intensity crossover
point for the lower branch. As shown in the 2V switching simulations in chapter 3, this
bias condition will produce a 5-Gb/s train of relatively wide pulses on the lower output

branch of the switch. A 5 Gb/s train of relatively narrower pulses is expected on the upper

output brarch.

The actual waveforms at the lower and upper outputs of the first switch were
obtained using the sampling scope and are shown in figures 5.3 and 5.4, respectively. In
addition, the theoretical waveforms calculated using the simulation software are overlaid in
the figures for comparison purposes. The computer model was modified to take into
account the frequency response characteristics of the BT&D detector and the pulse

amplifier, as well as the frequency and phase response of the ZHL42W power amplificr

used to drive the modulator.
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Figure 5.4 : ETEK #3 Switch Upper Output Waveform

As expected, a 5 Gb/s pulse train was produced from the lower branch, and a

noticeably narrower pulse train was produced from the upper branch. The width of the

wider pulses as measured at the midpoint was approximately 125 ps, while the width of the

narrower pulses was about 75 ps. Note that the traces acquired by oscilloscope are

thickened by the 10 mV peak-to-peak thermal noise. Qualitatively, the simulated

waveforms agree well with the experimental result.

The second switch was driven by a 2.5 GHz tone with voltage amplitude V.. In

order to demultiplex the 5 Gb/s stream properly, the drive signal was delayed in time so

that the peaks and valleys of the applied signal arrived with the peaks of the optical input

signal. In this way, the 5 Gb/s input pulse train was divided into two 2.5 Gb/s streams.

The upper and lower switch output waveforms as obtained by the sampling scope are

displayed in figures 5.5 and 5.6 along with the simulated pulse shapes.
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As we expect the waveforms from the two outputs of the second switch are

approximately the same in shape since a symmetric drive signal is applied to the switch.
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The half-maximum pulse width is approximately 150 ps in both figures. Here, the

simulated pulse trains are similar in shape to the experimental results.

The modulator was driven with the 27-1 length pseudo-random 2.5 Gb/s sequence
at the full 12.6 peak-to-peak switching voltage using the ZHL42W power amplifier.
Figure 5.7 shows the eye diagram obtained at the output of the modutator using the

sampling scope. The simulated eye diagram at this point agrees well with the experimental

result.
100 ] H
75 ; : )
e 1. e
S 80 B B >
E 2 st ]
s 2 DA £ bx
N . : 1
®» 0 2 1Y % :
.‘(g -25 ..-‘ x "?&ﬁ' ‘., l & .5'2‘!4"* g '..- o
O .50 MREENTIIRGy A el B M
> ! '
-75 | :
(]
-100 1 H
0 150 300 450 600 750 900 1050 1200 1350 1500
Time (ps)
DeltaV = 90 mv wevvews Experimental

Delta T = 402 ps Simulated

Figure 5.7 : UTP Modulator Eye Pattern

In Section 4.4.4.3, it was estimated that the power amplifier introduced
approximately a 15 to 20 percent variation in the level of 'ones’ and 'zeros' in the 2.5 Gb/s
data signal. It was calculated that this distortion would translate into approximately a 5 to
10 percent variation in the levels of the modulated optical intensity signal. Comparing
figures 5.5 and 5.7, we see that both the one and zero levels are in fact slightly broader in
the modulated case as a result of the amplifier distortion. In the unmodulated case, the

width of the sampled trace is approximately 10-15 mV p-p due to thermal noise, while in
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the modulated case, the width increases to about 20 mV p-p. Therefore, the modulated
trace has been thickened by about 5-10 mV or 5-10 percent of the amplitude as a result of

the amplifier distortion.

The third switch labelled ETEK #5 in the transmitter was driven by a 2.5 GHz tone
with voltage amplitude V. In order to properly multiplex the two 2.5 Gb/s streams, the
drive signal was delayed in time such that the peaks of the applied voltage signal arrived
with the peaks of the optical input signals. In addition, the timing of the upper optically
pulsed channel relative to the modulated channel was controlled via the variable optical
delay as shown in figure 5.1. The resulting 5 Gb/s multiplexed eye diagram was observed

using the sampling scope and is shown in figure 5.8 along with the simulated eye diagram.
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Figure 5.8 : 2 Channel Multiplexed Eye Pattern

The modulated and continually pulsed channels are readily identified, and the
simulated pulse pattern agrees well with the measured result. The multiplexed signal of

figure 5.8 exhibits approximately 30-40 mV of noise on top of the signal. This additional
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noise is a result of the incoherent addition of the partially overlapping optical pulses, as

discussed in Section 4.4.3.2.
5.2.2 Receiver Layout and Pulse Shapes

The experimental setup of the two channel receiver is shown in figure 5.9 below.
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Figure 5.9 : 2 Channel Receiver Configuration

This receiver configuration differs from the receiver of figure 4.22 in that another
EDFA has been introduced at the front end of the system in order to boost the signal to
compensate for the loss of the demultiplexing switch. The operating condition details of
the EDFA blocks 2 and 3 are given in appendix 5A. In addition, a 90/10 percent splitting

variable optical attenuator was added to facilitate convenient optical power monitoring. The
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optical power level measurements in the diagram are iadicated in brackets for both the one

and two channel cases.

The single optical demultiplexing switch was driven at 2.5 GHz at the full
switching voltage. The drive signal was delayed electrically such that the modulated
channel was gated to the lower output of the switch. The demultiplexed cye diagram
observed at the lower output of the switch is shown in figure 5.10, along with the overlaid
simulated result. For comparison purposes, the experimental and simulated data cye

diagrams in the absence of the second pulsed channel are presented in figure 5.11.
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Figure 5.10 : Received Eye Diagram - 2 Channels Transmitted

The eye diagrams of both figures were obtained at an optical power of -30.0 dBm
referenced to the input of EDFA #3. Note that to obtain this power level, the variable
optical attenuator was bypassed. Qualitatively, it is apparent from figures 5.10 and 5.11
that the presence of the second pulsed channel produces some additional closure in the data

eye.
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The 1.8 GHz low pass filter described earlier in Section 4.6.2.5 was inserted after
the SHF90P amplifier to band-limit the noise. The low pass filter lowers the noise
bandwidth to approximately 1.8 GHz, and broadens the relatively narrow data eye. Figure

5.12 displays the filtered data eye diagram observed using the sampling oscilloscope.

Compared with the unfiltered eye, the filtered eye diagram is significantly
broadened and spreads out to occupy essentially the entire bit period. The simulated eye

diagram is overlaid in the figure and is in very good agreement with the experimental result.
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Figure 5.12 : Filtered Eye Diagram
5.2.3 Two Channel OTDM Bit Error Rate Measurements

To assess the penalty associated with 2 channel OTDM in a more quantitative
manner, bit error rate measurements were conducted on the data channel in both the
absence and presence of the second pulsed channel. The bit error rate measurements were
conducted using the receiver of figure 5.9 followed by an additional stage of electrical

amplification before termination in the bit error rate test set as shown in figure 5.13.

To UTP
Modulator
A
£ o] Transmitted
Data 3 Gbis
Bit Error Rate
Test Set

Receiver Veritek .
Electrical "] 10GHz Junu Received
Data Amplifier Data

Figure 5.13 : 2 Channel OTDM Bit Error Rate Measurement Setup
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The Veritek amplifier was used to boost the level of the electrical signal to levels
required by the error rate test set. The bandwidth of the amplifier was approximately 3 kHz
to 10 GHz, the RF gain was 32 dB, and the 1 dB gain compression output power was +17
dBm (3 V p-p). The 0.1-3 Gb/s error rate test set was composed of a Hewlett Packard
70841A Pattern Generator and a 70842A Error Detector module. The minimum input
signal level required by the error detector was 500 mV peak-to-peak. In addition, the input
clectronics to the error detector had a 3 dB bandwidth of about 3 GHz. The exact
frequency response of the input electronics was not available, and so an optimum filter was
not designed for the bit error rate measurements. Thus, the filtering function was

accomplished by the input electronics of the error detector, and the 1.8 GHz low pass filter

was not used.

Figure 5.14 shows the bit error rates measured for the modulated channel as a

function of received power.
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Figure 5.14 : 2 Channel OTDM Bit Error Rate Measurements

Received power is referenced to the input of EDFA #3 of the receiver. The 'l

Channel' result in the figure was obtained by simply disconnecting the pulsed channel in
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the transmitter. For this single 2.5 Gb/s data channel, we can see from figure 5.14 that the
109 bit error rate receiver sensitivity is approximately -37.5 dBm. Recall that in Section
4.6.2.5 the 10-° bit error rate receiver sensitivity was calculated at -36 dBm. Thus the
experimentally determined receiver sensitivity is close to the theoretical value. One possible
reason that the experimental value is approximately 1.5 dB lower than the theoretical value
is that the equivalent noise bandwidth at the error rate test set is slightly lower than the 2.5
GHz assumed in the calculations. This is possible, since the specificd 3 dB bandwidth of
the input electronics for the test set was 3 GHz. Another possibility is that the noisc factor
of the SHFI0P amplifier is slightly lower in the 0-3 GHz range than the 7 dB nominal
specification over the full 15 GHz range. Finally, the experimental data pulse shape
received by the bit error rate test set was highly return-to-zero in nature. For the theoretical
curve shown here, the pulse shape was not considered. Therefore, the slightly return-to-

zero characteristic may also account somewhat for the discrepancy.

In addition, the experimentally determined -37.5 dBm receiver sensitivity level
indicates that dominant source of noise in the system is likely thermal noise as predicted in
the calculations. This hypothesis was confirmed by a visual inspection of the noise present
on the medulated waveform using the high speed oscilloscope. The thermal noise was
measured at about 250 mV peak-peak at the output of the Veritek amplificr with no optical
input to the detector. The noise present on the modulated waveform was also measured at
250 mV peak-to-peak. Thus, the OTDM receiver operated in the thermally noisc limited
regime. As predicted in chapter 4, both the optical signal input power to the receiver EDFA
(-37.5 dBm) and the EDFA gain (19 dB) are too low to make signal-spontancous bcat-

noise a dominant source of noise.

The 2 Channel' measurement in figure 5.14 was observed when the pulsed
channel was connected in the transmitter. Comparing the two curves, we can see that

introduction of the second channel results in an approximate 3 dB penalty in recciver
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sensitivity. This penalty arises from the coherent addition of the partially overlapping
pulses in the two channels as described in Section 4.4.3.2. Intersymbol interference may
also introduce a penalty, and it is important to point out that this ISI issue is separate from
the coherence issue. Differentiating the two penalties may be valuable in future
experiments. Note that it was just possible to obtain 109 bit error rate performance in the
transmitter-receiver back-to-back arrangement due to the high losses of the optical
switches. Thus, actual fiber transmission experiments with the two channel OTDM system

were not possible. Introduction of additional EDFAs after the transmitter wonld likely

permit OTDM transmission experiments.

5.3 Three Channel OTDM - Multiplexing Adjacent Channels

The two channel system demonstrated optical time division multiplexing of two 2.5
Gb/s channels placed two bits apart yielding a throughput rate of 5 Gb/s. To demonstrate
the feasibility of 10 Gb/s transmission, a second system was conceived to multiplex the
modulated data channel with the two directly adjacent pulses. Sections 5.3.1 and 5.3.2
will presen the transmitter and receiver configurations and examine the pulse shapes
obtained using the OTDM system to interleave 3 adjacent channels. Section 5.3.3 will
investigate the bit error rate performance of the system and assess the impact of the OTDM

process on receiver sensitivity.
5.3.1 Transmitter Layout and Pulse Shapes

Referring back to the transmitter of figure 5.1, adjacent channel multiplexing was
accomplished by taking the 1010 pulsed upper output of the ETEK #3 switch and feeding it
through the optical delay path into the upper input of the ETEK #5 multiplexing switch.
The 0001 channel output from the ETEK #2 switch used in the two channel case was
simply disconnected. This modified experimental setup of the transmitter used to perform

optical multiplexing of three adjacent 2.5 Gb/s typt channels is shown in figure 5.15.
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The average power levels in terms of optical dBm units are indicated in brackets in

the figure. The operational details for the optical amplifier EDFA #1 in the figure are

included in appendix 5A. Similar to the two channel OTDM system, the excess loss in the

3 channel OTDM transmitter of figure 5.15 is extremely high at about 24 dB.

The drive signals applied to the switches #2 and #3 and the UTP modulator were

the same as for the two channel OTDM case. The waveforms obtained at the upper output

of the ETEK #3 switch and the UTP modulator are also the same and were shown in

figures 5.3 and 5.7, respectively.
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The ETEK #5 multiplexing switch was driven with a 2 V, peak-to-peak 2.5 GHz

sinusoidal signal to accomplish multiplexing of the data channel with the 5 Gb/s continually

pulsed stream. The bias level and electrical delay to the switch were set such that the wide

gating portion of the drive signal corresponded to the peaks of the narrow pulses in the 5

Gb/s pulsed channel. As was shown in Section 3.5 of Chapter 3, when this particular

drive signal is applied to the final multiplexer, the output pulse train will be composed of

identically shaped pulses. The timing of the pulsed channel relative to the modulated

channel was controlled via the variable optical delay. The resulting pseudo 10 Gb/s

multiplexed eye diagram was observed using the sampling scope and is shown in figure

5.16 along with the simulated eye diagram.
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Figure 5.16 : 3 Channel Multiplexed Eye Pattern

The modulated and continuously pulsed channels are readily identified. The

simulated waveform agrees well with the experimental result, and the partial return-to-zero

characteristic of the pulse pattern expected due to the OTDM process is clearly visible.
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5.3.2 Receiver Layout and Pulse Shapes

The experimental setup of the three channel receiver is shown in figure 5.17 below.
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Figure 5.17 : 3 Channel Receiver Configuration

The EDFA#2 and #3 blocks are identical to those in the 2 channel receiver, and the
EDFA operating conditions are given in appendix 5A. The optical power level
measurements in the diagram are indicated in brackets for both the one and three channel

Cases.

The single optical demultiplexing switch was driven at 2.5 GHz at twice the
switching voltage. The drive signal was delayed electrically such that the modulated
channel was gated to the lower output of the switch, and the two pulsed channels were

gated to the upper output of the switch. The wide part, or endpoints of the 2 V, gating
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function was used to demultiplex the data channel. The demultiplexed eye diagram
observed at the lower output of the switch is shown in figure 5.18, along with the overlaid
simulated result. For comparison purposes, the experimental and simulated data eye

diagrams in the absence of the two adjacent pulsed channels are presented in figure 5.19.
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The eye diagrams of both figures were obtained at an optical power of -31.0 dBm
referenced to the input of EDFA #3. To obtain this power level, the variable optical
attenuator was bypassed. Comparing figures 5.18 and 5.19, it is apparent that the presence
of the adjacent pulsed channels produces detectable closure in the data cye. Time varying
fluctuations on the order of seconds were observed in the 3 channel demultiplexing case.
These fluctuations were significantly greater than those observed in the 2 channel OTDM
case. The increased fluctuations are suspected to be brought about by the increased pulse
overlap and associated coherence effects of the 3 channel system. Figure 5.18 docs not
show this phenomenon well, and therefore the bit error rate measurement wiil be used to

assess the performance degradation more precisely.

The narrow part, or the midpoint of the 2V, gating function was also used to
demultiplex the data channel in a second experiment. This involved simply moving the bias
point on the ETEK #5 switch down by Vy and adjusting the signal timing. Slightly
narrower pulse shapes were obtained for the data channel due to the narrower gating

function, and approximately the same eye closure was observed.
5.3.3 Three Channel OTDM Bit Error Rate Measurements

To quantitatively assess the receiver sensitivity penalty associated with 3 channel
OTDM, bit error rate measurements were conducted on the data channel in both the
presence and absence of the two adjacent pulsed channels. The bit error rate measurements
were conducted using the receiver of figure 5.17 followed by the amplification stage and

error rate test set as was shown in figure 5.13 for the 2 channel OTDM measurements.

Figure 5.20 shows the bit error rates measured for the modulated channel as a

function of received power.
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Figure 5.20 : 3 Channel OTDM Bit Error Rate Measurements

As was the case for the 2 channel OTDM measurement, the received power was
measured at the input to the receiver EDFA. The 'l Channel' result in the figure was
obtained by disconnecting the pulsed channels in the transmitter. The 109 receiver
sensitivity is approximately -37.5 dBm. As we would expect, this level is about the same

as for the 2 channcl OTDM - '1 Channel' measurement, and is also close to the -36 dBm

value calculated in chapter 4.

The '3 Channel (Wide)' measurement was obtained when the pulsed channel was
re-connected, and the wide portion of the 2V gating function was used to demultiplex the
data channel. The '3 Channel (Narrow)' result was observed when the narrow portion of
the 2V, gating function was employed. Comparing the three curves, we can see that
introduction of the 2 pulsed channels results in approximately a 6-7 dB penalty in receiver
sensitivity. The penalty for 3 channel OTDM operation is about 3-4 dB worse than for the
2 channel case. This is not surprising since there is significantly more coherent addition of
light in the overlapping regions of immediately adjacent pulses. Again, intersymbol

interference also contributes to the penalty, atd this is a separate issue from the coherence
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issue. These two penalty contributions have not been separated here, and it may be

informative to do so in further work.

In addition, we see that the bit error rate performance is essentially the same for
wide or narrow demultiplexing of the data stream. It was not possible to cbtain 109 bit

error rate performance for the narrow demultiplexing case due to optical power limitations.

Figure 5.20 presents the average bit error rates measured. It is worthwhile to point
out that the instantaneous bit error rate as reported by the test set in a 0.1 second interval
fluctuated significantly. For example, at an input power level of -33 dBm for the wide
gated 3 channel OTDM case, it was observed that the 0.1 second interval bit error rate
fluctuated between 5.0 * 103 and 0. The average error rate over tens of seconds was much
more stable and was measured at about 1.0 * 10-5. For the 'l channel' case where the two
adjacent bits are disconnected, the instantaneous error rate was observed to fluctuate within
a much narrower range. At an input power level of -39.5 dBm for the single channel casc,
the instantaneous error rate varied from about 10-4 to 10-6 around an average of 10-5. This
difference between the stabilities of the 0.1 second error rates for the 1 and 3 channel
OTDM systems indicates that some process with a time constant on the order of the 0.1
second interval is at work in the 3 channel system. This fluctuation phenomenon was also
noted earlier in the eye diagrams of the 3 channel system in Section 5.3.2. It is
hypothesized that the coherence effects in the 3 channel system contribute to this instability,

however, further work is required to identify the exact cause of this phenomenon.
5.4 Polarization Multiplexing of Adjacent Channels

A second method was used to multiplex the 5 Gb/s pulsed stream with the 2.5 Gb/s
data stream. Two optical polarization splitter/combiner devices were available at TR Labs,

and these devices were used to perform polarization rultiplexing and demultiplexing on the
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two streams. The term polarization division multiplexing (PDM) was used to describe this

type of signal combination.

Polarization division multiplexing is a relatively new concept, and only a couple of
papers have been published concerning the technique. Previous experimental PDM
research includes a 4 Mb/s transmission system using polarization maintaining fiber [50],
and both 4 Gb/s [51] and 8 Gb/s [52] systems using standard single-mode fiber. As well,

a theoretical examination of PDM has been conducted [53].

In our system, PDM theoretically solves the intersymbol interference and pulse
overlap problems associated with OTDM since the polarized channels were orthogonal. In
addition, the variable optical delay was no longer strictly necessary since pulse overlap was

in theory no longer an issue.

Aside from these positive issues, polarization multiplexing also raised some new
concerns. First, the pulse overlap problem was not completely avoided since the
polarization multiplexers did in reality have finite crosstalk. Second, the polarization
stability and the polarization leakage over long fiber distances was unknown. Hill,
Olshansky, and Burns noted in earlier work [51] that the state of polarization did indeed
wander after travelling over 45 km of fiber, and that the polarization crosstalk penalty
increased with transmission distance. As will be shown in the subsequent experimental
swidies conducted on polarization multiplexing, it was found that in spite of these concerns,
relatively long distance transmission in the laboratory environment was possible using

PDM.

5.4.1 PDM Transmitter Con:figuration and Pulse Shapes

The transmitter was configured with a polarization combiner in place of the last

ETEK #5 switci: as shown in figure 5.21. The 1 dB insertion loss of the polarization
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multiplexer was relatively low compared to the ETEK #5 switch and therefore no optical

amplifier was required between the first and second switching stages.

Polarization
Controller
cwW (+3) (_7)
Light LM Lye IeTErCHS
Input =1 Switch
(+4 dBm) = .
famnnm eIBCtrical
signal
—— Opﬁcal
signal
T'1'1'1] optical
0,0,0,0] bit pattern

2.5 GHz
@ 2Vrpp

Figure 5.21 : PDM Transmitter Configuration
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Polarization controllers were inserted in both the modulated signal and pulsed

stream optical paths in order to match the polarizations of the signals with the required

orthogonal polarization states required at the polarization multiplexer input. The variable

optical delay adjustment was left in place to allow time interleaving of the two streams for

the purposes of waveform analysis. The variable optical delay can further reduce the cfiect

of the already small polarization crosstalk by centering the modulated channel between the

two pulsed channel peaks. The variable optical delay also corvcniently functioned as a

variable optical attenuator when the axial positions of the two lenses were offset.
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The polarization multiplexed output of the tr...smitter was observed using the

sampling scope, and is shown in figure 5.22a. For comparison purposes, a part of the

actual data stream is also shown in figure 5.22b.
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Figure 5.22a : PDM 3 Channel Eye Diagram
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Figure 5.22b : PDM 3 Channel Data Pattern
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From these two figures, we can clearly sce both the 5 Gb/s type pulsed channel as
well as the modulated data channel which lies in between the peaks of the pulsed channel.
Comparing the 3 Channel PDM eye diagram with the 3 Channel OTDM eye diagram of
figure 5.16, we observe that the PDM eye docs not possess the partial return-to-zero
“!aracteristic. The PDM generated 3 channel signal is essentially non-return-to-zero since

ro light is gated out of the sysicin by tt e polarization multiplexer.

It is important to r> member that the two waveform figures above are plots of the
optical intensity u¢ e multiplexed signal since the detector translates the incident optical
intensity into an electrical current. The pulsed and data channels are in fact orthogonal in

polarization, and thus the apparent 'eye' pattern is only a result of the detection process.

If the optical outputs of the first switch are exchanged, the modulated channel will
utilize the narrow pulses, while the 5 Gb/s pulsed channel will be composed of relatively
wider pulses. Figures 5.23a and 5.23b show the eye diagram and sample data pattern for
the narrow pulse modulated channel polarization when multiplexed with the wider pulsed

channel.

Comparing Figures 5.22 with Figures 5.23, we see that the narrow data channcl
eye diagram is slightly narrower as we expect, and again no return-to-zero characteristic is

present.
5.4.2 PDM Receiver Configuration and Pulse Shapes

The polarization demultiplexing portion of ihe link. or the PDM rece;ver is shown

in figure 5.24.
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Figure 5.24 : PDM Receiver Configuration

The optical power levels are indicated in brackets for the case where the transmitter
and receiver are placed back-to-back, and the variable optical attenuator is sct to zero
attenuation. It was found that the optical crosstalk observed between the two channels at
the demultiplexer output was very sensitive to the polarization controller setting. The
controller setting was optimized by disconnecting the modulated channel in the transmitter
and then minimizing the power monitored in the modulated channel polarization at the
receiver. Near the optimal setting, it was found that the crosstalk from the pulsed channel

into the data channel output of the polarization demultiplexer was lesver thar -30 dB.

With the setting of the polarization controller cotimized, the cye diagram of the data
channel at the polarization demultiplexer output was observed using the sampling scope.

Qualitatively, it was observed that the data eye diagram was virtually the same in both the
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presence and absence of the pulsed chanuel on the orthogonal polarization. For the case
where the modulated data channel utilizes the wide pulse shape in the transmitter, figure

5.25 shows the eye diagram at the receiver after polarizaticn demultiplexing.
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Figure 5.25 : PDM Receiver Eye Diagram
5.4.3 PDM Three Channel Bit Error Rate Measurements

The impact of the presence of the pulsed channels on the data channel was
quantitatively assessed by measuring the bit error rate performance of the system in two
cases. The sitmation where thc pulsed channel was absent was termed the 'l Channel'
case. The condition was termed '3 Channel' when the pulsed channel was present since
three of the four tisie slots of the composite signal were filled. Figure 5.26 shows the bit

error rate as a function of received Gpiical power for both the 1 and 3 channel cases.
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Figure 5.26 : PDM 1 and 3 Channel Receiver Sensitivity

The received power in the figure was referenced to the input of the EDFA in the
receiver for convenience. As figure 5.17 shows, there was less than a 0.5 dB receiver
sensitivity penalty due to the prescnce of the pulsed channel. In .2 1 and 3 channel cascs,
the receiver sensitivities at a 10-9 bit error rate level were -37.% dBm and -37.0 dBm
respectively. This 0.5 dB penalty is due to polarization crosstalk arising from the finite

polarization extinction characteristic of the polarization multiplexers.

5.4.4 Polarization Multiplexing Transmission Experiments
Only one EDFA was required to obtain 10-9 BER performance in the back-to-back
polarization multiplexing link. Since two additional optical amplifiers were available,
transmission experiments over optical fiber were conducted. The transmission experiments
were carried out for three reasons. First, a quantitative measure of the receiver sensitivity
penalty of polarization multiplexing/demultiplexing as a function of distance was desired.
As well, it was important to investigate possible polarization dispersion and polarization

stability issues over relatively long lengths of fiber. Finally, an indirect confirmation of the
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spectral properties of the transmitted signal was deemed possible through observation of

pulse distortion as a function of transmission distance.

5.4.4.1 Transmission Experiments

Several transmission tests were conducted using different fiber lengths. The
particular set of distances examined here included fiber lengths from 0 to 100 km in steps
of 25 km. Depending on the transmission distance, either 1 or two additional EDFAs were
required. Figure 5.27 shows the five trial cases along with the appropriate EDFA

configurations to compensate for fiber losses.

Distance Configuration
0 km Tx Rx
0 km
(-25) (-25)
25 km Tx == EDFA #2 @ Rx
25 km
(-25) (-16) (-22)
50 km Tx == EDFA #2 @ Rx
50 km
(-25) (-16) (-27)
25 km 50 km
(-25) (-16) (-22) (-10) (-21)
100 km Tx =t EDFA #2 —@- EDFA #1 —@.— Rx
50 km 50 km
(-25) (-16) (-27) (-15) (-28)

Figure 5.27 : PDM Transmission Configurations
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The 25 km sections of fiber were the Corning type fiber, while the 50 km sections
were the Northern Telecom tiber. The approximate optical signal power levels of the data
channel at the maximum EDFA gain levels are included underneath each configuration,
The total optical powers in the pulsed channels plus the modulated channel were about 6 dB
higher than those listed for the modulated channel alone. Details on the EDFA types and

operating «onditions as well as the optical bandpass filters are included in appendix SA.

The bit error rate as a function of received power was measured for the 0, 25, 50,
75, and 100 km distance cases. The actual bit error rate curves for cach of these distances
are included in appendix 5B. Figure 5.28 below summarizes the transmission results by

plotting the 10-? bit error rate receiver sensitivity as a function of transmission distance.
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Figure 5.28 : PDM Transmission Receiver Sensitivities

By comparing the one and three channel 109 bit error rate sensitivities, we can
estimate the effective receiver sensitivity penalty due to the polarization multiplexing
process as a function of transmission distance. From the figure, we can sec that the penalty

increases from about 0.5 dB at the 0 km distance to about 1.75 dB at the 100 km distance.
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The sensitivity penalty is caused by optical crosstalk from the pulsed channel into
the modulated channel. The dependence of the penalty on distance indicates that polarized
light travelling over long distances is either somewhat dispersed or unstable. In this
context, polarization 'dispersion’ is intended to mean polarization scattering from the
pulsed channel into the orthogonal polarization of the data channel only as a result of
transmission over the fiber. Polarization instability refers to polarization drift over time
observed at the receiver. The instability is then translated into crosstalk after polarization

demultiplexing.

5.4.4.2 Polarization Drift

While it was not possible to isolate strictly the relative contributions of the two
PDM penalty sources, an attempt was made to observe the polarization drift over time for
the 100 km transmission case. The polarization crosstalk was first minimized by adjusting
the pola -zation controller at the receiver. Figure 5.29 shows the optical crosstalk as a

function of time over a 40 minute interval.
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Figure 5.29 : PDM 100 km Transmission Optical Crosstalk
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Figure 5.29 shows that over the 40 minute time interval, optical crosstalk varied
from less than -30 dB to as high as -15 dB at some times. It was possible to obtain the
original BER curve again by re-optimizing the position of the polarization controller. Thus,
the absolute polarization orientation of the optical signal at the receiver wanders as a
function of time after transmission through a relatively long distance of fiber. This time
dependent polarization drifting penalty could conceivably be avoided through the

introduction of a polarization 'tracking' feedback loop involving the polarization controller.
5.4.4.3 Signal Spectral Properties Revisited

From analysis of the inherent spectral linewidth of the source in Section 4.3.2
coupled with an investigation of the switch and modulator chirp in Scction 4.4.2.4, it was
concluded that the overall spectral width of the transmitted signal would be primarily
information limited at a 10 Gb/s transmission rate. If this is indeed the case, then the time
domain dispersion of 10 Gb/s type pulses in the experimental system shouid be determined
mainly by the information sidebands imposed on the optical carrier. In chapter 3, the
impact of dispersion on a 10 Gb/s eye was investigated for the case where the spectral
width of the transmitted signal was determined exclusively by the modulated signal. By
comparing the simnulated and experimental pulse shapes as a function of transmission
distance, it should be possible to confirm qualitatively the information limited spectral
property of the transmitted signal. Note that the dispersion simulations examined in chapter
3 were only applicable for a full four channel OTDM system. Therefore, the dispersion
simulation was modified to mimic the experimental system of figure 5.21. This included
adding 2V switching for the first switch in the transmitter and including the frequency

responses of both the photodetector and the SHF90P amplifier.

In addition to the BER curves measured during the 0-100 km polarization

multiplexing transmission experiments, the actual eye diagrams for the data <hannel were
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obscrved and recorded as a function of distance. Figures 5.30a to 5.30e show the 10 Gb/s
type modulated channel eye diagrams obtained using the sampling scope for the five

distances. The simulated eye diagrams are overlaid for comparison purposes.
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Figure 5.30e : Received Pulse Shape - 100 km

The simulations were conducted using a standard dispersion factor of 17 ps/(km
nm). Relatively close agreement is found comparing the experimental pulse shape
measurements against the simulation results. In effect, this agreement confirms that the
spectrum of the transmitted pulse patterns created by the OTDM switching arrangement in

conjunction with the Fujitsu optical source is primarily information limited.
5.5 Summary

The experimental results obtained using the optical time-division multiplexing
technique have been examined in Chapter 5. The performance of a two channel OTDM
system was discussed first. The block diagrams of the transmitter and receiver were
presented along with the waveforms measured at selected points in the system. The
computer simulated waveforms agreed well with the experimental results in most cases
which indicated qualitatively that the computer model was accurate. The bit error rate
performance of the two channel system was presented, and the receiver sensitivity penalty

associated with 2 channel OTDM was determined to be approximately 3 dB.
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Next, the operation of the three channel OTDM system was discussed to
demonstrate multiplexing of immediately adjacent channels. Again, the transmitter and
receiver configurations were explained, and the waveform shapes at various points in the
system were analyzed. The bit error rate performance of the three channel system indicated
a 6 dB receiver sensitivity penalty was associated with adjacent channel multiplexing using
the OTDM technique. Both the three channel multiplexed waveform and the bit error rate
were observed to fluctuate due to the coherency problems associated with multiplexing

adjacent pulses.

Finally, the polarization division multiplexing (PDM) experiments were discussed.
The transmitter and receiver configurations were presented, along with the observed
waveforms. The bit error rate performance of thc system was analyzed, and it was
determined that polarization multiplexing resulted in a relatively small 0.5 dB recciver
sensitivity penalty for the case where the transmitier and receiver were placed back to back.
The penalty associated with PDM was found to be much smaller than that for OTDM duc to
the virtual elimination of the coherence problem through use of orthogonally polarized
channels. Transmission experiments of up to 100 km were possible using the polarization
multiplexing technique. The bit error rate performance of the system was presented, aed
the PDM receiver sensitivity penalty was observed to increase as a function of disti ce.
Polarization drift as a function of time over 100 km of fiber was briefly addressed. Last,
the information limited spectral property of the pseudo-10 Gb/s signal was confirmed
qualitatively by examining the theoretical and experimental pulse distortion effects caused

by fiber dispersion.

Having completed the presentation of the experimental results for the optical time-
division multiplexing and polarization multiplexing techniques, we move on to conciude

this work with Chapter 6.
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6.0 Conclusion

In this thesis, we have described the simulation and experimental studies
investigating the performance of an optical time-division multiplexing (OTDM) system.
First, we reviewed several of the conventional electro-optic switch structures and previded
theoretical background on those devices including switching voltage, bandwidth and . airp
propertics. It was dctermined that the Mach-Zehnder interferometer modulator and

balanced bridge switch devices were best suited for an integrated OTDM system.

A BOSS computer model of the OTDM system was examined next. The computer
model was modular and flexible, and allowed different switching configuratiors to be built
up quickly. The model facilitated analysis of the impac: of many system param =t rs o the
composite output signal. Specifically, it was found that switch extinction ratios should
exceed 25 dB for negligible eye closure. As well, in the fiber dispersion siniulations, w
found that after transmission over 60 km of fiber, the ey opening was reduced by 50
percent. Finally, we found that using the 2 V;, switching technique, a 1U Gb/s signal could
be generated using 2.5 Gb/s data signals and narrowband 2.5 GHz tones. This technique

circumvents the electronic bottleneck which limit- high speed electronic svatems.

We then moved on to describe the individual components of the experimental
OTDM system set up at TR Labs. It was determined that both the spectral properties of the
optical source and the chirping characteristics of the switches would not significantly
broaden the transmitted spectrum beyond the 10 Gb/s information baudwidth. Essentially,
cvery component from the transmitter to the receiver was characterized and its impact on
overall system performance was considered. A brief analysis of the several sources of
noise and their relative significance in the OTDM system was also conducted. It was
determined that the thermal noise was dominant, and that the signal-spontaneous beat-noise

of the optical amplifier was a secondary factor.
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In Chapter 5 we presented the fir:i experimental results for an OTDM system using
a continuous wave laser source Two configurations of the experimental system were
examined. The '2 Channel' - - "T™ [ystem multiplexed two 2.5 Gb/s optical digital
streams positioned 2 bit tinues api . The '3 Channel' system multiplexed three adjacent
2.5 Gb/s channels. The waveforms at various points in the systems were examined and it
was found that the cc ;.- er simulated waveforms agreed well with the experimental
results. This agreement qualitatively confirmed the accuracy of the inodel. Bit error rate
measurements were also conducted on the two systems. It was fo. ad that the intersymbol
interference and coherence effects aszociated with active optical multipi~xing degraded the
receiver sensitivity of the system by 3 db for 'Z Channcl' OTDM and &-7 dBE {or 's-
Channel' OTDM.

As shown in the simulations, the experimental OTDM system confirmed that we
could generate a pseudc-10 Gb/s optical signal using 2.5 Gb/s data signals and narrowband
2.5 GHz drive electronics. OTDM allows us to avoid the frequency limitations of
electronic components through optical multiplexing operutions. in addition, we confirmed
that the spectral width of the transmitted signa! was limited by the imposed information
sidebands. The spectral broadening associated with high speed direct modulati: . of the

laser was avoided, and thus the pulse spreading impacts of fiber dispersion were limited.

Finally, the polarization multiplexing (PDM) exneriments proved to .. highly
successful. The 0.5 dB receiver sensitivity penalty associated with 3 channci PL.M was
found to be substantially less than that for the 3 channel OTDM system since the coherency
problem was virtually eliminated through polarization multiplexing. In additic», since the
insertion losses of the polarization multiplexing and demultiplexing devices were small, it
was possible to perform transmission experiments over distances of up to 100 ki of

optical fiber. We found that the two polarizations remained essentially orthogonal at
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transmission distances of up to 100 km. The receiver sensitivity penzity due to polarization
drifting could be eliminated through a polarization tracking feedback control loop. From
the studics conducted here, polarizati--n multiplexing looks promisin as a technique for
increasing fiber optic system throughput. Polarization division multiplexing has the

potential to double system throughpui if orthogonal polarizations are fully utilized.

6.1 System Improvemerts

Through this thesis work, we have provided a forudation for (OTDM and PDM
rescarch at TR Labs. There are many opportunities for i .. . .2 of both the computer

modecl and the experimental system.

The BOES cemputer model could be enhanced in a number of ways. First, optical
‘nsertion losses for both the switching elements and fiber could be added. Second, the
inclusion of optical amplificr and noise models, and bit error rate measurement capabilities
would greatly increase the usefulness of this tool. Third, it may be helpful to base the
switching characteristics of the devices on their physical structures. Currently, the
switching elements are modelled by simple mathematical fo.. .. ';. This would allow one
to investigate the impact of *! = physical parameters such as device length and waveguide
and electrode struciures on both the single switch and the OTDM system as a whole.
Fourth, it would likely be worthwhile to model other types of switching devices such as
directional couplers and digital switches. Recall that the current model includes only the
balanced bridge interferometer style switch. And finally, enhancing the model to handle
optical sources with non-zero spectral widths may increase the flexibility of the model

through more accurate dispersion modelling.

The experimental system may also benefit from improvements in several areas.
First,« | mization of the receiver would improve sensitivity. In the system examined here,

the bit error rate test set made the decisions. The addition of an optimal filter and an



165
external decision-making flip-flop prior to the test set would likely increase sensitivity. In
addition, replacing the 'cheat clock' with true clock recovery at ihe zeceiver would improve
the stability of the syster .\t the longer transmission disiances. «.ccking drift between the

transmitter and receiver dc grades the sensitivity.

Second, the coherence problems associated with OTDM could be reduced through
the reduction of pulse overlap. This might be accomplished by driving the first switch in
the OTDM system with a square-wave or pulsed signal. Alternatively, if near-transform
limited optical pulses can be generated externally to the OTDM system, one might consider

replacing the cw laser scurce with a continuously pulsed optical source.

Third, the dispersion impact on the system may be recuced by e.aploying a coding
techrique such as duobinary cncoding. In addition, utilizing the negative chirp propertics
* + a chirp-inducing switch in the transmitter could be used to somewhat compensate for the
dispersion in the fiber. Note however, that in general, 2 V, switching will not be possible

during chirped ope ration of the system.
6.2 Further Work

As stated previously, this thesis has luid some groundwork in the arcas of OTDM

and PDM and there are many opportunities for further rescarch.

First, the coherency problems associated with multiplexing overlapping pulses in
the OTDM system should be explored in further detail. This would involve nailing down
the exact source of the problem, including thermal considerations. It may clso involve
calculating the noise introduced into the OTDM system as a function of coherency in the
multiplexed signals. A starting point might be to compare the perfectly coherent and totally

incoherent extremity cases.
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Second, investigation of an integrated OTDM system may be possible in the future.
The distributed system examined in this thesis suffered from high insertion losses and
coherency problems. An integrated system would reduce the optical losses in the system.
As well, an integrated system may make coherent OTDM possible since the distances
traversed on a single substrate are relatively short. Investigaiion of electrical crosstalk and

thermal issucs would I'} 'y accompany such an endeavor.

Third, the experimental OTDM system examined here used strictly lithium niobate
based devices. Problems with lithium niobate include its polarization selectivity and
thermal drifting properties. Other optical switching devices such as multiple quantum well
structures . pelv.aner and gallium arsenide based switches, and future ma: srials may provide

several new zvenues for exploration.

Finally, the polarization multiplexing experiments brieiiy examined in this thesis
have raised some interesting issues. For one, it is possible that the polarization
transmission properties of straight fiber differ from those of fiber coiled on reels.
Investigation of actual polarization dispersion, or in other words, the wavelength delay as a
function of polarization, properties of fiber may also be valuable. In addition, the PDM
experiments examined here are applicable only to time-interleaved pulse patterns. A
relatively simple extension of this work might involve measuring the PDM receiver
sensitivity penalty when the pulses of orthogonally polarized channels are directly

overlapped in time.

In fact, the polarization of optical signals is just another dimensioii. It may be
possible to use the polarization plane of a signal as a dimension for modulation. This could
be a stand alone technique where one would employ, for example, 'polarization-shift-
keying'. Or, polarization modulation might be combined with amplitude modulation or

even phase modulation as well to produce multi-dimensional modulation schemes.
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These are ciuly some of the possibilities that exist for further research. It is also
important to remember that the time division and polarization division multiplexing
techniques cescribed in this work are only two ol the many ways to take advantage of the
enormous bandwidths offered by optical systems. As technology and learning progress, it
will certainly be interesting to observe exactly how the exploitation of this tremendous

resource unfolds.
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Appendix 3A : BOSS Module Block Diagrams
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Figure 3A.1 : MZI 2X2 SWITCH Block Diagram
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4 CHANNEL TRANSMITTER OVERVIEW
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Appendix 3B : Listing 3B.1 - Electro-optic Switch Frequency
Response Calculation 'C' Code



Microwave attenuation jooe
data

calculation code or

Noae 3
Do obent i

tinclude <stdio.h>»
#include <math.h>

#define
#fdefine

#define
#define

fdefine
#define
fidefine
#define
#define

PI 3.141592653%
SMALL 0.001

DT (1.0/320.0L%)

NUMFPOINTS 640.0 7 actuval ¢

i

ELogrammed by @ Ken Boentoe:n

Clight 3.0wm+10 ;N vpeed ot
Nm 4.2 /Y microwave e
No 2.2 /A optical ndes
ALPHAO in dB/oem

~ S

1.0
LENGTH 1.0

JRKK KKK AR KRR A AKX ANEAA @l g Calo

*

*  Routine

*
*

*/

eta calc

double eta calc(freq)
double freq;

{
}

return( 2*PI*fabs (freqg)* (Nm-No) /cigin

/x*****x‘k***%***‘k****t {il}:)h{.i (':':—11('-

*

* Routine

*
*

*/

alpha calc

double alpha_calc (freq)
double freq;

{

return{ log(10.0) * ALPHAG *

}

/************k’k*ﬁ'k*k*k hf Ca](;

*

* Routine : hf calc

A
Ao cent imet ers

P T I Y

provint o 1

Pt i

I SR S B

) ;

P O N N A Y R A

[N RV IV A AP I S A A B B B 4

NUMEP P OINTS

cottinim

»

cart. (fano (freg/iks) /

[

10

(S 1 S S

)

A

LI
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14

4

©/

Griaba b bbb (freer)
it b froeey;

{

SIIVY PR WREERTIN PPN S P

ot alpha caloe (f abs (§roeq)) P LEHGTH/ 2

/t printt ("abofregs e as eNn', labs (freq),a); */
boooota calo (fabo (Freg) )y * BENGTH/Z2;

/* printf{("abofreqs oo bhe oe\n",fabs (freq),b); */

/* printt ("absfroeqg ¢ <inh(a)~ «=\n",tabs (freq),sinh(a)); */

o] proow { (sinbi(ay),2.0);
/% printt("abstreaqe eoodeooe\n", fabs(freq),d); %/

o sart |
(d + pow( (sin(b)),2.0) )
/

min, tmax);

printf ("Writing to output f{ile s\n",datname);

dattile topen (dat name, "w") ;
fprinti(datfiic,"3,.d\n", (int) (rint (NUMFPOINTS+1)) )7
fprintf(datfile,"freq in hevtz\n");

Iprinki(datjllw "d3 power magnitudeln")

fprintf{ (dattile,"phase in degreesi\n")

tor (treg=tmin; freq< ctmax+df/2); freg+=df)

{
fprintf(datf{ile," v le “e\n",rint (1£+10*freqg) /1E+10,hf_calc (freq)

, Phase) ;

{fclose ( dattfile )}y
}

/% ond hf calc */

/A)\ik)\AiA*)\'Ai)\AAA*A*iA‘A n]ain AR A KR KA RNARARAXA KK KXNA
A
A Routine : main
N
£
‘\/’
main ()
{
hi print ("mwlf2");

} /* end main A/
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Appendix 3C : Listing 3C.1 - Fiber Dispersion Calculation 'C’
Code



/»

e Foiteer rirnpe o

’ S RIS DIV B S U TS T
s

’ Porograannecd by Een

» YR B Y
»

r/

cotdiolhe
St b he

R /B RS A PR IA A
(.G

finciude
finelade
fedef e P
fcdef 1nee SMALL
Bdoef ine DT (1,07 3520 LH1E9)
fidef ine NUMEPRGINTDS

/* Global Variables 4/
double LENGTH; /* tiber

/AAAAAAA*AAAAAAAAA*AAA
A

A Rout tne phasecalc
A

A

*/

double phasecalc (freq)
double freq;

{

2sn.0 /2

phasecalc

baepiteer e

1Ol

actual #of points isg

ength in kmo */

AoA Ak A AP AR AR A A AL AN

double we, ¢, d, result degrees;

wes 1550E-9; /*
c= 3.0E+8; /* speed of

d- 0.0170;

result _degreess -wc*wc/c *d*LENGTH *freqg*freq * 180;

/* printf ("absfreg= e

if ( fabs(freq)<1lE-6 )
return{0.0);
clse

return (result degrees);

/*iiii\\\ﬁ\*ii\*!‘i**‘ phase print AAXKRRARKRRA XXX KKK XK

carrier wavelength */
light in

m/s */

/* delay in s/ (km m) */

c= te\n",fabs(freq),c);

*/
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NUMFPOINTS+1

*/



* Routine @ phasee i

phase print (datname)

char *datname;

{

FILE *dattile;

double fregq,phase,attn, tmin,tmlreny) T,

}

fclose ( datfile )
}
/* end phase print */

/*x*»\*x****xAA«AA.«A««A Mot lly At cns e
*

*  Routine : main

*

*

*/

main ()

{
LENGTH=100.0;
phase print ("fiberfcenlOOkml /")

} /* end main */
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Appendix 3D : Derivation of the Power Spectral Density of a
Finite Length Pseudo-Random Binary
Sequence

Let gft] be the pulse shape for the sequence. For a rectangular pulse with amplitude
A and duration T:

A 0t sT
glt] = {() . otherwise (B.1)

glt]

The power spectral density of g[t] is then given by GIf] as:

2 = (AT)? (SinnfT }?
|GIfI? = (AT (S

(B.2)
(AT)?
Gli]
3 2 1 o 1 2 3
T T T T T T

For a truly random sequence, the shape of the power spectral density of a
sequence is the same as that for a single pulse since all pulses are truly independent.
However, this is not the case for a pseudo-random sequence where a particular bit pattern
is repeated. Repetition of a bit pattern introduces correlation into the sequence, and this

dependence will show up in the spectral content of the signal.
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If N is the length of the psuedo-random binary sequence with zero average value,
the autocorrelation function of the sequence ¢i[k] is given by the expected value of the
product of an information symbol I, with all other symbols I,y

. k=0,N,2N.3N ...
, otherwise (B.BH

!
0ilk] = Ellaluil = {
The Fourier transform of this sequence is :

Slff = 3, ekl = o 3 8(f- %
k=-00

K=-o0 (B.4)

Finally, the power spectral density of the pseudo-random sequence using g[t] as the

pulse shape is determined by :

X[f] = | GIf) P Sif]
or,

X[f]= A2 sin RfT) Z S(f-—
(B.5)

From equation B.5, we can see that the power spectral density of a pscudo-random
binary sequence of length N retains the envelope of the pulse shape spectrum, and is
composed of discrete spectral lines with frequency spacing 1/TN. In the limit as the
sequence length N approaches infinity, the result in (B.5) approaches the power spectral

density of a truly random sequence :

X[f] = 1| GIf] P

In this case, S[f] = 1 and the power spectral density is continuous.
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APPENDIX 4A : The Polarization Controller

The lithium niobate medulator/multiplexer and demultiplexer electro-optic elements
arc sensitive to the polarization of the input light. For lithium niobate, the electro-optic
cffect is approximately 3 times larger for the TE mode compared to the TM mode.
Therefore, to maximize the electro-optic effect, the polarization of the input light should be

as lincar as possible, and oriented so that the TE mode is acted upon by the electric field.

To achicve a linear polarization in the desired direction for the optical switches and
modulator, in-line single-mode fiber polarization controllers were constructed according to
directions by B.G. Koehler and J.E. Bowers [54]. The controllers consist simply of
several fairly small loops of fiber fastened to a rotatable plate. The principle of operation is
that the polarization of the light is altered by inducing birefringence in the fiber.
Birefringence is accomplished by rotating the plate with the loops to place stress on the

fiber.

By experiment, it was found that a quarter wave plate could be approximated by
two 2.3 cm loops, and a half wave plate by three 2.3 cm loops. The idea is that the quarter
wave plate can be used to obtain some linear polarization. Then the half-wave plate can be

used to rotate the orientation of the linearly polarized light.

In practice, in fact, it was found that by using these approximate quarter and half
wave plates, linear polarizations in any direction could be achieved. The degree of
polarization, or the ratio of the power in the maximum power polarization relative to the
power in the orthogonal direction, was typically greater than 100 to 1. Due to the relatively
small radius bends, some light is scattered out of the fiber loops. The device was measured

to have an insertion loss of about | dB.
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APPENDIX 4B : Modulator and Switch Test Data

The dc and rf operating characteristics of the optical modulator and switches were
confirmed experimentally. The setup used 1o perform the de measurements included the
Fujitsu DFB laser as the optical source, an optical power meter, and variable de bias

voltage supplies.

The rf measurements werc performed using the swept frequency technigue
described in section 4.4.2.3 of this work. Briefly, a network analyzer was used to
measure the swept frequency response of the electro-optic device in conjunction with the
BT&D photodetector. The response of the detector was determined by using amplified
spontaneous emission from an erbium-doped fiber amplifier as described in section
4.6.2.3. The response of the electro-optic device was obtained by subtracting the response

of the detector from the response of the concatenated setup.

The test data sheets for the United Technologies Photonics (UTP) modulator and

the five ETEK Dynamics (ETEK) 2 by 2 switches are contained in the following pages.



Pevice Under "Test
Part Number :
Serial Number :
Device Length
Fiber Iengths :

TR LABS

Test Data Sheet

United Technologies Photonics 1x2 Modulator

APE-YBBM-1.5-12.T-02

266
8.5¢cm
Input
Output 1
Output 2

1.60 m
2.09 m
1.77 m

Performance Data

Insertion Loss Qutput 1 :
Insertion Loss OQutput 2 :
Extinction Ratio Output 1 :
Extinction Ratio Output 2 ;

DC Vg Switching Voltage :
RF Switching Power (1 GHz) :
RF Frequency Response :

Optical Source :

4.5 dB
5.0dB
23.5dB
320dB

5.8 Volts

+27.0 dBm iato 50 ohms

See Plot Below

Test Conditions

Operation Wavelength :
Detector used in Swept

Frequency Response Test :

Fuyjitsu DFB 4 mW max.

1551 nm

BT&D PDC4310-30 (20 GHz BW)

UTP Modulator Frequency Response

W

3
a E
T p
S’
o O
0 W\
L ]
o i
73
o -3
c
) !
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g -
)
o -
94—
0 1

Performed By :

3 4

5

Frequency (GHz)

6 7 8 8 10 11 12 13 14 15

Date :
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Device Under Test ;
Part Number:

Serial Number : 92061901
Device Length . 8.5cm
Fiber Lengths : Input 1 (#1)

Input 2 (#2)

Insertion Loss (11 to O3) :
Inserdon Loss (I1 to O4) :
Insertion Loss (12 to O3) :
Insertion Loss (12 to O4) :

Extinction Ratio (I1 to O3) :
Extinction Ratio (I1 to O4) :
Extinction Ratio (12 to O3) :
Extinction Ratio (I12 to O4) :

Vi Tuning Voltage :

V3 Tuning Voltage :

DC Vi (V2)Switching Voltage :
RF Switching Power (1 GHz) :
R¥ Frequency Response :

Optical Source :
Operation Wavelength :
Detector used in Swept

Frequency Response Test :

TR LABS
Test Data Sheet

ETEK 2x2 Electro-Optic Switch (FTEK #1
EOSW-0202-1550

1.35 m
1.37 m

Output I (#3) 1.48 m
Output 2 (#H) 1.32m

Performance Data

IS8

7.6dB (Incl. 1.8 dB loss from 2 core mismatches )

7.2 dB
7.3dB
7.3dB

40dB
35dB
25dB
22dB

11.5 Volts

7.5 Volts

5.3 Volts

+23 dBm into 50 ohms
See Plot Below

Test Conditions

Fujitsu DFB 4 mW max.
1551 nm

BT&D PDC4310-31 (20 GHz BW)

ETEK #1 Frequency Response

3-
@ 0?"4\7&\&4
S .34
()] -6 'ﬁ
L ] “M
S
g o {
[\ SEE Wi
o 187
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Performed By :

Frequency (GHz)

Date:
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Test Data Sheet

Device Under Test: ETEK 2x2 Electro-Optic Switch (ETEK #2)

Part Number :

Serial Number : 92101601
Device Length : 8.5cm
Fiber Lengths : Input 1 (#1)

Input 2 (#2)

Performance Data
7.1 dB (Incl. 1.8 dB loss from 2 core mismatches )

Insertion Loss (I1 to O3) :
Insertion Loss (11 to O4) :
Insecrtion Loss (12 to O3) :
Insertion Loss (12 to O4) :

Extinction Ratio (I1 to O3) :
Extinction Ratio (I1 to O4) :
Extinction Ratio (12 to O3) :
Extinction Ratio (I2 to O4) :

V; Tuning Voltage :
V3 Tuning Voltage :

DC Vg (V2)Switching Voltage :
RF Switching Power (1 GHz) :

RF Frequency Response :

Optical Source :
Operation Wavelength :
Detector used in Swept

EOSW-0202-1550

1.22 m Output 1 (#3) 1.24 m
1.18 m Output2 (#4) 1.12m

12.5 Volts
11.3 Volts
4.5 Volts

+21.5 dBm into 50 ohms

See Plot Below

Test Conditions
Fujitsu DFB 4 mW max.

Frequency Response Test :

1551 nm

BT&D PDC4310-30 (20 GHz BW)

ETEK #2 Frequency Response_

i}

37 1@
T 3] )
2 6 bW.'n'II
[ =4 g - Al. Il
2 2 AW
2 .2 VASH
Q .15 4 ‘.
o ] \
g -18:
:g -21
< A
o -27

30 F—r—fr—fv—tv - —fr—p—r———t—

Ny oY 1% & 7 % v i1 12 13 14 ia
Frequency (GHz)
Date :

Performed By :
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TR LABS

Test Data Sheet

Device Under Test :  ETEK 2x2 Electro-Optic Switch (ETEK #3)

Part Number : EOSW-0202-1550

Serial Number : 92111001

Device Length : 8.5cm

Fiber Lengths : Input1 (#1) 122 m Output 1 (#3) 1.10 m
Input2 (#2) 121 m Output 2 (#4) 1.10 m

Performance Data

Insertion Loss (I1 to O3) :
Insertion Loss (I1 to O4) :
Insertion Loss (I12 io O3) :
Insertion Loss (12 to O4) :

Extinction Ratio (I1 to O3) :
Extinction Rato (I1 to O4) :
Extinction Ratio (12 to O3) :
Extinction Ratio (I2 to O4) :

V1 Tuning Voltage :

V3 Tuning Voltage :

DC Vy (V2)Switching Voltage :
RF Switching Power (1 GHz) :
RF Frequency Response :

7.1dB (Incl. 1.8 dB loss from 2 core mismatches )
6.7 dB

5888 so

9.9 Volts

10.0 Volts

4.3 Volts

+21.5 dBm into 50 ohms
See Plot Below

Test Conditions

Optical Source :
Operation Wavelength :
Detector used in Swept
Frequency Response Test :

Fujitsu DFB 4 mW max.
1551 nm

BT&D PDC4310-30 (20 GHz BW)

ETEK #3 Frequency Response
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Device Under Test : ETEK 2x2 Electro-Optic Switch (ETEK #4)
EOSW-0202-1550

Part Number :

TR LABS

Test

Data Sheet

Serial Number : 92122801

Device Length : 8.5cm

Fiber Lengths : Input 1 (#1) 1.19m
Input2 (#2) 1.20m

Insertion Loss (I1 to O3) :
Inscrtion Loss (I1 to O4) :
Issertion Loss (12 to O3) :
Insertion Loss (12 to O4) :

Extinction Ratio (I1 to O3) :
Extinction Ratio (I11 to O4) :
Extinction Ratio (I12 to O3) :
Extinction Ratio (12 to O4) :

V; Tuning Voltage :
V3 Tuning Voltage :

DC Vg (V2)Switching Voltage :
RF Switching Power (1 GHz) :

RF Frequency Response :

Optical Source :
Opcration Wavelength :
Detector used in Swept

Frequency Response Test :

Performance Data

8.3dB (Incl. 1.8 dB loss from 2 core mismatches )
7.6 dB
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9
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&&

BEEEE

.6 Volts

0.53 Volts
4.4 Volts

+22.5 dBm into 50 ohms
See Plot Below

Test

Conditions

Fujitsu DFB 4 mW max.
1551 nm

ETEK #4 Frequency Response

Output 1 (#3) 1.12m
Output2 (#4) 1.12m

BT&D PDC4310-30 (20 GHz BW)
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Device Under Test :

Part Number :

Senal Number : 92122101
Device Length : 8.5cm
Fiber Lengths : Input 1 (#1)

Input 2 (#2)

Insertion Loss (11 to O3) :
Insertion Loss (I1 to O4) :
Insertion Loss (12 to O3) :
Insertion Loss (12 to O4) :

Extinction Ratio (I1 to O3) :
Extinction Ratio (I1 to O4) :
Extinction Ratio (12 to O3) :
Extinction Ratio (I12 to O4) :

Vi Tuning Voltage :
V3 Tuning Voltage :

DC Vj (V2)Switching Voltage :
RF Switching Power (1 GHz) :

RF Frequency Response :

Optical Source :
Operation Wavelength :
Detector used in Swept

1.26 m
1.22 m

TR LABS
Test Data Sheet

ETEK 2x2 Electro-Optic Switch (ETEK #5)
EOSW-0202-1550

Output 1 (#3) 1.20 m
Output2 (#4) 1.20m

Performance Data

7.7 dB (Incl. 1.8 dB loss from 2 core mismatches )

9.7 Volts

w L

+22.0 dBm into 50 ohms
See Plot Below

Test Conditions
Fujitsu DFB 4 mW max.

Frequency Response Test :

1551 nm

BT&D PDC4310-30 (20 GHz BW)

ETEK #5 Frequency Response
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Appendix 5A : Erbium-Doped Fiber Amplifier Configurations

The optical time-division multiplexing experiments and the polarization multiplexing
experiments used three common erbium-doped fiber amplifier configurations. The three
configurations are shown below in figure SA.1. Table SA.1 lists the optical bandpass
filters and their insertion loss and bandwidth figures. Table SA.2 describes the erbium-

doped fiber amplifiers and lists the operating parameters and resulting small signal gains.

Block Name Configuration

EDFA #1 Amg';""’ —)l BPF #1
EDFA #2 Amg'g'e' —)I BPF #2
EDFA #3 A’“';'g'e' —-’l BPF #3

Figure 5A.1 : Optical Amplifier Configurations

Filter Model # Tuning Insertion Loss (dB)| Filter Bandwidth
Range (nm) at 1551 nm (nm) at 1551 nm
BPF #1 TB1570 1520-1570 2.0 2.9
BPF #2 TB1550B 1530-1560 2.9 1.4
BPF #3 TB1550B 1530-1560 2.5 1.4

Table 5A.1 : Optical Bandpass Filter Parameters

Amplifier | Fiber Type/ Pump Pump Power | Small Signal [ Gain (dB)
Length Current (mA) (mW) Gain (dB) at | Including
1551nm BPF Loss

#1 NOI-3/22m 185 15 14.1 12.1
#2 NOI-4 / 66m 185 15 12.2 9.3
#3 NOI-4 / 60m 160 40 21.5 19.0

Table 5A.2 : EDFA Operating Conditions
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Appendix 5B : Polarization Multiplexing Transmission
Experiments - Bit Error Rate Curves
This appendix includes the bit error rate curves measured during the polarization
multiplexing transmission experiments. Figures SB.1 to 5B.5 compare the | channel and 3
channel polarization multiplexing bit error rate curves measured at the 0, 25, 50, 75, and

100 km transmission distances.
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Figure 5B.1 : Bit Error Rates for 0 km Transmission
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Figure 5B.2 : Bit Error Rates for 25 km Transmission
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Figure 5B.3 : Bit Error Rates for 50 km Transmission
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Figure 5B.4 : Bit Error Rates for 75 km Transmission
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