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ABSTRACT

A 45 Mb/s optical differential frequency shift keying (DFSK) system is
developed and its characteristics are studied. It is observed that, sven when the
transmitting laser has a broad linewidth. a bit error rate (BER) of less than 10°9
can be obtained. The effect of the broad linewidth is to produce a wide linewidth
IF signal, which increases the bandwidth requirement for the IF filter. For a 45
Mb/s data rate and a laser with 22 MHz linewidth, the optimum bandwidth of the
IF filter is 650 MHz. This value of the required bandwidth agrees well with the
existing theoretical results. If the bandwidth of the IF filter is reduced, part of the
IF spectrum is lost, and a degradation in the error rate performance is observed.
Also, the BER is found to be pattern dependent; for example, for three
consecutive ‘1’ bits and ‘0’ bits in a row, an eror rate floor develops at 108, This
BER floor for data with a relatively high low frequency content is due mainly to the
non-uniform frequency modulation (FM) response of the laser diode (LD). To
compensate for this effect, the NRZ data is Manchester encoded. With
Manchester encoding, a BER of less than 10-° is achieved for a pseudo-random
bit sequence of length 2231, Tnhis suggests that, for a DFSK system, the
transmitted signal should have neither dc nor low frequency content.

The characteristics of the DFSK system are also swudied for the case when
two channels are transmitted simuitaneously. The interference caused by the
phase noise in the second channel is very small and causes a negligible power
penalty. A theoretical calculation of the signal to interference ratio as a function of
the channel spacing is also presented. For a DFSK system with an IF linewidih-
to-bit-rate ratio of 1.0, the desired channel spacing for minimum intererence

should be 15 times the bit-rate to achieve a signal to interference ratio of 20 dB.
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_ CHAPTER 1 -INTRODUCTION

In the past decade, there has been a tremendous growth in the technology
and deployment of optical fiber communication systems, which is still continuing
apace. This can be attributed to the many advantages of optical fiber cables over
coaxial cables, such as low loss, low cost, high bandwidth, high security, small
size and lack of RF (radio frequency) interference. Since the advent of fiber optic
systems, there has been a continuing advance in the ability to transmit
increasingly high data rates over ever longer distances. Fig. 1.1 shows the trend
of the increasing bandwidth-distance product from 1976 to 1889 [1], [2], [3]. With
single mode fiber having a very low attenuation (0.2 dB/km), it has been possible
to achieve large repeater spacings as compared to the' repeater spacings in
conventional systems using metallic transmission lines [4]. At the same time,
there has been a significant improvement in the optical devices as well. Today's
technology provides single mode laser diodes (LDs) which can be modulated at
very high bit rates (10 Gb/s) [2]. Also, PIN photodiodes having a bandwidth in
excess of 100 GHz have been reported in the literature [5], [6]. As a result of
rapid developments in the technology of optical devices, today’s optical fiber
systems can transmit at higher bit rates (10 Gb/s range) than any other guided
wave transmission system.

Optical transmission systems can be divided into two categories; namely,
intensity modulation direct detection (IMDD) systems and coherent optical
systems. Following a brief description of IMDD systems, the principles and
modulation/demodulation formats for coherent optical systems are discussed in
this chapter. A discussion on the objectives and the organisation of this thesis

concludes this chapter.
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1.1 INTENSITY MODULATION DIRECT DETECTION SYSTEMS

In IMDD systems, the optical power or the intensity of the optical source is
changed according to the transmitted data. The optical source for such systems
can be either a LD or a light emitting diode (LED). For an ideal transmission
system, the received pulise at the receiver should be exactly the same as the
transmitted pulse. In practice, however, the transmitted pulse becomes
progressively attenuated and distorted with increasing distance due to scattering,
absorption and dispersion effects. For single mode fibers, the main source of
dispersion is chromatic or intramodal dispersion, which is wavelength dependent.
Hence, to reduce the effects of chromatic dispersion, the spectral width (band of
wavelengths over which the source emits) of the source should be narrow. LDs in
general have a narrower spectral spread than LEDs and hence are better optical
sources for IMDD systems. At the receiver, the received optical signal is directly
converted to the baseband signal by a photo-diode. Electric current generated
by the photo-diode is directly proportional to the received optical power. Since
the shot noise in the photo-detector depends upon the signal current, the shot
noise is very small compared to the receiver thermal-noise for weak received
signals. Hence, the thermal noise dominates the shot noise, and the detection
process is thermal noise limited. The receiver sensitivity of such systems is
typically of the order of 10-20 dB above the theoretical quantum limit (10
photonis/bit) [7].

Several microwave sub-carriers can be multiplexed and used to intensity
modulate a LD. This technique is known as sub-carrier multiplexing (SCM).. As
shown in Fig. 1.2, in SCM systems, each channel has its own microwave carrier,
which is modulated (e.g. ASK, FSK or PSK) by the respective data. These sub-
carriers, from different channels, are then multiplexed in the microwave frequency

domain. The multiplexed signal is superimposed on the bias current i the LD, to
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generate an ihtensity modulated optical signal. The photodiode at each receiver
detacts all the sub-carrier channels over the total receiver bandwidth. The desired
channel can be selected, amplified and demodulated by using conventional
microwave techniques. By itself, this system makes relatively inefficient use of the
available fiber bandwidth, because the maximum transmitted bandwidth is equal
to the frequency modulation bandwidth of the laser, which lies in the range of 5
GHz to 10 GHz. Also, intermodulation distortion (IMD) adversely affects the
performance of these systems. IMD occurs when two or mcre carrier frequencies
interact in a non-linear medium and generate 2nd order and 3rd order
intermodulation frequencies, which interfere with the transmitted channel [8], [9].
This distortion can be severe when an optical amplifier is used in the system [10].
The main advantages of IMDD systems are simplicity in system design and
low cost. As a result, most of the commercial optical fiber systems that exist

today are based on IMDD techniques.

1.2 COHERENT OPTICAL SYSTEMS

Coherent lightwave systems, similar to coherent radio communication
systems, are based on the principle of transmitting signals by modulating the
amplitude, phase or frequency of the optical carrier. In such systems, the weak
received optical signal is mixed with a strong local oscillator (LO) signal to obtain
an intermediate frequency (IF) equal to fs-fi o, where fg is the received optical
signal and f g is the LO signal. If the IF is 0 Hz, then these systems are referred
to as homodyne optical systems while, if the difference frequency is other than
0 Hz, then these systems are called heterodyne optical systems. An optical
system with heterodyne detection was demonstrated as early as 1967 [11] but,
due to the non-availability of narrow linewidth LDs at that time, research in this

area was discontinued. However, by the late 1970s, progress in semiconductor



>ptical device technology began to provide LDs which could operate in a single
mode and were capable of producing very narrow linewidths (a few MH2). These
advances encouraged researchers to again study coherent optical transmission
systems. As a result, several experiments were reported in the 1980s [12], which
demonstrated the improved performance of heterodyne/homodyne detection
over direct detection systems. Today, optical coherent systems are being studied
in major communications laboratories worldwide.

A block diagran: of a coherent optical transmission system is shown in
Fig. 1.3. The transmitter typically transmits an optical signal which uses either
amplitude shift keying (ASK), frequency shift keying (FSK) or phase shift keying
(PSK). Basically, an optical transmitter for a coherent system consists of an
optical oscillator (a LD) and a modulator. The amplitude and/or the frequency
modulation of the output light of a LD can be accomplished either by using an
external modulator or by modulating the bias current by the transmitted data
(internal modulation). For phase modulation of the optical signal an external
modulator is required. At the receiver, mixing between the received optical signal
and the relatively strong LO wave occurs at the photodiode. The IF, obtained as a
result of the adding of two optical signals prior to detection, typically lies in the
microwave region. This IF band is then filtered out and demodulated to baseband
to retrieve the desired received signal. On the other hand, in a homedyne
detection system, the baseband signal is obtained directly after the optical mixing
process.

Coherent systems are very sensitive to the polarisation of the received
signal and the LO signal. The polarisation of the received signal must be aligned
with the polarisation axis of the LO signal. Since deformities in the optical fiber
randomly change the polarisation of the received signal, the matching of the

polarisation states becomes difficuit. Normally, the mismatch between the two
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polarisation states is compensated for by means of a polarisation controller at the
receiver [12]. Racently, polarisation diversity receivers have been demonstrated
which minimise the degradation due to polarisation mismatching [13], [1 4]. Such
receivers divide the signal equally between the two orthogonal polarisations, and
detect them separately. A polarisation maintaining fiber, which maintains the
polarisation state of the propagating signal, can also be utilised, but these fibers
are very expensive.
There are basically two advantages of using coherent transmission
techniques over the direct detection scheme. These are:
1. Improved receiver sensitivity: In coherent systems, the received
optical power at the detector is directly proportional to the product of the
electric field of the weak received optical signal and the strong LO signal.
Because of this conversion gain, a coherent receiver can detect very weak
optical signals (less than -55 dBm), whereas in IMDD systems, the
minimum detectable power is in the range of -35 dBm. Further, the shot
noise generated by the L.O signal is usually larger than the receiver thermal
noise. Therefore, the detection process is shot noise limited and hence an
improved signal to noise ratio is obtained. Table 1 compares the receiver
sensitivities of various modulation/demodulation schemes in coherent
systems and direct detection systems [15]. Due to their greater receiver
sensitivity, the repeater spacing of coherent systems can be larger than
that nesded in direct detection systems.
2. Channel Selectivity: Coherent systems are very attractive for the
transmission of several optical channels using optical frequency division
multiplexing. The demuitiplexing of the received multiplexed channels is
accomplished by means of a tunable LO. As the LO can be tuned to a

wide range of optical frequencies, this scheme makes efficient use of the



Table 1 Recsiver sensitivities for various modulation techniques.

Minimum detectable

Modulation Iheoreticalr o | power to achieve a
. quantum noise limi -9
technique (photons/bit) BER of 10
(photons/bit)
PSK
' 9 34
(homodyne)
PSK
(heterodyne) 18 69
Differential
phase shift keying 20 45
(DPSK)
FSK 36 203
ASK 18 69
(homodyne)
ASK 36 137
(heterodyne)
Direct 10 500

detection




10
available fiber bandwidth. Receiver bandwidth requirements for coherent

systems is independent of the number of transmitted channels, because
the LO frequency can be tuned to obtain the desired IF.

1.3 MODULATION/DEMODULATION FORMATS

In optical fiber communication systems, the three most commonly used
modulation schemes are: amplitude shift keying (ASK), phase shift keying (PSK)
and frequency shift keying (FSK).

In the ASK modulation scheme, the amplitude of the LD output is
modulated by the baseband signal. An amplitude modulated signal can be
obtained by direct modulation of the LD current at the transmitter. After the
received optical signal is mixed with the optical LO signal, the electrical IF can be
demodulated by means of an envelope detector. For ASK systems, a LD of
linewidth about 0.1 times the data rate can be employed at the transmitter, without
any significant penalty in error rate performance [16).

For systems using PSK, an external modulator is needed to modulate the
phase of the optical carrier. Typically, a LiNbOg travelling wave modulator is used
for this purpose. PSK systems are very sensitive to the phase noise of the LD at
the transmitter as well as at the receiver and hence require LDs with a linewidth
equal to less than 1% of the data rate [17].

In the FSK modulation scheme, the desired information is transmitted by
modulating the frequency of the optical carrier. As for the case of amplitude
modulation, frequency modulation of the LD at the transmitter can be achieved
either by superimposing the signal on the bias current or by using an acousto-
optic modulator. At the recsiver, the IF can be demodulated by one of the
following three methods:

a. Frequency discrimination detection



b. Single filter detection

¢. Dual filter detection

The output voltage of a frequency discriminator is a function of the input
frequency. Therefore, the two intermediate frequencies corresponding to a ‘1’ bit
and a ‘0’ bit generate different voltages at the output of the discriminator. In this
detection scheme, the received baseband signal contains AM noise which results
from conversion of the FM noise of the LDs (source and LO) to AM noise by the
frequency discriminator [18).

Single filter uetection is similar to the ASK detection of signals. In this
scheme, one of the IF signals, either corresponding to a ‘1’ bit or corresponding
toa ‘0’ bit is selected using a bandpass filter and the output of the bandpass filter
is then demodulated using an envelope detector. This method gives the poorest
sensitivity compared to that of frequency discrimination and dual filter detection,
because there is a 3 dB loss of power due to the rejection of one of the IF signals
[18]. On the other hand, this detection scheme is simplest to implement and
allows a wide spectral spread of the transmitting laser (0.5 times the data rate)
[20].

Dual filter detection of a FSK signal is accomplished using two band-pass
filters. One of the filters allows the IF corresponding to the ‘1’ bit to pass, while the
other filter allows the IF corresponding to the ‘0’ bit to go through. The outputs of
these two filters are converted to baseband by means of two enve'ope detectors
which are then combined to obtain the received signal.

Recent advances in high speed and narrow linewidth LDs and highly
sensitive receivers have encouraged the study of the feasibility of coherent optical
systems for use in long haul as well as in inter-office applications [21], 122). A star
network topology is shown in Fig. 1.4, in which each station has its own

transmitter and receiver. The operating wavelengths of ihe transmitting 1.Ds at

11
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exch station are selected to space the optical channels sufficiently apart in order

to minimize inter-channel interference. - At each station, a tunable LD (LO) is

providad to select the desired channel.

In spite of the obvious advantages of coherent optical systems over direct

detection systems,
detection systems because I3

telecommunications industries are st deploying direct
DD is a proven technology with existing products.

Further, the following three limitations, which add to the cost of coherent systems

have so far hindered their use in commercial applications:

8. Requirement of narrow linewidth LDs.

b. Frequency stabilisation of the LO.

C. Need for a tunable optical LO.
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Fig 1.4 A Star configuration for local area networks.
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Coherent systems. as described in an earlier section, require narrow
Irnewudth LDs at the transmitter and at the receiver Also, precise control of the
frequency of the source and of the LO are needed, in order to obtain a stable IF.
This requirement becomes increasingly difficult to implement when several optical
FDM channels are transmitted, because now one requires not only a tunable LD
at the receiver, but also several frequency-locked LDs at the transmitter. These
factors add to the cost and complexity of coherent systems.

In this thesis, a novel optical differential frequency shift keying (DFSK)
system with self-heterodyne detection (SHD) has been studied. A DFSK system
is based on the principle of coherent detection to transmit several optical FDM
channels, each with a different frequency deviation, and at the same time is very
simple to implement. In this system, the signal is transmitted by shifting or
modulating the optical frequency of the LD. The frequency modulated signal is
converted to an amplitude modulated signal using a delay line detection
technique. This technique involves mixing of the received optical signal with its
delayed version and hence down-converting the optical frequencies into the
microwave frequency range. These frequencies can then be detected by a simple
electronic receiver circuit. The DFSK scheme allows optical frequency division

multiplexing of the several channels without any need for a tunable LO at the

receiver. Demultiplexing of the received signal occurs at the detector and the

channels are separated in the RF frequency domain. A detailed description of the

operation of the optical DFSK system is presented in Chapter 2,

1.4 THESIS OBJECTIVES AND ORGANISATION
The main objective of this research project was to demonstrate a DFSK
system with SHD and to evaluate its capability to transmit several channels using

optical frequency division muitiplexing. An experimental system, operating at a

13



14

DS-3 data rate (44.7 Mb/s), has b_een developed and investigated. The effect of |
crosstalk when two channels are simultaneously transmitted has also been

studied.

To achieve this objective, the following tasks were performed:

1.

Characterise the laser diodes to be used in the transmitter; i.e.,
measure the spectral linewidth, and measure the operating wavelength
of the LDs.

Calculate the minimum required channel spacing for desirable
operation of a DFSK system.

Design a laser diode transmitter which consists of a temperature
stabilisation circuit for the laser, the laser driver circuit, the differential
encoder and the Manchester encoder.

Build a high speed and high input impedance PINFET receiver, high
frequency ampiifiers, an envelope detector and the Manchester
decoder.

Evaluate the performance of the system by measuring bit error rate
(BER) as a function of received optical power and determine the effect
of the bandwidth of the bandpass filter on the BER.

Measure the power penalty in receiver sensitivity for two-channel
transmission, which arises due to phase noise of the LD and shot
noise in the second channel.

Study the effect of linewidth on performance for both single channel
and two channel DFSK systems, and compare the experimental results

with existing theoretical results.



1 4.1 THESIS ORGANIZATION

in Chapter 1, IMDD systems and coherent systems have been discussed.
Following an introduction to differential encoding and delay line detection, the
experimental DFSK system is presented in Chapter 2. In coherent optical
systems, the linewidth of the LD at the transmitter and at the receiver are very
critical from a system performance point-of-view. In Chapter 3, the effect of laser
linewidth on the performance of the DFSK system is analysed. A computer mode!
is developed to analyse the inter-channel interference and to measure the signal-
to-interference ratio. In Chapter 4, a detailed description of various transmitter
components is presented and is followed by a brief description of the
experimental setup for measuring the characteristics of the two LDs. Chapter 5
discusses the receiver that was designed and constructed for this project.
Chapter 6 presents the results obtained for single channel- and two-channel
transmission. The power spectrurﬁ of the received signal is presented and its
dependence on the linewidth of the LD is discussed. Chapter 7, the concluding
chapter, summarizes the results and suggests some related important problems

for future investigation.
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CHAPTER 2 - DFSK PRINCIPLE AND EXPERIMENTAL SYSTEM
» In optical diﬂerehtiél frequency shift keying (DFSK) systems, as the name
implies, the transmitted data is first differentially encoded and is then transmitted
by modulating the optical frequency of the LD. At the receiver, decoding of the
received signal is carried out using delay line detection, which basically converts
the FSK to ASK. In this chapter, the principle of differential encoding and of delay
line detection are presented first. Following a discussion of some network
configurations for DFSK systems, the chapter ends with a brief description of the
block diagram of the experimental system designed and built for this thesis.

2.1 DFSK PRINCIPLE

A balanced DFSK receiver, as shown in Fig. 2.1, basically consists of two

3 dB optical fiber couplers, an optical delay line, two photo-detectors, a BPF and

dB 3dB

. 3
RB?GIVBd Coupler Pdt Coupler
signal
-
Amplifier
Photodetectors
Delay time (T)
Band Pass
) ) Filter
dy

<#— Demodulator |-$—
Data

Out

Fig. 2.1 A general dual detector DFSK receiver.
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an envelope detector. The first optical fiber coupler splits the si'nal into two equal
parts, while the second optical fiber coupler recombines the direct and the
delayed signal (Pgt and Pdy). At the photo-detector, the two optical signals mix
together and generate an IF. Because the received signal beats with itself, this
type of detection is most commonly referred to as self-heterodyne or self-

homodyne detection..

2.1.1 DIFFERENTIAL ENCODING AND DECODING

In conventional optical FSK systems, the transmitter transmits two
frequencies, f1 and f, for a ‘1’ bit and a ‘0’ bit, respectively. The received signal,
at the receiver, is mixed with a LO signal of frequency f o, and as a result the two
difference frequencies, also known as IFs, are generated. One of the IF
frequencies (f_o-f1) corresponds to a *1' bit, while the other IF frequency (f o-f2)
corresponds to a ‘0’ bit. These IFs can then be detected by a single filter or dual
filter receiver.

On the other hand, in DFSK systems, as shown in Table 2, a transition in

Table 2 Frequency state table for differentially encoded signal.

Transmitted bit | 1ransmitted frequency Transmitted frequency
(in previous bit) (present bit)
0 f, f
0 f, f,
1 f, f,
1 f, f5
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the transmitted frequency occurs only when a ‘1" bit is transmitted. Therefore the
transmitted bit cah be obtained by comparing the frequency of the signal in two
successive bit periods. If the frequency of the received signal is the same as in
the previous bit period then a ‘0’ bit was transmitted and if the frequencies are
different then a '1' bit was transmitted. The frequencies of the received signal
during two adjoining bit periods may be compared using a delay line detection
technique. In this technique, the received differential encoded signal is split in two
paths having different lengths. The received signal in one path is delayed with
respect to the signal in the other path by one bit period (T). These two signals
(direct and delayed) are then recombined and detected by a detector. Detection
of the received signal in a photo-diode causes the direct signal to beat with the
delayed signal. When a ‘1’ bit is received, the frequency of the signal in the direct
path is different from that in the delayed path. Hence, optical frequency fo beats
with the other optical frequency f1 and an IF equal to fo-f4 (say af) is obtained.
For the case when a ‘0’ bit is transmitted, the frequencies of the signals in the two
paths are equal and no IF is obtained. In other words, as shown in Fig. 2.2, an IF
is obtained at the output of the photo-detector whenever a ‘1’ bit is received, and
no output is obtained when a ‘0’ bit is received. In the practical case however,
because of random frequency fluctuations (known as phase noise or FM noise)
and the finite response time of the LD, a low frequency noise is observed when a
‘0’ bit is transmitted. To filter out the IF, a band pass filter is used at the receiver.
This converts the frequency modulated signal at the transmitter to an amplitude
modulated signal at the receiver. The IF is then demodulated by means of an

envelope detector.
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In @ DFSK system, the signal power in the direct (P4¢) and the delayed
(ray) path can be represented as

Pdge = Acos {2x£(t)t + ¢p(t)) (2.1)
and

Pay = Acos (2x£(t-T)t + ¢n(t-T)) (2.2)
where A is a constant, ¢, is the phase of the signal, and £(t) (= £1 Or £5) is
the frequency of the signal at time t.

After pqy and Py, are mixed, the output of the photodetector is given by

Tout(l) = RPgyPyr-cos {2xAft + Adn(T)) (2.3)
for a received ‘1' bit and for a received ‘0’ bit,

Iout(0) = RPqyPy-cos (Adn(T)} (2.4)
where R is the responsivity of photodetector, a¢,(T) (= $n(t) - ¢n(t-T) =
AwT) isthe phase error, and af (= £2 - £1) is the difference frequency.

4w is called the FM quantum noise of the LD and can be expressed as a
Zero mean Gaussian noise. It can be inferred from Eq. 2.4 that the output of the
photodetector will have a random frequency noise associated with it even when a
‘0" bit is received. This noise is distributed around d.c. and has a Lorentzian
power spectrum [23].

To obtain maximum signal current, the signal power in the direct path and
the delayed path should be equal. This can be easily shown by a simple
calculation. If p... is the total received optical power at the output of the second
coupler, then

Prec = Pat + Pgy or Pdy = Prec-Pge - (2.5)
Substituting this relationship in Eq. 2.3 and differentiating with respect to Py, we

obtain
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d Iout(l)

d Pae

= R-(Ppoc - 2Pgp)-cos (2nAFt + Adp(T)) . (2.6)

To obtain maximum output power at the IF, the right hand expression in
Eq. 2.6 should equal 0. This implies
Prec - 2Pqe =0  OF Py = 0.5Ppqc - (2.7)
Therefore, Pdy = Prec - Pge = 0.5Ppqc . (2.8)
Hence, the two optical couplers should have coupling ratios of 0.5

(or3dB) to obtain maximum power at the output of the second coupler.

2.1.2 ADVANTAGES

There are several advantages of using the DFSK scheme for transmitting

signals in optical fiber systems. These are as follows:

1. Unlike other coherent optical systems, there is no need for an
additional laser LO at the receiver. This results in a simple receiver
design and low system cost because wavelength stabilisation and the
AFC circuit at the receiver end are no longer required.

2. The absolute laser frequency at the transmitter is not critical for DFSK
systems, as the information is contained within the relative frequency
between the two successive bit periods. Hence, the wavelength of the
transmitting LD need not be stabilised.

3. The receiver operates independently of the polarisation of the
incoming signal as long as the delay line does not change the relative
polarisation between the delayed and the direct signals.

4. A laser diode of moderate linewidth (0.5 times the bit-rate) can be
employed at the transmitter. This requirement is far less than that in
other coherent systems such as PSK and continuous-phase FSK
(CPFSK).

21



S. The present rﬁulti-channel fiber optic networks are baised on time
division multiplexing (TDM) techniques using high speed electronic
multiplexers and demultiplexers. Since the optical channels in a DFSK
system are wavelength division muitiplexed using optical fiber
couplers, one no longer requires high speed electronic multiplexers.
Also, unlike subcarrier multiplexing, there is no need for microwave
modulators/demodulators.

6. The frequency of the laser can be directly modulated by modulating
the bias current; hence no external modulator is needed.

7. There is no intermodulation distortion because the carrier frequencies
are in the optical range and their intermodulation products are outside
the bandwidth of the receiver. This allows the use of optical amplifiers

for long distance transmission.

2.1.3 LIMITATIONS

2.1.3.1 RECEIVER SENSITIVITY:

The best receiver sensitivity that can be achieved in DFSK systems with
SHD detection is about equal to that of a direct detection scheme because the
detection process is thermal noise limited. Thus, such a DFSK system is not very
attractive for long distance transmission.. On the other hand, in coherent systems
with an independent LO at the receiver, since the LO power is large (around 0
JBm) conversion gain takes place. Therefore, the receiver can detect very weak
received signals, which allows larger repeater spacings.
2.1.3.2 POWER PENALTY:

In the detection process, the receiver detects only the binary ‘1’ since the
photocurrent for binary ‘0' is rejected by the BPF. This loss of one half the power

can be avoided by using a four level coding scheme [24], in which both the ‘1’ bit
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and the ‘0’ bit are actively transmitted. Such a coding scheme, as illustrated in
Fig. 2.3, uses four absolute frequency transitions to obtain two distinct IFs, which
can be detected separately by a dual fiter receiver. This coding scheme
introduces a significant coding complexity at the transmitter and increases the
bandwidth requirement for each channel and hence was not considered suitable
for this project.

2.1.3.3 BANDWIDTH LIMITATIONS:

The maximum usable bandwidth of the DFSK systems depends upon the
detector bandwidth. On the other hand, in coherent systems using a tunable LO,
the usable bandwidth depends upon the LD at the recsiver. Since the tunable
LDs can be tuned to several wavelengths, the maximum usable bandwidth for

coherent systems is larger than that for DFSK systems.

2.2 DFSK SCHEME FOR MULTI-CHANNEL TRANSMISSION

The DFSK scheme can be implemented to transmit more than one optical
channel. A system configuration for a multi-channel DFSK system is shown in
Fig. 2.4, where the channels are multiplexed optically using optical fiber couplers.
Each transmitter, in this configuration, produces a unique frequency shift equal to
af = (fa-f4), which is different for each optical channel. Also, the operating
wavelengths of the LDs at the transmitters should be different so that the
transmitted optical frequencies are separated significantly. At the receivers, the
IFs corresponding to all the transmitted stations are received. Because every
transmitter has a unique frequency shift associated with it, the receiver can select
the desired transmitter by tuning its band pass filter to the IF corresponding to
that particular station.

The frequency of a LD, as mentioned in the previous chapter, can be

modulated either by modulating the bias current or by using an external
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modulator. A change in the bias current to obtain frequency shift also causes the
intensity of the light to change. If there are several transmitting stations, the
amplitude of the modulating current should be large to obtain large frequency
shifts. Typically, the frequency deviation constant for LDs, which is expressed in
terms of frequency shift per unit current, is about 300 MHz/mA for modulation
frequencies higher than 15 MHz [25]). Hence, to achieve a frequency shift of
about 5§ GHz, the peak to peak amplitude of the modulating current should be
more than 10 mA. Such a large modulating signal can produce a significant AM
or intensity noise and can also damage the LD. For such cases, an external
modulator should be used to frequency modulate the optical carrier. The other
alternative is to use phase tunable DFB lasers. This type of laser structure is
discussed in Section 3.1.2.

In DFSK systems, the IF needs to be amplified before it is selected by a
band pass filter. For multi-channel transmission, the receiver receives all the
channels and hence it is essential that the photo-diode and the pre-amplifier
should have sufficiently large bandwidth to accommodate all the channels. While
high speed GaAs photo-detectors (100 GHz) have been developed [5], high
speed ampiifiers with very low noise figure are still to be developed. In order to
utilise the photo-detector bandwidth completely without any need for high
frequency amplifiers, the received optical signal should be down-converted to
lower frequencies at the photodetector. The down-conversion process is based
on beating the received IF with another microwave signal (say fm) to obtain a new
difference frequency (say fN), which is equal to IF-f,. The mixing process takes
place at the detector and can be achieved by superimposing the microwave
signal ¢ the bias current of the photo-detector [26]. A microwave signal from a
tunable microwave oscillator is applied to the photo-detector and the required

channel is selected by tuning the oscillator. Hence, a tunable band pass fitter is
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no longer reqbired at the receiver.

Another possible configuration in which a DFSK system can be used is
shown in Fig. 2.5. In this configuration, a tunable optical filter pre-seiscts the
channels before the receiver receives them. This system allows assignment of
the same frequency shift to two or more channels as long as the optical filter
selects only one of these channels. The pre-filtering of the transmitted channels
in the optical domain can significantly increase the number of allowable channels

in DFSK systems.

2.3 EXPERIMENTAL SETUP

The experimental setup for this project is shown in Fig. 2.6. The project
was carried out in three stages and the experimental system was modified after
every stage.

During the first stage, a singie channel DFSK system was implemented.
The optical source for this channel consists of a NEC distributed feedback (DFB)
LD with spectral linewidth equal to about 22 MHz. This optical source is then
frequency modulated by differentially encoded NRZ data at a data rate of
45 Mb/s. For the experimental system, the frequency of the optical source is
modulated internally. The output of the LD is then launched into 8 km of single
mode fiber with a core diameter of 5 um and a loss of 0.25 dB/km at a wavelength
of 1300 nm.

At the receiver, an optical fiber coupler splits the received signal into two
parts. A delay line is added to one of the paths, which introduces a delay of one
bit pericd as compared to the direct path. For 45 Mb/s, one bit period is equal to
22.2 ns and hence the length of the delay line should be 4.44 meters (T x C, T is
the bit period, C is the velocity of light in optical fiber). In order to match the

polarisation of the signal in the direct path to that of the signal in the delayed path,
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a bolarisation controller is used in the delay path. This polarisation controller
consists of a fiber Ioop. The fiber loop is rotated to obtain maximum power at the
output of the coupler. The output of the photo-detector is passed through a BPF
and is demodulated using an envelope detector.

The characteristics of a single channel DFSK system were studied and it
was observed that more than two 1's or 0's in a row caused an error rate floor
occurrence at higher than 10°S. This effect is due to base line wander caused by
non-uniform frequency modulation characteristics and heating effects of the LD.
Hence, Manchester encoding was considered in order to reduce the detrimental
effects of the non-uniform frequency modulation characteristics of the LD. In
Manchester encoding, each NRZ bit is represented by two successive pulses of
one half the bit duration, having binary values of 1 and 0. Therefore, the number
of consecutive ‘1's and ‘0's in the encoded data is limited to 2. The increase in
the number of transitions in the data stream reduces the baseline wander effect.
This also relaxes the requirements for the linewidth of the LD. Hence, a
Manchester encoder and a decoder were incorporated in the experimental
system during the second stage. As the effective bit period is reduced by half, the
length of the delay line at this stage was reduced to 2.22 meters (one-half of its
previous value), as depicted in Fig. 2.6. At the transmitter, a Manchester encoder
was implemented before the differential encoder and at the receiver, a
Manchester decoder was used at the output of the low pass filter.

In the third stage, a second channel was incorporated in the system. For
channel 2, a Fujitsu DFB LD with 13 MRz linewigth acts as an optical source. The
other transmitter components in the second channel are the same as in the first
channel (channel 1). Channel 1 and channel 2 were optically frequency division
multiplexed using an optical coupler. A more detailed description on the

transmitter design and the receiver design can be found in subsequent chapters.
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2.4 SUMMARY
In this chapter, an introduction to the basic principles of the operation of a
DFSK system have been presented. Further, the advantages and limitations of
DFSK systems have been discussed and a few network configurations for muiti-
channel transmission have been proposed. Finally, a brief description of the
system block diagram was given. The simplicity and low cost of the receiver

make DFSK systems attractive for future local area network applications.
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CHAPTE_R 3 - THEORETICAL ANALYSIS OF DFSK SYSTEM

For earlier low bit rate IMDD optical fiber communication systems, the
linewidth of the optical source was not of major concern. But in the early 80's,
when optical fiber systems operating at high bit rates were designed, the system
performance was limited by the inter-symbol interference caused by the
chromatic dispersion in optical fiber cables. This chromatic dispersion depends
upon the spectral linewidth of the optical source at the transmitter. In order to
reduce this d'spersion to a minimum, narrow linewidth LDs were required. During
the same period, coherent optical transmission systems were developed and the
requirement of narrow linewidth LDs was even more stringent in these systems.
As a result, several techniques were and are being developed to obtain narrow
linewidth L.Ds.

In this chapter, a brief discussion about the linewidth and the frequency
modulation response of a DFB LD is presented. The effect of the phase noise or
linewidth of the LD on the power spectrum of the received signal for the DFSK
system is calculated next. The ralculated power spectrum is then used to obtain
the signal to interference ratio (SIR) for a two channel DFSK system. At the end of

the chapter, a brief analysis of the receiver noise is included.

3.1 REQUIRED OPTICAL SOURCE CHARACTERISTICS
As the information is contained in the frequency of the optical carrier, it is
essential that the output of the optical source is stabilised and that it oscillates in a
single mode. For such applications, DFB LDs are very attractive. They have a
well stabilised frequency output and exhibit a very high side mode suppression
ratio (SMSR). SMSR is defined as the ratio of the intensity in the dominant mode
to that in the next most intense mode. Apart from a well stabilised frequency

output, the optical source should also exhibit narrow linewidth and a flat
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frequency modulation characteristic.

3.1.1 LASER LINEWIDTH

The output of a well stabilised LD is typically affected by the quantum
amplitude noise and the quantum phase noise. When the laser is -operated well
above threshold, the quantum phase noise dominates over the quantum
amplitude noise. This quantum phase noise causes the oscillation frequency of
the LD to wander about its mean value and therefore it is also referred to as
quantum FM noise. The random frequency fluctuations in a LD cause a
Lorentzian output power spectrum and the 3 dB full width half maximum of this
power spectrum is known as spectral linewidth or the lineshape of the LD.

The fluctuations in the frequency or the phase of the LD are caused by the
spontaneous emission of photons. This Spontaneous emission causes the phase
and the intensity of the optical field to change [27]. In order to restore the steady
state intensity, the LD undergoes a relaxation oscillation and there is a change in
the real and the imaginary part of the refractive index of the active medium. The
ratio of the two parts (real and the imaginary) of the refractive index, is called the
linewidth enhancement factor, a, and is equal to

An'
a - — 3.1)
An"
where an' is the real part of the refractive index, and an" is the imaginary part
of the refractive index.
The coupling of the phase noise to the amplitude noise increases the

linewidth by a factor of 1+ o2. The linewidth of a LD can be expressed as [28]
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2
v hvgqspa
av =5 7T e (3.2)

8xP,
where v, is group velocity of the light, g is the threshold gain, h is Plank's
constant (= 3.384-10°3 J.s), v is the optical frequency, nsp i the
spontaneous emission factor, P, is the output power of the facet, o, = g-ap,
and ap, is waveguide loss of the laser.

The above equation also applies to the DFB LDs but in that case, the
definition of ay, changes [28]. Eq. 3.2 also suggests that the linewidth of a LD is
directly proportional to ro~1. However, for semiconductor lasers, it is not possible
to obtain negligible linewidths for large mode power. Later studies have revealed
that the linewidth is not completely power dependent and can be expressed as
[29], [30]

Av = Aup + Avyg (8.3
where avp is the power dependent term and v is the power independent term.
Avg is proportional to the third power of the side mode intensity. This term has

not been explained fully as yet [23].

3.1.2 FREQUENCY MODULATION CHARACTERISTICS
A change in the bias current of a LD causes the oscillation frequency to
shift. This direct frequency modulation capability of semiconductor LDs has been
the key factor in the development of tunable optical local oscillator and coherent
FSK systems.

The propagation constant of the gain medium can be expressed as [31]

Kk=u+ jv=—.
c

1 o
S(Ig)| + j <|S(1g) ‘nc - — (34)
2¢en €0

wn (vg - w)-c
1 -
Awnw
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where n is the refractive index, ¢ is the velocity of light, « is the conductivity of
the laser medium, ¢ is the electric permeability of vacuum, aw is the linewidth,
wg is the operating frequency of laser, Ip is the DC bias current, and s is the
susceptibility of the medium.

When the bias current (1) is changed, the susceptibility (v) changes. The
change in susceptibility alters the real (1) and the imaginary (v) part of the
propagation constant. The change in u causes the amplitude or intensity to
change, while the change in v causes a shift in the frequency output of the LD
[31].

Basically, a change in bias current causes the carrier density as well as the
temperature of the active layer to change. Both the thermal variation and the
carrier density change are responsible for the frequency modulation of the LD. In
the low modulation frequency region, the frequency shift occurs mainly due to the
temperature variations caused by the modulating current. The normalised

frequency deviation due to thermal effects can be written in the form [25]

AF
— = -(ap, + ap) -ATeff (3.5)
Fo
where
1 dL 1 dn
ap = —— and ap = (3.6)
L dT n dT

where oy, is the linear thermal expansion coefficient, and «,, is the thermal
refractive index constant.

However, at high modulating frequencies, the thermal effect is smaller, and
the carrier density modulation is mainly responsible for the frequency shift.

The frequency modulation capability of a LD is expressed in terms of the
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fraque_ncy deviation per uhit current (frequency deviation constant). For a
conventional DFB LD, the frequency deviation consfant as a function of the
modulation frequency has the behaviour shown in Fig. 3.1 [32]. As can be seen
from this Figure, the frequency shift per unit current is not the same for different
modulation frequencies. The dip in the frequency modulation characteristics
occurs where the cause of the frequency shift changes from the thermal effect to
the carrier density effect. This non-flat frequency response of LDs is responsible
for waveform distortion as well as IF broadening.

Recently, a phase tunable DFB laser was reported, which has a flat
frequency response from 1 kHz to about 450 MHz (refer to Fig. 3.1) [32]. Such
lasers consist of two regions; namely, a DFB region and a modulation region.
The DFB region, which contains a second order grating, acts as a DFB laser,
while the modulation region is used for the frequency modulation of the LD. Ifthe
dc offset of the modulating current is less than the threshold current of the LD, the
carrier density effect in the modulating region is 5-20 times greater than the
temperature effect. Hence, the frequency modulation response is caused by the
carrier density effect at low, as well as at high modulation frequencies.

Ancther alternative to obtain a fiat frequency modulation response is to
introduce carrier density non-uniformity along a semiconductor laser cavity. Non-
uniformity in the carrier density can be achieved by partitioning the electrode into
a number of sections and electrically isolating these sections. The carrier density
can then be artificially controlled by applying different dc bias to these electrodes.
The frequency modulation response of a three electrode DFB LD was measured
by Y. Yoshikuni et. al. [33]. They reported that these LDs can be tuned over a
range of 30 GHz and exhibit a flat frequency response from 1 kHz to about 300
MHz. Phase tunable and multi-electrode DFB lasers have a flat frequency

reésponse up to 1GHz. For high bit-rates, the non-uniform FM response can be
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compensated for by pre-equalisation of the moddlation sighal with a passive hc
network. This technique however, reduces the frequency deviation constant of
the LD [34].

At low modulating frequencies, the frequency modulation constant is
independent of the bias current. However, at high modulation frequencies (above
10 MH2), the frequency modulation constant changes with the bias current. At
modulation frequencies near the relaxation oscillation of the LD, a resonance
peak occurs in the FM response. This peak frequency deviation decreases and
the relaxation oscillation resonant frequency increases with an increase in bias
current. Hence, there is a steep decrease in frequency deviation constant at very
high modulation frequencies (around § GHz) [33).

At relatively low modulation frequencies (from 10 MHz to few GHz), the
quasi-Fermi level (carrier density) is clamped by the gain saturation effect and
hance the carrier density modulation is suppressed in the core region. Atthese
modulation frequencies, carrier density change takes place at the‘ outside of the
effective core region, where the quasi-Fermi level is not clamped by the gain
saturation due to weak optical intensity. However, as the bias current is
increased, due to the stronger effect of gain saturation, carrier density modulation
is restrained and the frequency deviation constant decreases [25]. This explains

the low frequency deviation constant for large bias current.

3.2 POWER SPECTRA!. ANALYSIS
When the light beam is divided into two parts and is then recombined, one
part delayed with respect to the other, the FM noise of the LD is converted into
intensity fluctuations. The power spectrum of this signal can be obtained
analytically by calculating the Fourier transform of the autocorrelation function.

For DFSK systems, the effect of the laser linewidth on the IF broadening
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can be estimated by calculating the power spectrum of the self-heterodyned
optical signal at the detector. From Eq. 2.4, the optical power arriving at the
photodetector surface is

Pout = EqyEgr-cos {w(t) + Ag(t))-cos (w(t + T) + Ap(t + ™)) . (3.7)
Neglecting the terms at optical frequencies, we obtain the detector output current

Tout = REgyEqr-cos (wr + Ad(t) - Ad(t + T)) (3.8)
where wr is a constant and can be neglected. Therefore,

Toue = A-cos (Ad(t)) | (3.9)
where A = REquEqe 8N Ad(t) = 4(t) - ¢(t + T).

T is the relative delay in one of the paths and a¢ is known as the phase
error. This phase error, which is caused by the random frequency fluctuations in
the LD, has been analysed both theoretically and experimentally [35], [36]. It has
a gaussian probability density function (PDF) with a zero mean and a variance of
4. The phase noise variance, o4%, depends on the time over which the
phase fluctuations are measured, and can be expressed as

04% = 2xAfT | (3.10)
Af being the linewidth of the LD and T being the time over which the phase error
is accumulated.

The auto-correlation of the received optical signal in Eq. 3.9 is aqual to
R(t') = E [AZ.cos(Ad(t)) -cos (Ad(t + t'))] . (3.11)
Expressing the above equation in exponential form, we obtain

2
A
R(t') = —.E | [exp{jag(t)) + exp(-jAé(t))] -
4

[exp{jAd(t + t')) + exp{-jAd(t + t')}] (3.12)
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where E [x] denotes the expected value of the argument x.
The above expression can be solved analytically (see Eq. A.11) and the
auto-correlation can be written in the form

(42
—- |exp (-2zAf|t']) + exp (-4xAfT)-exp (2nAf|t'|)| for [t*|=T,
4
R(t') = {
(8.13)
(A% exp (-27A£T) for Je'|> T.

The normalised Fourier transform of the above equation is equal to (see Eq. A.22)

S(f) = exp (-27AfT) - 8§(Ff) + [1 - exp(-4nAfT)

(3.14)

2Af 1 af

‘sin (27£T) -exp (-2ﬂAfT)}'

£ 2 Af2 + £2

This power spectrum has a Lorentzian shape with 3 dB bandwidth equal to twice
the linewidth of the laser.

Fig. 3.2 shows the power spectrum calculated from Eq. 3.14 for a linewidth
of 22 MHz and delay times of 1 ns and 22 ns. Curve (b) in this graph represents
the power spectrum that applies to our experimental system. When the delay
time in Eq. 3.14 is smaller than the coherence time?, r. Of the LD, the first term
(delta function) dominates and the magnitude of the power spectrum is small at
high frequencies. As this power spectrum represents the carrier signal in a DFSK
system, it should have very narrow spectral linewidth if a narrow linewidth IF is
desired. IF linewidth is defined as the linewidth of the beat signal (1o, in Eq. 3.8).

For coherent systems using LDs with Lorentzian lineshape, the IF linewidth can

1 Coherence time is defined to be equal to 1 /(linewidth) [55].
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be expressed as [37), [38]

AvIp = Avg + Avpg (8.15)
where avyr is the IF linewidth, av. is the source LD linewidth and Avyg is the LO
linewidth. The relation shown in Eq. 3.15 is true only when the received signal
and the LO signals are uncorrelated. However for the self-heterodyned laser
output spectrum, as shown in Fig. 3.2, the IF linewidth depends upon the delay
time in the delay path.

It should be noted that the power spectrum in Eq. 3.14 also represents the
received signal spectrum when a ‘0’ bit is received (this has been and will be
referred to in this thesis, as low frequency phase noise). The intersymbol
interference, caused by the overlapping of the IF signal and the tail of the low
frequency phase noise, will depend upon the magnitude of the low frequency
phase noise in the IF band. Since the magnitude of the low frequency phase
noise is small for delay times less than the coherence time of the LD, the ratio of

the linewidth to the bit rate should be small.

3.3 BIT ERROR RATE CALCULATIONS
It can be assumed that, for a band pass filter with a rectangular pass band,
the low frequency phase noise at the receiver will be rejected by the IF filter.
Hence, the received signal current can be represented as
I3(t) = A-cos (27f1pt + Ad(t)) fora‘1'bit,
(3.16)
and Ip(t) =0 for a ‘0’ bit.
These expressions for the received signal power are similar to those in
ASK systems and hence, the theoretical calculations for coherent optical ASK
systems should also predict the performance of the DFSK system. At the
receiver, shot noise and thermal noise are added to the received signal. If the

system is assumed to be linear and the receiver noise is assumed to be
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independent of the phase noise, then the output current is given by
I1(t) = A-[cos(2nfpt + Ad(L)) + n(t)] ,
and Ig(t) = n(t) . (8.17)

The receiver noise, n(t), hasa gaussian PDF w.hich can be written as

1 n?

Pn(n) = ————.exp| - 2 (3.18)
a .

J 21ran2 "

where ¢,2 is the variance of the receiver noise, which has been explained in
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section 3.4. If we assume that the probability of transmitting a ‘1' bit is equal to .

that of transmitting a ‘0’ bit, the total probability of error can be expressed as

1
Pe = —+(Pe] + Pgg). (3.19)
2

where P, is the Probability of error when a ‘1’ bit is received and P, is the
Probability of error when a ‘0’ bit is received.

In other words, if 1.y, is the threshold value of the current at the output of
the receiver, the error probabilities are equal to

Pel = Prob[I1(t)<Ipp)] ,
and Ppgg - Prob[Ig(t)>I¢y)] . (3.20)
The theoretical expressions for these probabilities are developed next.

Pel = Prob[(A-cos(Ag(E)) + n(t)) < Iyy)

- [[PDF(11) dA¢-dn . (3.21)

Substituting m = A.cos(aé(t)), and let Pm(m) and p,(n) denote the
PDFs of random variables m and n respectively. It is well known that the PDF of
the sum of two independent gaussian random variables is equal to the

convolution of their individual PDFs [39]. Hence,

PDF(I1) = pyx(x) = pp(m) * p,(n) (3.22)



or
EDF(I1) = [ pp(z) pp(x-z)-dz (8.28)

Pag (44, @s explained earlier, has a gaussian form and can be written as

1 a¢2

PAg(84) = ——— .exp]- (3.24)
20¢2

J 2wa¢2

where a¢2 = 2xAfr and r is the integration time which depends upon the filter
bandwidth and is approximately equal to 1/B (B being the IF filter bandwidth)
[40].

The PDF of m can be expressed in terms of the PDF of a¢ asin [41]

1
Pm(m) = pag(m)- (3.25)
d[A-cos(A¢)]

d(a¢)

where A is a constant.

The above expression has been simplified in [41] and the resulting
expression is

Pm(m) =

1+ r(m) arccos{(m/A)
. exp -—

; (3.26)

—_— 20
/21-(A2-m2) o4 ¢

where
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r(m) -E exp[ -

2
o
i=1 ¢

21242 (Ztivarccos(m/A)
{ exp

2xi-arccos(m/A)]

20¢2

2

+ exp[

It follows from Eq. 3.23 that

20¢

Px(x) =
J a2 . g2
Substituting
A2
2

‘Y-
20p

(8.27)

4

(x-Z)2
-dz .

1 1 + r(2)
-exp |-
rogon ) ———

arccos (z/A)
. exp -

2 2
20 o
¢ ¢ (3.28)

and k = arccos(z/A) in Eq. 3.28 yields

(v is the signal to receiver noise ratio)

J2v

Axa¢

Pu(x) =

-J?l - cosz(k)-exp[-

K2

2].expl-7-{§ - cos(k)H-dk . (3.29)

20¢

In the above derivation it has been assumed that og<1 and therefore, r(z)-0.

From this equation p.; can be obtaired as

Ien
Pep = fpx(x)-dx .

-

Also,

Peg =

Ith JZronz

Substituting

1 X
——%—,-exp -

(3.30)

(3.31)
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x2 3
s=t2  and  dx = J2op" -ac
20
yields
. -]
1 2
Pep = |—-exp (-t€)-dt (8.32)
x
Itn/f20,
or
1 _ 1 i
Peo = = |1 - erf(b-Jfy)| = —.lerfe(b-fy) (3.33)
2 2 .

In the above equation, b = I.,/a, isthe normalised threshold level

The total probability of error as a function of signal to noise ratio can be
computed numerically and is shown in Fig. 3.3 [42]. These curves clearly indicate
that the value of o4 should be less than 0.2 to achieve a BER of 10, Similar
results have been obtained by Kikuchi and Okoshi [43]. Substituting the required
value of o4 and r, the required source linewidth to IF filter bandwidth ratio should
be 0.0063 to obtain a BER of 1079, However, in practical systems it has been
shown that with a linewidth to IF filter bandwidth ratio of 0.04, a BER of 10°° can
be obtained [44]. This discrepancy between the theoretical and the experimental
results is due to the assumption that the effect of the IF filter on the PDF of the
phase noise is negligible. Recently, Garrett and Jacobsen developed a computer
model to calculate the effect of laser phase noise on the performance of coherent
systems [45]. They obtained results for different values of the IF linewidth to bit
rate ratio and these results are shown in Fig. 3.4 [46]. In these curves, AvIF
represents the IF linewidth, which is equal to the sum of the transmitter and the
LO laser linewidths [45]. It can be inferred from the graph that, by selecting a
proper bandwidth for the IF filter, the detrimental effects due to the phase noise of

the LD can be compensated. However, an increase in the bandwidth of the filter
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will also increase the noise in the receiver and hence will result in poor receiver

sensitivity.

3.4 CROSS-TALK PENALTY IN TWO CHANNEL DFSK SYSTEM

When two channels are received at the receiver, the power spectrum of
one channel may overlap that of the other channel. This inter-channel
interference depends upon the channel spacing, the bit-rate and the linewidth of
the transmitting LDs. For a multi-channel optical fiber transmission system, two
types of interference occur:

1. Intermodulation distortion (IMD)

2 Inter-channel interference

Intermodulation distortion occurs due to the non-linear response of the
photodstactor, which causes the different carrier frequencies to mix with each
other and yield intermodulation frequencies [47). This effect is more serious in
IMDD systems than in coherent systems. In coherent optical systems, if the LO
power is sufficiently large, then the intermodulation frequencies will be very small
in amplitude as compared to the desired signal. However, in DFSK systems,
since the LO signal is very weak, the amplitude of the intermodulation frequencies
can be comparable to that of the received signal. But if the optical carrier
frequencies for different channels are spaced sufficiently apart, then the
intermodulation frequencies will be rejected by the receiver bandwidth.

After the recsived optical signal is converted into the electrical domain, the
power in one channel may extend into the frequency domain of the other channel
and hence cause interchannel interference. This interference depends upon the
spectral spread of each channel and the spacing of the IFs. Inter-channel
interference for coherent optical communication systems has been analysed by

Kazovsky [48]. In his analysis, he assumes that the linewidth of the LDs are very
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small as compared to the data rate and hence do not have any significant effect
onthe IF. This assumption is not true in our case.

In this section, the signal to interference ratio (SIR) as a function of the
normalised channel spacing (normalised to the bit rate) has been calculated for a
DFSK system, taking the laser linewidth into account. The intermodulation
distortion due to mixing of the optical carriers is assumed to be negligible. SIR is
defined as [49]

Po  Ap-[IH(E)|2-6(E) -af

SIR = - 5 (8.34)
Pint sz_”H(f)l *Gine(f) -df

where G(f) is the power in the main channel, Gint(f) is the power in the interfering

channel, and H(f) is the transfer function of the filter defined as follows

H(f) = 1 for |£1r - B| < |£]| < |£15 + B]
=0 otherwise. (3.35)

The bandwidth of the IF filter is 2B.

Further, it has been assumed that the IF frequency (fir) is very large and
hence the interference due to the low frequency phase noise of the LD is ignored.

The power spectrum of the IF signal can be represented by the following
(50]

G(£) =~ Go(£)*Gy(£) (3.36)
where * denotes convolution.

Ge(f) is the power spectrum of the carrier, which has been calculated in
€g. 3.14 and Gy, (f) is the normalised power spectrum of the NRZ modulating

signal. For a NRZ signal

1 £ 1
Gh(£) = —sinc?|— + —.6(f) (3.37)
4Ry, Ry, 4 .

49



50
Further, it has been assumed that the two channels contain equal power

and are identical, sothat A; = A, and c(¢) = Gint(f).
Hence, if S is the channel spacing, the SIR can be represented as

fir+ 8

I (6(f - £1p) df
iir - B
SIR(S) = . (3.38)
f1r + B
I (6(f - £1p - 8) daf
fIr - B

This equation has been evaluated numerically using a computer program
and the results are shown in Fig. 3.5. To achieve a BER of 109, the signal to
noise ratio should be about 18 dB for an ASK or FSK system [43]. Therefore a
suitable channel spacing for a DFSK system would be about 15R}. In the above
analysis, we have not considered the receiver noise. As the receiver noise is
independent of the channel! spacing, its effect would be to lower the graph, and
hence to further increase the required channel spacing to obtain the desired
signal to noise ratio. Hoffstetter [51] has calculated the signal to noise and
crosstalk ratio for a multi-channel DFSK system, assuming negligible linewidth of
LDs. His results suggest that, with a channel spacing of 12Rp, a signal to noise
ratio of 18 dB can be achieved. The difference between his results and our

results can be attributed to the linewidth factor.

3.5 RECEIVER NOISE ANALYSIS
The major noise sources in the receiver arise from the random nature of
the photon to electron conversion process and the thermal noise associated with
the amplifier. These noise sources determine the receiver sensitivity, which is
defined as the minimum required optical power at the photodetector, to achieve a

BER of 10°8. Receiver noise can be categorised as follows:
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1. Shot Noise:
~ Shot noise in an optical receiver is signal dependent and depends upon
the rate of arrival of photons at the receiver. In a given time, the number of
elect'on-hole pairs generated is a random variable with a Poisson's distribution
[52], [83]. The mean square value of this noise current can be expressed as
<1g% - 2eRpPopeB (3.39)
where R;, is the responsivity of the photodetector, Popt IS the optical power, and B
is the receiver bandwidth.
2. Dark Current Noise:

Dark current is defined as the reverse current which flows when no light is
incident on the photodetector. This current is caused by the generation of hole
and elactron pairs in the depletion region, due to the thermal effects. The mean
square value of the dark current noise can be expressed as [54]

<14%> = 2eIpB (3.40)
where 1p is the detector dark current, e is the electronic charge, and B is the
filter bandwidth.

3. Thermal Noise:

Thermal noise occurs due to random motion ¢f the charge carriers
(electrons) in a conducting medium due to temperature. The thermal noise
current in a resistance R can be expressed as

<I.%> = 4kTB/R . (3.41)
For a high input impedance amplifier, the load resistance is much smaller than the
amplifier input resistance. Therefore, to minimise the thermal noise, the load
resistance should be large. However, a large bias resistance limits the receiver
bandwidth.

For a FET front end amplifier, the total noise current due to the amplifier

can be expressed as [54]
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(22Cp) 2 3
‘B

2 4kT r ‘

Ry, EmRL Em

(3.42)
where Ry, is the load resistance, r is a constant given by FET material (= 1.1
for GaAs), cy is the total capacitance, g, is the transconductance of FET,
Igate IS the gQate leakage current, and B is the IF filter bandwidth.

The receiver noise sources described above are plotted as a function of
the filter bandwidth and are shown in Fig. 3.6. For the experimental receiver, Ry, is
5ka, cy is equal to the sum of the PIN diode (cp) and FET gate to source (Cgs)
capacitances and equals 0.8 pF, g, is equal to 0.048 mho and 1 gate IS equal to
1 mA. From Fig. 3.6, it is clear that the thermal noise is greater than the shot
noise and the dark current noise in the detector, and therefore largely determings
the receiver noise. The three noise sources are completely independent and the
total noise variance can be expresséd as

an2 - <Ig®> + <Id2> + <Ia2> . (3.43)
A more detailed investigation of the receiver noise has been presented by
Personick [53].

3.5 SUMMARY

The linewidth of the transmitting LD can cause significant broadening of the
IF. The non-flat frequency response of DFB LDs also contributes to the wide
spectral spread of the IF, although this effect can be compensated for by using a
phase tunable or multi-electrode DFB laser. In this chapter, the effect of the IF
linewidth on the BER performance was analysed. It has been reported in the
literature that, for a broad linewidth transmitting LD, increasing the IF filter
bandwidth lowers the error rate floor. However, this also increases the receiver

noise and degrades the receiver sensitivity. For multi-channel transmission, it has
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been calculated that, for a SIR of 20 dB, the minimum required channel spacing
should be 15 times the bit-rate. In order to determine the signal to noise ratio as a
function of the channel spacing, the receiver noise should also be taken into
account. From the calculated results, it is clear that the channe! spacing required
in & DFSK system is more than that required in other coherent systems. This is
due to the mixing of very weak and noisy signals in the direct path and the
delayed path.
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CHAPTER 4 - TRANSMITTER DESIGN

For a DFSK system, the transmitter can be divided into two sections;
namely, the optical source and the data encoder. The optical source consists of a
LD, an optical isolator and GRIN rod lenses. The data encoder, on the other
hand, consists of a differential encoder and a Manchester encoder. A detailed
diagram of the transmitter in the experimental setup is shown in Fig. 4.1. The NRZ
data from the data generator (HP 3762A) are sent to the Manchester encoder and
subsequently to the differential encoder. The encoded data are superimposed on
the bias current to frequency modulate the LD. The optical signal from the LD, in
each channel, is then coupled to the fiber using two GRIN rod lenses and two
optical isolators. This chapter includes a description of the various transmitter
components and the experimental setup used to measure the characteristics of

the LD.
4.1 TRANSMITTER COMPONENTS

4.1.1 DFB LASER DIODES

In coherent optical transmission systems, the LDs at the transmitter and at
the LO should oscillate in a very stable single mode and should exhibit a very
narrow linewidth. The narrowest linewidth is provided by external cavity lasers in
which external optical feedback is used to stabilise the frequency output.
However, if the phase of the feedback is not controlled, the linewidth of such LDs
may broaden under the influence of the feedback [56]. Also, due to very high
cavity Q, these lasers have a very poor frequency deviation constant [57]. They
are also very sensitive to temperature and to the environment. Hence, these LDs
are not suitable for DFSK transmission systems.

Another method for achieving a single longitudinal mode and a narrow
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linewidth is to provide frequency selective feadback throughout the active layer in
the LD. LDs based on such a mechanism are known as distributed feedback
(DFB) LDs. In DFB lasers, the feedback is not localised at the cavity facets but is
distributed throughout the active region. This is accomplished by a periodic
variation of the refractive index that provides feedback by means of backward-
wave Bragg scattering. The change in refractive index can be realised by means
of a grating formed by periodically varying the thickness of one of the active layers
inthe laser. If A is the grating period, the Bragg condition for coherent coupling
between the forward and backward propagating waves is [58)
mA
A= _— (4.1)
2n

where m is the order of coupling, n is the refractive index and i is the
wavelength. For a first order grating, the Bragg wavelength can be expressed as
Ap = 2nA. Hence, by selecting a properly, the feedback is provided only at
certain selected wavelengths. These LDs often exhibit side mode suppression
ratios of about 30 to 35 dB. DFB lasers will mode-hop between two longitudinal
modes, which are situated symmetrically around the Bragg wavelength [59].
However, if a phase shift of « is introduced in the centre of the corrugation, the
resonance occurs at the Bragg wavelength. This phase shift can be achieved by
shifting the phase of the corrugation by asa4.

For the experimental DFSK system, we used two DFB LDs at the
transmitter. In channel 1, a NEC quarter wave shifted DFB laser was used while in
channel 2, a Fujitsu DFB laser was used. The wavelength and the linewidth

measurements for these LDs are presented in section 4.2.
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4.1.2 GRIN ROD LENS

In each channel, two NSG GRIN rod collimating lenses are used to launch
light into optical fiber. The first lens, near the LD, collects as much light from the
LD as possible and converts the divergent optical beam to a parallel beam, and
acts as a collimating lens. As the GRIN rod lens is placed next to the laser, the
reflected light from this collimating lens will result in optical feedback to the LD.
Reflections to the LD are reduced using a plano-convex lens which is anti-
reflection coated for 1300 nm. Also, to capture the maximum amount of light from
the LD, the lens should have a large numerical aperture. The numerical aperture
and the focal length of the lens used in this system are 0.6 and 280 um,
respectively. The distance between this lens and the LD is adjusted to obtain a
collimated beam.

Another lens is used to focus the collimated beam, after it has passed
through the optical isolator, into the optical fiber. The numerical aperture for this
focussing lens is not as critical as that for the first lens and hence a lens with a
numerical aperture equal to 0.46 is used. The focal length of this lens is 260 um.

This lens is also anti-reflection coated for 1300 nm wavelength.

4.1.3 OPTICAL ISOLATOR

The frequency modulation characteristics as well as the linewidth of the LD
are adversely affected by optical feedback caused by reflections from the fiber.
Optical feedback signal levels as low as -55 dBm can cause detrimental effects on
the LD linewidth [60], [56). To minimise the level of the optical feedback due to
the fiber surface, an optical isolation of 60 dB is provided in the path betv.een the
fiber and the LD. This isolation is achieved using two optical isolators (NEC
0D8313 B and FUJI YD-103-9-130), which together provide an isolation of about

60 dB. Optical isolation also helps in suppressing the external cavity modes,
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which may develop due to the formation of a cavity between the LD and the fiber.
In an external cavity configuration, the modes are separated by frequencies equal
to c/2nl., where ¢ is the velocity of light in free space, n is the refractive index, and
L is the cavity length. These modes, if present, will severely degrade the
performance of the system.

4.1.4 MANCHESTER ENCODER

The circuit diagram for the Manchester encoder is shown in Fig. 4.2. The

Data  MmC10H104

MC10H107
'8"“_ 1 \ \ Manchester encoded signal
/ . 15 3 )}—e 0
7.
50 Q 100Q 510Q o -2V
-2V -
GND v 100 Q
-5V
Clock input MC10H104 MC1 OH107
(45 MH2) 9 4 N\ 2x clock
e =L [ g
MC10H104 10
100 Q 100 Q2 @ 510Q

GND
GND -2V 5 >‘J108 cm™2

{5.5 ns)

GND

Fig. 4.2 Manchester encoder and clock doubler circuit.



clock (44.7 MHz) and the data (44.7 Mb/s) are sent to two AND gates, which act
- as buffer stages. The outputs of gate 1 and of gate 2 are then coupled to an XOR
circuit (gate 3) to obtain a Manchester encoded signal. The rising edge of the
clock and of the data signal should occur at the same time at the input of gate 3.
Therefore, the length of the coaxial cables carrying the data and the clock from
the data generator to the Manchester encoder should be exactly the same. Since
Manchester encoding increases the effective bit rate by a factor of 2, the
frequency of the clock also needs to be doubled. To increase the frequency of
the clock from 44.7 MHz to 89.4 MHz, an XOR gate is used. As shown in
Fig. 4.3(a), The received clock is divided into two parts and one part is delayed by
5.5 ns (one quarter of the clock period) with respect to the other part. The
delayed and the direct parts are then sent to an XOR gate, which generates a
clock at 89.4 MHz. The timing diagram for this circuit is shown in Fig. 4.3(b). The
delay introduced by the delay line should be exactly equal to 5.5 ns. The output
of the Manchester encoder and of the clock doubler circuit are shown in

Fig. 4.4(a) and (b), respectively.

4.1.5 DIFFERENTIAL ENCODER

The differential encoder is designed using a J-K flip-flop, as shown in
Fig. 4.5. The AND gates are used to prevent any loading from the preceding or
the succeeding stage. The J and K input pins of the flip-flop are tied together and
the NRZ data are applied to this input, while the clock signal is connected to the
clock input. When a ‘1’ bit is received, the output of the flip-flop toggles or
changes from its previous value whereas when a ‘0’ bit is received, the output
remains the same as in the previous bit. These transitions occur only at the
positive edge of the clock. Fig. 4.6 depicts the input and the output signal

obtained from the differential encoder.
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4.1.6 LASER DRIVER CIRCUIT

To modulate the LD at high bit rates, the laser driver circuit should be
capable of operating at high frequencies. The LD driver circuit designed for the
experimental system is shown in Fig. 4.7. This circuit uses a differential input and
the switching is achieved by two Schottky diodes (HP 5082-2208), D1 and D2.
These diodes are capable of very fast switching and can operate at frequencies
as high as 10 GHz. The data and data signal, from the differential encoder, are
sent to transistors T4 and Ts. When the data signal is high, data is low and
hence, diode D1 is on and diode D2 i off, and vice-versa. This switching of
diodes causes the modulation current to flow in the LD. Hence, the rise time and
the fall time of the signal will depend on the switching time of these diodes. The
peak-to-peak amplitude of the ac modulating current can be adjusted by
changing the value of the variable resistor R11. The dc bias current through the
LD can be monitored by measuring the voltage across the 10q resistor, Rz, and
can be adjusted by a variable resistor R10. The maximum ac and dc¢ current that
are allowed to pass through the LD are determined by resistances Rg and Rg
respectively.

During the first stage of the experiment, when the Manchester encoder was
not incorporated into the system, the switching was achieved by transistors Ta
and Ts. However, tha:e transistors were not found to be suitable for switching at
a data rate of 90 Mb/s. Therefore, when the Manchester encoder was added to
the system, switching was accomplished by Schottky diodes instead of
transistors.

The LD chip was mounted on a micro-positioner and was connected to the
laser driver circuit through two jumper wires. These jumper wires can introduce
lead inductances at high frequencies and hence cause distortion in the

modulating signal waveform. The problem of lead inductance can be alleviated
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by a packaged D#B LD, which can be mounted directly on the circuit board.
However, the package capacitance of such LDs should be very low, so as to
avoid any modulation bandwidth limitations.

To ensure that the bandwidth of the laser driver circuit was sufficiently large
to transmit a 80 Mb/s signal, a test was performed by modulating the injection
current of the LD with the Manchester encoded signal. The amplitude modulated
optical signal was then detected directly at the receiver. The received signal
waveform at the output of the photodetector for a received data sequence of
11011000100110011... is shown in Fig. 4.8. The voltage spikes at the positive
and the negative transition could be due to the lead inductance of the jumper
wires. These spikes are not desirable in a DFSK system, as they will cause IF
noise. The rise time and the fall time of the transmitted pulses should be smaller

than 10% of the bit period in order to avoid any significant broadening of the IF.

Fig. 4.8 Optical pulses received from the LD.
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Also, since the modulating current is generated by the switching of the Schottky
diodes, this bias circuit can only be used for square wave modulation or digital
signal transmission.
4.1.7 COOLING CIRCUIT

The frequency of emmision from an LD depends on its operating
temperature. In our experimental system, as shown in Fig. 4.1, the LD rests on a
Peltier cooler, which constantly stabilises the temperature. The current in the
cooler is controlled by a feedback control circuit, shown in Fig. 4.9. A thermistor
is used to sense the temperature of the LD, which also provides the feedback
signal. The equivalent resistance of the thermistor as a function of its temperature
is shown in Appendix B. The variable resistance Rg is used to set the reference
temperature. As the temperature of the LD rises or falls, the resistance of the
thermistor is no longer equal to the reference resistance Rg and the bridge is
unbalanced. The output of the differential amplifier thus causes the current

through the cooler to increase or decrease accordingly.
4.2 EXPERIMENTAL MEASUREMENTS

4.2.1 WAVELENGTH MEASUREMENTS

For the DFSK system, it is essential that the wavelengths of all the
transmitting stations should be different from each other. If the two stations have
the same operating wavelength, there will be interference between the transmitted
signals and data will be lost. Hence, to ensure that the wavelengths of the two
transmitting LDs are different, a scanning monochromator was used to measure
the respective wavelengths. For both LDs, the side mode suppression ratio
(SMSR), as shown in Fig. 4.10, was greater than 30 dB. The operating

wavelengths of the NEC and Fujitsu DFB LDs were measured to be 1302 nm and
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1297 nm re_spective!y. At 1300 nm, a 1 nm difference in wavelength corresponds
to a 176 GHz difference frequency. Hence, at the detector the intermodulation
frequency generated by these two carriers will be around 875 GHz and will not
cause any interference. The wavelengths of the LDs were observed to be stable
for different bias currents and no mnde hopping was observed.

The scanning monochromator has a resolution of about 4 A, which
corresponds to 70 GHz frequency separation, and hence was not suitable for
observing the sidemodes. Therefore, a Fabry-Perot (FP) interferometer, which
has better resolution than that of a monochromator, was used to measure the
side modes of the LD; the plots are shown in Fig. 4.11. The free spectral range
and the finesse (defined in Section 4.1 .3) of the FP interferometer were about 150
GHz and 30 respectively. As can be inferred from the plots, the side modes levels

were very low.

4.2.2 LINEWIDTH AND FREQUENCY-DEVIATION MEASUREMENTS
Because of the relatively broad resolution of both the scanning
monochromator and the Fabry Perot interferometer, neither of these methods are
suitable for linewidth measurements. Hence, a delayed self-heterodyne method
(explained in section 4.3) was used to measure the linewidths of the NEC as well
as Fujitsu LDs. These measurements were carried out for different bias currents
and the results are shown in Fig. 4.12 and Fig. 4.13. As expected, the linewidths
of the LDs decreased with an increase in the bias current and the facet power.
The frequency deviation constant (frequency shift/unit current) can also be
measured by the self-heterodyne method but, in this case the LD is modulated by
a sine wave, and the spectrum of the beat signal between the direct and the
delayed signal is observed. This power spectrum can be represented as follows
(61]
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S(E) =~ - ¥ |iy|2m-sin : (4.2)
x ne-w 2 (£-nfp)? + (2a£)2

where tq is the delay time, Jn is Bessel function of nth order, fn is the
modulation frequehcy, Ly = 2rfy, and mis the frequency modulation constant
of LD.

The power spectrum in Eq. 4.2 can be interpreted as that for a frequency
modulated wave with a modulation index equal to 2m-sin (wy-rq/2). This
modulation index can be obtained from the ratio of the peak amplitude of the
carrier to that of the first side band. The frequency deviation constant of the LD
can then be determined by substituting the value of the delay time. Since the
experimental LD driver circuit was only capable of modulating the LD by a square
wave, sine wave modulation could not be applied. Hence, the self-heterodyne
set-up could not be used to determine the frequency deviation constant of the
LDs.

However, the frequency deviation constants of the LDs were determined
by observing the difference frequency for different values of the modulating
current. An increase in the peak amplitude of the modulating current caused' the
difference frequency to move further away. The frequency where the peak of the
difference frequency existed was then divided by the peak ampiitude of the
modulating current to roughly estimate the frequency shift/mA. Fcr the NEC LD,
a frequency shift of about 500 MHz/mA was calculated, while for the Fujitsu LD,
the frequency shift was éalculated to be only 120 MHz/mA. Hence, the Fujitsu LD
was not suitable for use in the second channel, because a very large modulating
signal (more than 10 mA P-p) would be needed to obtain the desired difference
frequency (about 1500 MHz). Use of this diode would have caused significant AM

noise. Therefore, we were not able to modulate the output of the second channel.
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4.3 MEASURING EQUIPMENT

4.3.1 SCANNING MONOCHROMATOR AND FABRY-PEROT
INTERFEROMETER

The experimental setup for the scanning monochromator is shown in
Fig. 4.14. At first, the slit-width of the monochromator is wide open (about 460
#m) for ease of alignment. After the initial alignment, the slit width is subsequently
reduced to achieve better resolution. For the experimental measurements in this
project, the slit width is reduced to 60 sm, which corresponds to 60 GHz
resolution.

The experimental set-up for the Burleigh scanning monochromator is
shown in Fig. 4.15. The separation betwesn the two mirrors is set to 1 mm, which
corresponds to a free spectral range (FSR) of 150 GHz. FSR is defined as the
separation between the resonance frequencies of the interferometer, which is
given by [62]

c
FSR = ——— (4.3)
2nl-cosé
where, 1 is the separation between the mirrors, c is the velocity of the light, nis
the refractive index of the medium between the mirrors, and ¢ is the angle of
incidence of light.

The resolution of the Fabry-Perot interferometer is limited by the quality of
its mirrors, and determines the instrumental broadening of the observed
spectrum. The performance of a Fabry-Perot interferometer is snecified as
finesse, which is defined as [62]

F= — (4.4)
Af
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where af “is the frequency separation between the two spectral components
having one half their peak value at their cross-over frequencies. The finesse can
also be expressed in terms of the reflectivity of the mirrors.

/R

l1-R

F - (4.5)

where F is the finesse and R is the relectivity of the mirrors.

The finesse of the instrument, as can be seen from Eq. 4.5, depends upon the
quality of the coating on the mirrors. This setup, due to insufficient resolution,
could not be used to determine the linewidth of the LD. However, it was used for

observation of the intensity of multiple longitudinal modes (see Section 4.2.2).

4.3.2 SELF-HETERODYNE SET-UP

Until recent years, the linewidth of a LD was most commonly measured by
a Fabry-Perot interferometer or by a Michelson interferometer. The Michelson
interferometer is based on the principle of beating the optical signal with itself.
This interferometer acts as a frequency discriminator and hence converts the FM
noise into an AM signal. Because of the tedious alignment of the mirrors and the
beam splitters, these interferometers are difficult to operate. Recently, Kikuchi
and Okoshi suggasted the delayed self-heterodyne method to measure the
linewidth of a LD [63]. This method is based on the same principle as that of the
Michelson interferometer, except that the interferometer is built with single mode
optical fiber. Hencs, it is very stable and no alignment procedure is required.

The block diagram of the delayed self-heterodyne method is shown in
Fig. 4.16. An acousto-optic modulator (Matsushita EFL-M080-Y03) is used in the
direct path to shift the beat frequency from d.c. to 80 MHz. The length of the
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delay line in the set-up is 750 m, which is large compared to the coherence length
of the LD. The purpose of introducing a long delay line is to decorrelate the signal
in the direct path and the delayed path. The power spactrum of the signal at the
output of the photo-diode can be represented as [63)

~2x6frg 6f
S(f) =e §(E) + 1 1 -
€2 + (5£)?)
-2n8€rg 5E £
e "jeos (27frg) + §— + —p-sin(2nfry) (4.6)
£ §f

where sf i the linewidth of the LD and 74 IS the delay time. When the delay time
is longer than the coherence time (ra > 15r), as in this set-up, the power
Spectrum can be approximated by

§f

S(f) = . 4.7)
- (£2 + (6£)2)

As can be noted, the 3 dB bandwidth of the above spectrum is twice as
large as the linewidth of the LD. The speciral resolution for the self-heterodyne
setup is approximately equal to 0.5/rq. Fora750 m length of the delay line, the
resolution is equal to 200 kHz. This method provides better resolution than a

Fabry-Perot interferometer.

4.4 SUMMARY
There are several considerations that should be taken into account when
designing a transmitter. The modulation bandwidth of the transmitter should be
large compared to the bit rate to avoid distortion in the transmitted pulses. In
order to comply with high speed requirements, the laser driver circuit was

designed using very fast Schottky diodes. Also, the alignment of the collimating
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lens and of the LD is very critical. It was observed that a slight change in the
distance between the LD and the collimating lens caused the linewidth of the LD

to change significanily. Hence, for commercial applications, a packaged DFB LD
with a built-in optical isolator and collimating lens is desirable.



éHAPTER 5 - RECEIVER DESIGN
The main sources of noise in an optical recsiver are:
Intrinsic quantum noise or shot noise at the photodetector.
Shot noise due to the detector dark current.
Excess noise caused by an APD.
Shot noise due to gate leakage current of the FET.

Thermal noise due to feedback or shunt load resistance.

o o0 A~ 0P

Thermal noise and shot noise due to the receiver components.

For small received signal levels, the thermal noise dominates over thé other
noise sources. Hence for optimum receiver sensitivity, the receiver should amplify
the weak received signal without introducing a significant amount of thermal
noise. The block diagram of the experimental DFSK receiver is shown in Fig. 5.1.
After the signal is pre-amplified, it is passed through the band pass filter. If the
amplification in the pre-amplifier is large, then the insertion loss due to the band
pass filter has very little effect on the signal to noise ratio. Further, the IF signal
needs to be amplified before it is demodulated by the envelope detector. The
desired amplification of the signal is achieved by amplifier 1 and amplifier 2. After
the signal is passed through the low pass filter, the Manchester decoder decodes
the received signal and the NRZ data can be recovered. This chapter includes

the basis for the design of the various receiver components used in the project.

5.1 PINFET RECE!VER
Typically, the following detectors may be used for detection of the optical
signal:
1. Positive-Intrinsic-Negative (PIN) diodes.
2. Avalanche photodiodes (APDs).

3. Integrated devices for photo-detection.
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APDs offer the advantage of avalanche gain but at the same time suffer
from an excess noise penalty due tc avalanche multiplication. Even with the
excess noise penalty and high dark current, these photodetectors provide 3 to 5
dB higher sensitivity than that of a PIN diode at high bit rates (over 100 Mb/s)
[64). However, optical receivers using APDs need special AGC control! circuitry to
compensate for their temperature dependent avalanche: gain. On the other hand,
PIN diodes have a relatively small leakage current as compared to that of APDs
and are also free from avalanche excess noise. Further, PIN diodes can exhibit
lower shunt capacitances than APDs.

Recently, there has been the significant development of PIN photodiodes
integrated with a microwave bipolar transistor pre-amplifier or GaAs FET pre-
amplifier [65]. These devices provide a considerable reduction of the stray
capacitance associated with the photodiode and active componehts. However,
these devices are still in the research stage and are not commercially available.

The two most commonly used approaches for the design of the pre-
amplifier are shown in Fig. 5.2. These are:

1. Transimpedance amplifier

2. High shunt impedance amplifier.

The transimpedance amplifier has the advantages of negative feedback so
that the bandwidth of these amplifiers can be extended to the desired value.
Therefore, no equalising circuit is required. However, due to the thermal noise of
the feedback resistor, the sensitivity of these ampilifiers is lower compared to that
of high impedance amplifiers. Also, these amplifiers need careful design of the
feedback path to prevent oscillations from occurring.

High impedance amplifiers, on the other hand, due to their large load
resistance offer very low thermal noise and high detection sensitivity. Since the

RC time constant of these amplifier is large, the receiver bandwidth is limited.
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(b) Transimpedance receiver amplifier.

Fig. 5.2 Most commonly used receivers for optical fiber systems.



Hence, an equaliser is required to extend the bandwidth to the desired value.
Also, because of the large RC time constant, the receiver tends to integrate the
detected signal. This causes severe bassline wander due to the integration of
long strings of ‘0's and '1's in the input data stream [66]. This problem can be
alleviated by using a dc balanced line coding scheme.

Both microwave bipolar transistors as well as GaAs FETs can be used in
the pre-amplifier design. For bipolar transistors, the base-emitter and collector-
base capacitance should be very small and the current gain should be large. For
GaAs FETs, the gate-source capacitance should be small and the
transconductance should be high. GaAs FETs suffer from 1/f noise, which can
reduce the effective signal to noise ratio at low frequencies.

Due to the large receiver bandwidth and simple design requirements, a PIN
diode with a high input impedance GaAs FET amplifier was considered suitable
for this project. A detailed schematic diagram of the PINFET receiver is shown in
Fig. 5.3. The detector diode is a Fujitsu PIN diode (FID 13S51SR), which has a

5V

FID 13S151SR 0.1 uF 0.1uF Output
0.1 uF

NEC 71084  “Woa 0335

18kq S0KQ

GND GND

GND 20 KQ
-5v GND GND -5V

Fig. 5.3 Circuit diagram of the single detector PINFET receiver.
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3 dB response bandwidth of 1.5 GHz and a capacitance of 0.4 pF. The current
generated by the photo-diode passes through the 1.8 ka resistance and produces
a voltage, which is then amplified by the GaAs FET amplifier. This amplifier stage,
as mentioned earlier, should introduce very small noise and should be able to
amplify high frequencies of the order of a few GHz. Hence, the stray shunt
capacitances and the junction capacitances of the GaAs FET should be as low as
possible. In our case, we used a GaAs FET (NEC 71084) with an input
capacitance of 0.28 pF and a cut off frequency of about 20 GHz. The equivalent
circuit of the FET is given in Fig. B.4 (Appendix B). To reduce the effect of stray
shunt capacitances and series inductances, the components in the receiver are
placed in very close proximity.

The frequency response of the GaAs FET amplifier cascaded with an
Avantek power amplifier (MSA 0335) is shown in Fig. 5.4(a). The frequency
response was measured by using a network analyser (HP 85046) with input and
output impedances terminated to 50 ohms. As can be seen from the plot, the
forward gain of the amplifier dropped by 3 dB from its maximum value at a
frequency of 2.7 GHz. The bandwidth of this amplifier is determined by the
Avantek 0335 transistor, which has a roll off frequency at about 4.5 GHz. Fig.
9.4(b) shows the frequency response after the PIN diode is connected. This
measurement was carried out by intensity modulating ths LD using a swept
frequency signal, and detecting the output directly with a PIN diode. The 3 aB
roll-off frequency of this amplifier was observed to be around 1.2 GHz; this is
mainly due to the PIN diode, which has a bandwidth of 1.5 GHz. Since the
receiver bandwidth was almost equal to that of the PIN diode, there was no need
for an equaliser.

In this thesis work, a single detector is used in the receiver. However, a

dual detector receiver can be designed to detect the power from both ports of the
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optical coupler [67]. A schematic diagram of a dual detector balanced receiver is
shown in Fig. 5.5. Due to time constraints, we were not able to implement this
receiver structure. Since the current generated by the two photo-detectors is
added, the receiver sensitivity of such recsivers is about 3 dB better than for

single detecter receivers.

5.2 BAND PASS FILTER

Due to the finite linewidth of the LD and non-uniform frequency modulation
response, low frequency roise is observed whenever a ‘0’ bit is transmitted (see
Section 3.3). This noise causes inter-symbol interference and hence results in a
receiver power penalty. To reject this low frequency noise and to minimise the
thermal noise in the receiver, the IF is passed through a band pass filter (BPF).
The bandwidth of the IF filter (BPF) should be such that it causes very small
receiver noise and also allows most of the IF to pass without causing any

significant power penalty. To study the bandwidth requirement for the DFSK

+Vce

FET amplifier

1 -Vee

Fig. 5.5 Configuration of a dual detector receiver
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system, two filters with different pass bands are used.

Fig. 5.6(a) and (b) depict the circuit design and the frequency response of
filter 1, which is used for most of the measurements. The 3 dB bandwidth or pass
band of this filter is about 650 MHz and the filter is tuned 1o a centre frequency of
1 GHz. The maximum insertion loss in the passband was about 2 dB.

Another filter, filter 2, was used to analyse the effect of reducing the filter
bandwidth on the system performance. This filter was an 8 section filter with a
passband of 300 MHz. As can be seen from the frequency response of the filter

(see Fig. 5.7), the insertion loss of the filter is about 0.5 dB.

5.3 HIGH FREQUENCY AMPLIFIERS

To demodulate the IF efficiently, a high level signal is necessary. Hence,
an amplifier with 54 dB gain is used after the BPF. To obtain such high gain, two
amplifier modules, with power gains of 21 dB and 33 dB, were built. Amplifier 1,
as shown in Fig. 5.8, consists of two cascaded Avantek power amplifiers (MSA
0335). Each of these amplifier modules (MSA 0335) has a gain of 12 dB at 1 GH2
frequency and has a maximum usable frequency of 4.5 GHz. The frequency
response of the amplifier, shown in Fig. 5.9(a), rolls off at about 2.7 Gz,
Amplifier 2 was built in the same fashion as amplifier 1, except that it had three
power amplifiers (MSA 0335) in cascade. The upper 3 dB cut off frequency tor
this amplifier occurred at around 2 GHz, as shown in Fig. 5.9(h).

The 3 dB bandwidth for n similar cascade Stages can roughly be estirmated

as

f14p" ~ {/?]/n . 1]'f3du (5 )

where f;,4p is the bandwidth of each stage For n - 2, the banavadih of the
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Fig. 5.7 Frequency response of filter 2 (Telonic TBP-1000-
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amplifer should be 2.9 GHz, whereas for n = 3, the 3 db bandwudth should be
about 2.3 GHz. These values are quite close to what was measured for the
ambliﬁers. However, for exact calculations, the stray capacitances and the device
structure should b3 taken into account.

5.4 ENVELOPE DETECTOR

The most common method of demodulation, which is typically used for
non-synchronous demodulation of the IF, is envelope detection. For the output of
the envelope detector to be insensitive to the phase noise of the LD, it is
necessary that the ratio of the bit rate to the IF frequency and the IF linewidth to IF
frequency should be very small. If the IF bandwidth is too large, the system
performance will degrade; in that case, a square law detector should be usec as
the demadulator [67].

The schematic diagram of the square law detector is shown in Fig. 5.10.
The Schottky diode (HP 5082- -2209), which is used as detector can be considered
as a voltage source in series with a diode internal resistance. The diode equation

for a Schottky diode can be expressed as
i - is(eV/0026_1) (52)

where, i is the saturation current and v is the junction voltage.

The junction resistance is given by the siope of the V.| Curve at somao valug
of the current. Hence, by ditferentiating the above equation with respect 1o+, we
get

1 dav 1 ]

e et e (%)
0.026 di Sg eup(v/0 076,
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Fig. 5.10 Schottky diode square law detector.
(a) Circuit diagram.
(b) Frequency response.
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(5.4)

where Ry is the junction resistance.

The saturation currnt for Schottky diodes is of the order of 0.7 nA [68].
When no external bias is applied, the junction resistance of the diode is very high
(40 Mn). Since the detected voltage at the diode is divided between the junction
resistance of the diode and the load resistance, a very large load resistance is
required to detect the RF signal. This is not suitable for high speed circuits due to
the large banaowidth requirement. However, as the junction resistance is inversely
proportional to the bias current through the diode, a d.c. bias can be applied to
operate the detector at a low junction resistance. Therefore, a d.c. bias current
equal to 120 uA is passed through the Schottky diode to reduce the junction
resistance to 225 a. A load resistance of 1.8 ka is used to detect the output
voltage. This dc bias also causes the Schottky diode to operate in the square law
region. The RF signal does not appear at the output of the detector as it is
bypassed by a capacitor Cy (0.47 pF). The frequency response of the envelope
detector is shown in Fig. 5.10(b). The response bandwidth was observed to be
about 90 MHz, which is sufficient for a 90 Mb/s signal. The FET stage after the

envelupe detector acts as a high input impedance pre-amplifier.

5.5 LOW PASS FILTER
A low pass filter (LPF) is used at the output of the envelope detector to
reject the high frequency components. The circuit diagram and the frequency
response of this filter are shown in Fig. 5.11(a) and (b), respectively. The upper
cut off frequency of this filter is about 90 MHz, which is sufficient for a 80 Mb/s

signal. The insertion loss for this filter was about 0.5 dB.
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5.6 MANCHESTER DECODER

The signal received at the output of the low pass filter is an ac signal.
However, the Manchester decoder was designed using ECL chips. Hence, the
signal level needs to be converted to ECL levels, where the required voltage
swing is limited to between -0.8 V and -1.9 V. Therefore a TTL to ECL converter
chip was used, as shown in Fig. 5.12. The required input voltage levels for this
chipare 0V for the low state and 5 V for the high state. Hence, resistances R1
and R2 were used to introduce the desired dc level at the input of the chip.

The received signal at the output of the LPF should be Manchester
decoded to obtain the desired transmitted data. The Manchester decoder, as

shown in Fig. 5.12, basically consists of a D flip-fiop. The clock frequency is

Input MC10H124 MC10H131
| D MC10H104
Q
50 Q i
Q
1KQ
0.1 pF Ck _]s50Q 5100
GND‘rl -2v
50 Q -2V GND -y

2v
Clock MC10H104
Y
50 Q
-2V GND

Fig. 5.12 Circuit diagram of the Manchester decoder.
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44.7 MHz and the received signal is applied to the data input. The output of the
flip-flop depends upon the value of the signal at the rising edge of the clock. The
AND gate at the output of the flip-flop is used as a buffer stage.

5.8 SUMMARY

The circuit description of the Various receiver components was presented
in this chapter. Although every stage in the receiver adds to the noise in the
system, it is the photodetector and the pre-amplifier stage that basically determine
the signal to noise ratio. A PIN photodiode and a high input impedance FET pre-
amplifier-were used in the receiver. This structure was considered suitable due to
the simple design ard very low input capacitance of t.e GaAs FETs. The
bandpass filter was designed using lumped capacifors and inductors, and had an
insertion loss of about 2 dB.

If the IF passband is broad, then envelope detection can cause serious
degradation of the received signal. For such cases, a square law detector is
more suitable. Hence, a Schottky diode square law detector was used to
efficiently demodulate the received signal.

The receiver performance could be improved by using micro-strip lines for
interconnecting the various receiver components. Also, a band pass filter with
lower insertion loss and higher stop band attenuation could be used to improve

receiver performance.
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CHAPTER 6 - SYSTEM MEASUREMENTS

In optical systems, system performance is normally evaluated by
measuring the bit error rate (BER) as a function of the average received optical
power. For coherent systems, the broad linewidth of a LD can cause serious
degradation of the receiver sensitiv'ity, which limits the achievable bit error rate.
When the received signal is small, the receiver noise makes the probability of
error large and the effect of laser linewidth. is relatively small. But when the
received signal is large compared to the receiver noise, then the phase noise or
linewidth of the LD dominates and causes errors to occur. Hence, even for very
large signal to noise ratios at the receiver end, a LD with broad linewidth at the
transmitter may cause the occurrence of a high error rate floor (i.e. minimum
achievable BER no matter how much power is received.).

This chapter provides the experimental measurements carried out for the
DFSK system. In the first part of this chapter, the power spectrum of the received
signal is discussed. Following this, the bit error rate as a function of the received
optical power for a single 6hannel DFSK system is considered. The chapter
concludes with the analysis of the effect of a second channel on the
characteristics of the first channel and measurement of the cross-talk produced

by the phase noise in the second channei.

6.1 POWER SPECTRUM MEASUREMENTS
The spectrum of the received signal was measured in the electrical domain
by means of a HP 71000 spectrum analyser. The measurements, discussed in
the next sections, were obtained at the output of the pre-amplifier and at the

output of the band pass filter.
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6.1.1 RECEIVED SIGNAL AT PRE-AMPLIFIER

Curve (b) in Fig. 6.1 depicts the spactrum of the received signal when no
modulation is applied to the LD at the transmitter. The Lorentzian spectrum
observed for this case is due to the linewidth or the FM noise of the LD and hence
represents the low frequency noise. If the coherence time of the LD is much
larger than the delay time, the linewidth of this spectrum is very narrow. The ratio
of the coherence time to the delay time can be increased either by using a LD with
a narrow linewidth or by increasing the bit-rate. Hence, for high bit rates, the
requirements for the linewidth of the LD are less stringent.

Since the low frequency noise may extend to the IF region, it will cause
intersymbol interference.  Fig. 6.1(b) illustrates the power spectrum of the
received signal for the case when the LD is modulated. The two peaks
correspond to the case when a ‘0’ bit (low frequency peak) and a ‘1’ bit (high
frequency peak) is received. It can be inferred from Fig. 6.1 that the spéctral
width of the low frequency noise for a received ‘0’ bit is more than that observed
for the unmodulated LD output. It can be attributed to the non-uniform frequency
modulation characteristics of the LD. The frequency deviation per unit current
depends upon the modulation frequency as well as on the operating temperature
of the LD. As a result, when a ‘0" bit is received, the direct and delayed signal
may have different frequencies and hence generate a difference frequency which

adds to the low frequency noise.

6.1.2 RECEIVED SIGNAL AT BANDPASS FILTER
It has been shown both theoretically and experimentally that the effect of
linewidth on the broadening of the IF can be compensated for by proper selection
of the band pass filter [69]. This is true only in the case of ASK and FSK systems.
For PSK systems, there is a large penalty due to the linewidth of the LD and,
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therefore, a narrow linewidth is essential. According to Kazovsky [16), the
bandwidth of the IF for an ASK modulation scheme can be approximated as

Bip = JR)? + BLZ (6.1)

where Ris the bit-rate, By = 12.7-av, and av is the linewidth of the IF signal.
From Eq. 6.1, it can be calculated that, for a DFSK system, the IF filter
bandwidth requirement should be 587 MHz. In the above equation, av has been
set equal to 44 MHz (twice the linewidth of the LD). In Fig. 6.2, which
demonstrates the spectrum at the output of the BPF, the bandwidth of the IF can
be estimated to be about 650 MHz. Hence, a fair agreement was achieved

between the theoretical and the experimental results.

6.2 RECEIVED SIGNAL WAVEFORMS

Fig. 6.3 shows the transmitted and received signals for various bit patterns
without Manchester encoding. The upper traces correspond to the transmitted
signal which were observed at the transmitter (data generator), while the lower
traces correspond to the received signal at the output of the low pass filter. In Fig.
6.3 (a), the transmitted bit sequence is 101010.... and the performance of the
system is satisfactory. However, when a long string of consecutive ‘0’ bits are
transmitted, baseline wander effects are observed (see Fig. 6.3 (b)).

Fig. 6.4 depicts the transmitted and the received signals after the
Manchester encoder and decoder were added to the DFSK system. The
transmitted signal waveforms, as before were observed at the output of the
function generator, while the received signal was observed at the output of the

Manchester decoder. As can easily be seen, there is no base line wander effect
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Fig. 6.3 The transmitted signal waveforms (upper traces) and the received
signal waveforms (lower traces) for different data patterns.
(a) Bit pattern: 101010..........

(b) Bit pattern: 1000001010101010

..........
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Fig. 6.4 The transmitted signal waveforms (upper traces) and the received
signal waveforms (lower traces) after the Manchester encoder and the
decoder were implemented.

(@) Bit pattern: 1111000001001010
(b) Bit pattern: 1111111101111110
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for long strings of ‘0’ bits and ‘1’ bits.

6.3 BIT ERROR RATE MEASUREMENTS

This section discusses the error rate performance of the LFSK system with
and without incorporating Manchester encoding of the NRZ data. The BER is
measured as a function of received average optical power. The received signal
power was monitored at the output port of the second coupler in the receiver
(refer to Fig. 2.6). The detector used for monitoring the optical power is a
Germanium detector (UDT 256). Due to the slow frequency response of this
detector, high frequencies were averaged out and hence the average received

optical power was measured.

6.3.1 SINGLE CHANNEL DFSK SYSTEM

BER curves for different transmitted and received data patterns are shown
in Fig. 6.5. These measurements were performed using a band pass filter with a
3 dB bandwidth of about 650 MHz. For a 101010... data sequence, the
performance of the system was satisfactory and no error rate floor (higher than
10’9) was observed. However, an increase in the number of consecutiv ‘1’ bits
and ‘0" bits caused an increase in the required signal power (power penalty) to
achieve a BER of 10°9. When the transmitted data sequence is changed to
11001100...., a power penalty of 1.7 dB was observed, while for a
111000111000... sequence, an error rate floor developed at 108, This power
penalty and the error rate floor could be due to the non-uniform frequency
modulation characteristics of the LD, explained in Chapter 3.

BER measurements were also performed using band pass filter 2
(described in Section 3.2) in the IF stage; the results are presented in Fig. 6.6. It
was still possible to obtain a BER of less than 10 for a 101010...transmitted bit
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‘pattern, but for two consecutive ‘1’ bits and ‘0’ bits in a row, an error rate floor at
105 was obtained. This clearly indicates that a part of the IF signal is rejected by
the band pass filter, and that, hence, a 300 MHz bandwidth is not sufficient.

The optimum filter bandwidth requirement for an ASK system has been
calculated by several authors [45], [48), [16]. The required filter bandwidth as a
function of the IF linewidth to bit-rate ratio is presented in Fig. 6.7 [69]. For our
case, the IF linewidth is equal to 44 MHz (twice the linewidth of the LD) and thus
the linewidth to bit-rate ratio is approximately equal to 1. From Fig. 6.7 it follows
that the bandwidth of the IF filter should be 12.R (540 MH2), where R is the bit
rate. This indicates that the theoretical calculation for the bandwidih requirement

agrees with the experimental value.

6.3.2 MANCHESTER-DIFFERENTIAL ENCODED SIGNAL

The performance of the DFSK system with only differential encoding was
observed to degrade as the frequency of the modulation signal was decreased
and therefore, it was necessary to get rid of the low frequency part of the
modulating signal spectrum. Hence, Manchester encoding was used, which
basically converts the NRZ data to a RZ signal. For a Manchester encoded
signal, there is very little power at low frequencies and therefore, the requifémen_t
for the non-uniform frequency modulation characteristics of the LD is less
stringent. Although Manchester encoding increases the effective bit rate by a
factor of two, the bandwidth of the IF filter need not be increased. The BER curve
for the DFSK system after Manchester encoding/decoding is incorporated is
shown in Fig. 6.8. This measurement is carried out for a pseudo random bit
sequence (PRBS) of length 223-1, and no error rate floor was seen to develop.
Due to insufficient bandwidth of filter 2 (300 MHz), it was not used for any

subsequent measurements.
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6.3.3 TWO CHANNEL TRANSMISSION

When several channels are transmitted using the DFSK scheme, inter-
channel interference needs to be considered. This interference occurs mainly
due to the spectral spread of the IFs at the receiver. The separation between the
channels should be sufficiently large to minimise this interference. On the other
hand, increasing the channel spacing causes a decrease in the number of
channels that can be transmitted, because of the limited receiver bandwidth.

In order to analyse the inter-channel interference, a second channel was
added to the DFSK system. This channel was multiplexed optically using a 3 dB
optical coupler. It was ensured that the operating wavelength of the second LD
(1286 nm) was different from that of the first I.D (1304 nm). The frequency
separation of the two optical carriers can be calculated by the following formula

c (A1 - Ap)

Af = . 6.2)
A1t

If 21 and 1, are 1296 nm and 1304 nm and ¢ is the velocity of light in the
fiber (2-108 m/sec), the frequency separation is found to be equal to 946 GHz.
Hence, there will not be any intermodulation interference.

The first channel is centered at an IF of 1 GHz and thus, in order to transmit
the second channel without significant power penalty, it should be placed righer
in frequency than the first channel (around 1.5 GHz). For our experimental
system, it was not possible to place the second channel at 1.5 GHz, due to the
limited receiver bandwidth (1.3 GHz). Also, the frequency modulation capability of
the second LD was poor. Therefore, no modulation signal was applied to the LD
in the second channel. The effect of the second channel, when not modulated,
would be to ihcrease the shot noise in the receiver, and also cause an increase in

the low frequency interference noise. The inter-channel interference will depend
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upon the sighal power and the linewidth of the LD in the second channel. Fig. 6.9
shows the degradation in the performance of the first channel when the second
channel is operated at different power levels. When the optical power in the
second channel is 1.5 dB lower than that in the first channel (required to obtain a
BER of 10‘9), a penalty of 0.5 dB is observed in the received optical power. This
power penalty is increased to 2.5 dB when the power in the second channel is 2.5
dB higher than in the first channel. To explain the power penalty caused by the
second channel, the output of the bandpass filter is observed in the absence of
the first channel and in the presence of the second channel. Fig. 6.10(a) and (b)
show the power spectrum of the received signal at the output of the BPF when
only the second channel is transmitted. In both figures, the lower trace
corresponds to the receiver noise in the system when both channels are off, and
the upper trace shows the increase in noise due to interference arising from the
second channel. In Fig. 6.10(a), the received optical power in the second channel
is 10 W (1.5 dB lower than that in first channel). The interference signal in this
case was measured at the output of the bandpass filter. As can be seen from Fig.
6.10(a), there is a 1.5 dB increase in electrical noise power. In the opticél
receiver, the photocurrent generated by the photodiode is directly proportional to
the received optical power, while the electrical power is proportional to the square
of the signal current. Therefore, a 1.5 dB increase in the electrical noise power
will result in 0.75 dB optical power penalty. Further, when the signal power in the
second channel was 1.5 dB higher than that in the first channel, the increase in
noise was found to be 4 dB, which suggests that the power penalty in received
optical power should be about 2 dB. Hence, the calculated power penalties in
received optical power by observing the electrical spectrum agree well with the

measurements in Fig 6.9.
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6.4 SUMMARY

In this chapter, the performance of the DFSK system was studied. It was
_observed that thé bandwidth of the IF filter should be greater than 600 MHz to
efficiently transmit 45 Mb/s without any significant errors. This large IF bandwidth
requirement is mainly due to the wide spectral spread of the LD at the transmitter.
Further, it was observed that the error rate was pattern dependent, and that the
baseline wander effect degraded the BER when more than two consecutive ‘1’
bits or ‘0" bits were transmitted. The baseline wander effect at low modulation
frequency was caused by the non-uniform frequency modulation characteristics
of the LD and by the large RC time constant of the receiver pre-amplifier.
Manchester encoding was used to alleviate this problem. Manchester encoding
significantly improved the BER performance and no error rate floor was observed
for a pseudo-random bit sequence of length 2234,

The effects of interference and shot noise due to a second optical channel
did not havé any significant effect on system performance. However, this
conclusion applies only to the case where the second channel was not
modulated, due to receiver bandwidth constraints. To fully determine the inter-
channel crosstalk, further measurements for different channel spacings are
necessary. These measurements could be carried out using either an external

modulator or a phase tunable DFB LD in the second channel.



CHAPTER 7- SUMMARY AND CONCLUSIONS

Coherent systems. being capable of transmitting several wavelength
division muitiplexed channels, are the main focus of present research in optical
communications. These systems can make maximum use of the enormous
available fiber bandwidth. However, due to the unavailability of narrow linewidth
lasers operating in a stable single mode, coherent systems have not yet been
employed commercially. It is likely that, with the rapid developments in optical
components technology, coherent systems will be deployed in the not too distant
future.

In this thesis, we have described a DFSK system which uses optical delay
line- or self-heterodyne detection. The concept of self-heterodyne detection
originated from the Michelson interferometer, which is commonly used for the
measurement of the linewidth of a LD. The interferometer consists of two optical
paths with unequal lengths. When the optical signals in the two arms of the
interferometer are combined, an intensity noise spectrum corresponding to the
frequency noise spectrum is obtained. Recently, a seli-heterodyne method was
proposed, which basically consists of a fiber interferometer. In a DFSK system,
the same principle is used, and the frequency modulated signal is converted into
an amplitude modulated signal at the receiver. This is achieved by differentially
encoding the output frequency of the LD, and adjusting the two arms such that
the relative delay between the two paths is equal to one bit period. Since by using
self-heterodyne detection the optical frequencies are converted into RF, an optical
LO (laser) is not required at the receiver. This results in a low cost and simple
receiver structure.

DFSK systems have some advantages and disadvantages in comparison
with coherent systems. The main advantages are low receiver cost and simple

transmitter and receiver design. However, coherent FSK systems, which use a
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tunable Iaser (LO)' at the receiver, can transmit over a vfr.eq:dency range of
thousands of Gi-lz, whereas DFSK systems are limited to the bandwidth of the
detector (about 10 to 20 GHz). In coherent systems, the maximum usable system
bandwidth depends upon tho tunability and spectral purity of the LO. The
operating frequency of tunable LDs is difficult to stabilise to the required precision,
and these devices are still in the research stage. On the other hand, a DFSK
system does not require a LD at the receiver, so it can be built with commercially
available components. Coherant FSK systems can detect lower levels of received
optical power than DFSK systems. For a 100 Mb/s system, a coherent FSK
system can detect about -46 dBm of received optical power, whereas the best
receiver sensitivity for a DFSK receiver would be -38 dBm [20].

In DFSK systams, the bandwidth occupied by each channel is very much
dependent on the laser linewidth. Broad linewidth LDs at the transmitter increase
the required IF bandwidth, thus increasing (in a muilti-channe! system) the
required channel spacing; this, in turn, decreases the number of possible
channals. As for the case of IMDD systems, the number of possible channels can
be greatly increased by using optical WDM.

The main objective of this thesis was to study the performance of the DFSK
system. Therefore, an experimental system operating at 45 Mb/s was developed
as a part of this project. It was observed that, for an IF linewidth to bit-rate ratio of
1.0, the bandwidth of the IF filter should be 13.5 times the bit-rate. Such a wide
spectral spread of the IF signal will significantly reduce the number of channels
that can be transmitted within the receiver bandwidth.

The BER of the DFSK system was observed to be pattern dependent. As
the modulation frequency was decreased, the bit error rate became worse.
These results suggest that the non-uniform FM characteristics and the base-line

wander effect can cause severe degradation of receiver performance. One
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alternative to this problem is to use phasé tunable or multi-electrode DFB lasers,
which have a flat frequency response up to 1 GHz. The other alternative is to use
line codihg with very low dc content. Since phase tunable or multi-electrode DFB
LDs are not commercially available, we used Manchester encoding to alleviate the
detrimental effects of the non-uniform FM response. The performance of the
system was satisfactory after the Manchester encoder and decoder were
incorporated into the experimental system. A BER of 10°S was achieved for a
pseudo-random bit sequence of length 223.1, The lowest BER that could be
obtained by the error detector was 1075, However, the BER curve in Fig. 6.8
indicates that no error rate floor occurred at 10°S. Although Manchester encoding
increased the effective bit period by a factor of two, the bandwidth of the IF filter
did not need to be increased. This indicates that the frequency deviation index of
the LD was almost constant over the range of modulating frequencies.

The effect of interference caused by a second channel on the performance
of the first channel was also studied. A theoretical calculation suggested that the
minimum required channel spacing should be 15 times the bit rate (700 MHz in
our case). However, due to the limited receiver bandwidth and poor frequency
modulation sensitivity of the LD, we could not apply the modulating signal.
However measurements were carried out to observe the interference due to the
presence of a second unmodulated channel. The power penalty was measured
in the electrical domain as well as in the optical domain, and the results indicate
that there was very little interference. When channel 2 was operated at a power
level 1.5 dB higher than channel 1, a power penalty of 2 dB was observed.

In conclusion, an experimental DFSK system has been successfully
mplemented and tested. These systems can tolerate very broad LD linewidths at
the transmitter without causing an error rate floor. It has been shown in this thesis

that multi-channel DFSK systems are feasible. However, a relatively large
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bandwidth is reqdired for each channel (13.5 times the bit-rate). Narrow linewidth
L.Ds are required to maximise the number of channels that can be transmitted.

The following topics are suggested for further investigation in order to

more fully explore DFSK systems:

(1) Use of a narrow iinewidth DFB LD and an external modulator in each
channel to eliminate the detrimental effects due to the broad linewidth
and the non-uniform FM response of the LD.

(2) Determine if opto-electronic mixing at the receiver is suitable for a
DFSK system and obtain the receiver sensitivity penalty.

(8) Carry out a detailed calculation of the effect of noise and cross-talk on
the performance of DFSK systems. Develop a computer model for the
receiver and determine the effects of laser frequency fluctuation.

(4) Set up a complete two-channel system in order to investigate more

fully the effect of crosstalk between the two channels.
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POWER SPECTRUM CALCULATION OF SELF-HETERODYNE LASER
OUTPUT
The auto-correlation of the phase noise of the laser can be expressed as
Rag(t') = 2mAf-(T-|t']) for |er] =T A1)
=0 for Je'] >T.
After the laser output signal is delayed and mixed with itself, the auto-correlation
function of the signal can be expressed as (see Eq. 3.12)
A2
R(t') = T~E[(eXP (Jog(t)) + exp (-jAg(t)))-(exp (jAd(t + t')

+ exp (-jA¢(t + t'))}J (A.2)

Simplifying the above equation we obtain,

2
A

R(t') = ——-E[exp [jlag(t) + Ad(t + t')}] + exp [jl{Ad(E) -
4

Ag(t + t'))] + exp [J(-84(t) + Ag(t + t')}] +
exp [j{-8¢(t) - Ag(t + t')}]J (A.3)

By definition, the characteristic function for two random variables x4 and x2 can
be expressed as

t(a1,a2) = E [exp {j(a1x] + asxg)}] . (A.4)
If the random variables are normally distributed and have a zero mean then the

characteristic function is equal to
! 2 2 2
¢(a1,an) = exp |- —--(a1®o1“ + 2r0102a1a2 + a2202 ) (A.5)
2
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where 81 and s are the variances of the random variables X1 and xo respectively
and r is the correlation coefficient defined by

c
T =

(C is the covariance coefficient) . (A.6)
0102

Ifwe set a¢(t) = a; and ag(t + t') = ag iNEQ. A.3,then o) = oy = o4, and
C = RA¢(C').
From Eq. 3.10, 042 = 2ra4T, where T is the delay time.
Substituting these values in Eq. A.2, we obtain,
a2

R(t') = —-[c(l,l) + 0(1,-1) + o(-1,1) + L(-l,-l)} (A7)
4 .

Substituting value of . from Eq. A.5 into Eq. A.7 we get,

2
A 1 Rag(t') 1
R(t') = ——~[exp {- —.[20¢2 + ¢ -a¢2]} + exp {- ~-[20¢2
4 2

a¢2 2
Rpag(t') 1 9 Rpag(t’) 2
- ]t + exp (- —-[20¢ + 2
a¢2 2 0¢2
1 Rag(t’)
+ exp ¢- —-[20¢2 + i -a¢2]
2 a¢2

2
A
- -—-2-[exp [-0¢2 - Rpg(t')] + exp [-o¢2 + RA¢(C')]} (A.8)
4 .

Since the value of Rag(t’) depends upon t* (Eq. A.1), the auto-correlation of
the self-heterodyned signal has to be calculated for different values of v,

Substituting the value of Ra4(t’) and 0,2 from Eq. A.1and Eq. A7, it
follows that

for |v'| s T
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2
A
R(t') = -—-[exp (-27AfT - 2xAfT + 2xAf|t']) +
2
exp (-27AfT + 2rAfT -2xAf]t IJ

A2

- —'[exp (-4mAfT + 2mAf|t'|) + exp (-2nAf]¢t' | )J
2
Al

- ——-[exp (27Af]t' |} [exp (-4xAfT) + exp (-47Af|t’ l)]} (A.9)
2

andfor |e'| > T Rag(t') isequalto 0. From Eq. A.8, it can be shown

-

R(t') = AZ.exp (-27AfT) . (A.10)

Normalising R(t') with A%, the Eq.A.9 and Eq. A.10 can be written as

1
R(t') = -—-[exp (2naf-([t'] - 2T)) + exp (-27rAf|c'|}J for |e'] =T
2
(A.11)
= exp (-27AfT) for je'| > T
The function in Eq. A.11 can be represented as follows
R(t') = exp (-27AfT) + g(t') (A.12)
where
1
g(t') = —-fexp (27Af-([t'| - 2T)) + exp (-2naf|t’|)
2

-2-exp {-ZrAfT)J for |t'| =T

=0 otherwise . (A.13)



It can be deduced from Eq. A.13that g(t') isa symmetric function. Therefore,
its Fourier transform can be expressed as

Flg(t')) = G(f) + G(-f) . (A.14)
G(£) is the Fourier transform of g(t') intheinterval 0 < t'< w.
Taking the Fourier transform of Eq. A.12 gives the power spectral density, which
can be denoted as |

S(£) = F{R(t')) = exp (-2nAfT)-86(f) + Fig(t')) . (A.15)
§(£), inthe above equation, represents the dirac delta function.

In the next few steps, an expression for c(f) is obtained.

By the definition of the Fourier transform

G(f) = [g(t')-exp (-j2nft’').de’ . (A.16)
However, function g(t') is defined between the limits 06 < ¢+ < T, therefore
the above integral reduces to the following

T
G(f) = [g(t')-exp (-j2xft’').dt’ (A.17)
0

T
1
G(f) = —-||exp (2xAf(t’' - 2T)) + exp {-2nAft’)
2
0

-2-exp (-ZfoT)}-exp (-j2=fr’).de’
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1
- f exp (-4%AfT).exp (2: (A + §£)).de’ +
2

T
+ fexp {-2x-(Af + jE)t')de’
0

T ]
. 2'f exp {-2xAfT)-exp (-2j=xft’')dt’
0

.

exp {2x-(Af + jf)e' )T

1
- —-[exp (-47AfT) -
2

2x- (Af + jf) 0

lexp (-27-(af + j£)ey|T
+

=27 (Af + Jf) 0

exp (-j2nxft’')
- 2-exp (-2nAfT)-

I

-jexf
1 exp {2x-(Af - FE)-T) - 1
= —-|exp (-4®AfT)-
2 2. (Af - if)
1 - exp (-2n-(Af + JE)T)
+
2x- (Af + jf)
1 - exp {-j2#£T)
- exp (-2xAfT)- (A.18)
j2nf
After simplifying the above expression, it can be shown that
1 1 1 1
G(f) = —-|exp (-27AfT)-exp (-2jxAfT)- + -
4x Af - JE Af + jf jf

- + - 2.
Af - §f Af + jf jf

exp (-4mAfT) 1 exp (-2nAfT)J
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1 | 2a¢?
= —-|exp (-2#AfT)-exp (-2jwAfT)-
b (a£? + £2).3f
exp (-4xAfT) 1 exp (-2xAfT)
- + - 2. (A.19)
Af - if Af + jf jf

Therefore, Fig(t')) = G(£f) + g(-£), is equal to

F{g(t’)) - -

1 [Z-exp (-27AfT) - Af2 {exp (-2j7AfT)  exp (2ijfT)}
4x

(a£? + £2) if JE
1 1 11

+ + + 2-exp (-27AfT) - — + —

Af + € Af - jf jEf  jf

1 1
- exp (-lmAf’I‘)-{ + H (A.20)
AE + i Af - f| |

After simplifying the above equation we get

1 Af 2AF
Flg(t')) = — o .11 - exp (-4nAfT) - — exp (-2xAfT)
f

2x Af2 + £2

-sin (ZwET)} | (A.21)

Substituting this value in Eq. A.15, the power spectrum can be represented as

follows

1 Af
S(f) = exp (-2#AfT) - 6F + — e 1 - exp (-4nnfT)
27 af2 4 £2

Af
- 2-sin (2#fT)-exp (-ZWAfT)'——J (A.22)
fi .



~ APPENDIXB
LASER DIODES AND THERMISTOR SPECIFICATIONS.

10

Optical Power Output Po mw)

0 25, 50 75 100
Forward Current IF (mA)

Fig. B.1 Optical output power as a function of the bias current for NEC DFB LD.
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Fig. B.2 Optical output power as a function of the bias current for Fujitsu DFB LD.
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