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ABSTRACT

The use of optoelectronic gates, passive optical delay lines, and switched
photodetectors to perform optoelectronic time-division multiplexing and demultiplexing is

examined.

An optoelectronic multiplexer was built that provided a multiplexed signal at a line
rate of 560 Mb/s. Inexpensive CD type lasers were modulated to generate eight RZ optical
data streams at a rate of 70 Mb/s and one stream of synchronization pulses with a repetition
rate of 70 MHz. The synchronization pulse stream transmitted along two paths. Each of
the 10 optical signals was passed through a passive optical delay line, each line longer than
the previous one by a constant increment. The ten signals were then combined to form the
muitiplexed output. Comparisons between optoelectronic and optical multiplexing are

made and experimental results are presented.

Two novel concepts are examined. First, the use of switched photodetectors for
demultiplexing signals ir the Gb/s range is investigated. Each channel on a multiplexed
data stream is assigned specific time slots. Demultiplexing is achieved by switching a
photodetector on during the time slots pertaining to one specific channel. The
photodetector is switched on using an electrical gating pulse. This concept has been
experimentally demonstrated with two channels at a line rate equivalent to 560 Mb/s and a
BER of 10-8 has :»en achieved. Second, the concept of coincidence gates for
demultiplexing signals in the Gb/s range is invesiigated. The idea consists of extracting the
gating pulse from the multiplexed signal using delay lines and an optoelectronic AND gate.
This technique eliminates the clock recovery circuit found in conventional demuliiplexers.

Experimental results are presented and some altern-tive methods for coincidence gating are

examined.
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CHAPTER 1

INTRODUCTION

A communication network is often required to carry information from different
sources on a single optical waveguide. Combining low bit rate data streams from different
sources into a single high speed data stream is called multiplexing. Demultiplexing is of
course the reverse operation. There are three commonly used types of multiplexing: Code-
division, frequency-division, and time-division. Time-division is the usual method for
optical systems. This thesis discusses new technologies for performing optoelectronic time

division multiplexing/demultiplexing.

The first part of this chapter discusses Optical Time Division Multiplexing
(OTDM)! versus Electronic Time Division Multiplexing (ETDM). In the second and third
parts optical multiplexing and demultiplexing techniques are discussed and used as

examples to present basic concepts. Finally the thesis organization is explained.

1.1 Multiplexing for high bit rate systems

Optica! fibre has been recognized as the way to satisfy the need for higher bit rates.
Not only does it have a higher capacity per volume of cable than coaxial cable but it is also

less lossy, more cost effective, and is not vulnerable to electromagnetic interference.

In recent years the demand for high capacity transmission systems has grown
rapidly. As bit rates increase the need for faster demultiplexing becomes obvious. While
electronic TDM, using high speed GaAs logic circuits, has so far been adequate it will be

increasingly difficult as electronic digital circuits in the 10 Gb/s range are required. At this

1Even though the term OTDM literally means multiplexing only, it is used throughout this thesis in the
system sense implying both multipicxing and demultiplexing.



high bit rate electromagnetic interference between neighboring electronic devices and
connecting lines cause severe difficulties. An alternative to the all-electronic solution is to
develop hybrid multiplexers (MUX) and demultiplexers (DEMUX), where the high bit rate
signal is processed as optical pulses while demultiplexed low-bit-rate signals are processed
electronically [1]. OTDM moves the demand for high speed performance away from the
electronics and places it on optical devices. Higher speed is achieved by removing
liitations set by the restricted bandwidth of the electronics and by capitalizing on the

inherent high-speed characteristics of optical devices.

In OTDM a high bit rate data stream is formed by optically time-multiplexing
several lower bit-rate optical streams. At the receiver end of the system the very high bit
rate optical signal is demultiplexed to several lower bit rate optical signals by rou:ng the
bits to the appropriate detectors using high speed optical switches. The low speed optical
signals are subsequently detected and converted to the electrical domain. The OTDM
approach is purely digital and therefore agrees well with the trend towards all digital
networks and systems. Optical multiplexing and demultiplexing at high bit rates has
recently been demonstrated using optical switches. In an experiment by Tucker et al. [2]
four channels, each transmitting at 4 Gb/s, were multiplexed and demultiplexed by this
method. The aggregate transmission bit rate was 16 Gb/s. The work reported in this thesis
uses a novel approach to time division multiplexing and demultiplexing that does not use

optical switches.

1.1.1 OTDM versus ETDM

The basic principle of time division multiplexing and demultiplexing is that each

baseband channel is allocated a series of time slots on the multiplexed output. The MUX

[0S



combines all baseband channels to form the high bit rate multiplexed signal. The DEMUX

reconstructs all baseband channels by extracting the bits from the multiplexed data stream.

Fig. 1.1 illustrates the basic differences between electronic and optical time
multiplexed lightwave systems. In the electronically multiplexed lightwave system (Fig.
1.1 (a) ) multiplexing occurs in the electrical domain before the optical to electrical
conversion (O/E). Similarly, demultiplexing is performed electronically after the O/E.
Consequently the required bandwidth of the electronics in the MUX, DEMUX, and O/E
must be sufficient to pass the composite bit rate of the multiplexed signal nB, where n is the
number of channels and B the bit rate of a single channel. The MUX, DEMUX, O/E, and
E/O therefore operate at maximum bit rates determined by the speed limitation of digital
integrated circuits and the limited bandwidth of high speed laser modulators. So far the
performance of electronic MUX and DEMUX units has been limited to about 10 Gb/s
[3,4].

In the optically multiplexed system, as shown in Fig.1.7 (b), the bandwidth
limitations due to the MUX and DEMUX are removed berzuse multiplexing and

demultiplexing occur in the optical domain.

There is an important difference between electronic and optical multiplexing
systems. In electronic systems the multiplexing xnd -jemultiplexing operations can be
carried out at points in the system where the amp::z:idv. of the signal is large. As a result,
the receiver sensitivity does not need to be increases) 1o make up for the losses in the MUX
and DEMUX. The required SNR is determined by the O/E and its associated low noise
front end. In OTDM multiplexing and demultiplexing operations are carried out on the
optical signal. Thus optical losses reduce the SNR at the receiver and it is important to

minimize them. One solution is to use optical amplifiers to compensate for these losses [S].
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1.2 Optical Time-Division Multiplexing

Sampling, timing, and combining are the three basic subfunctions of time-division-
multiplexing. The sampling function identifies the value of the incoming bit from every
baseband channel. Timirg ensures that the samples taken are available during their
appropriate time slots on the multiplexed data stream. All data streams from the baseband
channels are then assembled using the combining function to form the high speed

multiplexed data signal.

The sampling function is best realized using optical pulses from mode-locked 6] or
gain switched [7] lasers which are capable of generating pulses more than ten times shorter
than electrical pulses [8]. Shorter pulses allow for a higher multiplexed data rate.  Let us
consider the approach where the sampling is carried out in the E/O converter. As shown in
Fig.1.2, the short laser pulses sample the electrical data to produce the RZ optical data.
The optical modulator can be viewed as an AND gate, meaning that the optical output is the

result of ANDing the optical pulse stream and the electrical data.

NRZ electrical data

J

Pulsed .A__A_A_L Optical .A_M

Laser 1 modulator - >
Pulse RZ optical
stream data

Fig. 1.2 Modulation with an optical switch.



NRZ electrical data, as opposed to RZ, is usually preferable because it minimizes the
bandwidth requirement of the bsseband digital electronics. Sampling the baseband data in
the E/O converter has several advantages. First, the combining function can be carried out
passively using a simple star coupler. Second. the RZ nature of the baseband optical data
will generate very low multiplexing crosstalk (pulse overlap) when combined to form the
multiplexed output. Third, laser ouiput power is used efficiently because the laser is
transmitting only during the time slots pertaining to its own channel. This is an important

consideration since semiconductor lasers are average-power-limited devices [8].

The timing for the n baseband channels is shown in Fig. 1.3 where there is a
constant incremental delay, D, between two consecutive channels. All bits are shown as
"ones" for clarity. The delays can be implemented electrically by introducing a phase shift
on the clock signal or optically using passive delay lines [9]. If the pulse spacing is
adjusted for a maximum bix rate, each pulse in the multiplexed bit stream comes in contact
with its nearest neighbors. In this case D=W and the multiplexed bit rate is 1/W. With a
pulse width W of 100 psec the maximum achievable multiplexed bit rate is 10 Gb/s. In
practice, pulses have leading and trailing tails that will overlap and cause crosstalk if the
pulse spacing is insufficient. It is usual practice to ensure that the pulse width is shorter
than the multiplexed bit period (W < D) so that cross talk is minimized. However,
reducing the pulse width increases the frequency content of the pulse stream and causes
each pulse to widen due to fibre dispersion. A compromise has to be made between system
crosstalk and pulse spreading, the latter being proportional to the fibre length. In a long
haul system it might be better to choose a larger pulse width to reduce pulse spreading at
the expense of increasing system crosstalk. If transmission is over a short length of fibre,
dispersion becomes insignificant. Therefore, a short pulse minimizing system crosstalk

may be advantageous.
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Fig. 1.3 Relative timing of n multiplexed channels.

Combining is the last basic operation of multiplexing and can be achicved either
passively or actively. A passive optical combiner uses a device such as a biconical tapered
fibre coupler [10] or a star coupler. This approach is simple technologically and cheap
compared to active combining. A two by one fibre coupler costs around 200 dollars while
the price of an optical switch is severa! thousnnd dollars. The main drawback of a passive
power combiner with n inputs is that the insertion loss, 10 log (n), can be fairly high. An
active combiner, using an optical switch, has the potential to reduce insertion loss
significantly since the loss per device is small. However, power loss in a passive combiner

can always be compensated for, by using an optical amplifier [5].

An active combiner could reduce pulse overlap due to the leading and trailing tails
of the RZ optical pulses. In a passive combiner the pulse tail extends into the ncighboring

time slot causing crosstalk, which degrades the BER performance of the receiver. In



addition, a Ti:LiNbO3 switch used as an active combiner could, in principle, eliminate the
necd for pulsed lasers. However, this »pproach is hardly practical with todays devices
because of the very stringent requirements on the on/off extinction ratio and the switching
speed of the switch [8]. In addition the above mentioned approach would limit the optical

pulse peak power to the maximum CW operation power of the semiconductor laser.

Active combining does not offer significant improvements in performance over
passive combining. Consequently the latter is usually the preferred option because of its

ease of implementation and lower cost.

1.3 Optical Time-Division Demultiplexing

The demultiplexer is the most critical element of an OTDM system. The
demultiplexing operation can be divided into three subfunctions. First, each bit from the
incoming multiplexed data stream is directed to its appropriate channel. Second, the bit is
sampled and finally a decision is made to determine whether it is a "zero" or a "one". The

last operation is purely electrical and will not be discussed here.

1.3.1 Optical switches for demultipiexing

When optical switches are used for demultiplexing the operation of directing and
sampling the bits are combined into one. The optical switch transfers the entire bit to the
appropriate channel. Switching the entire bit rather than just sampling it increases the
average power received per bit period and therefore eases receiver sensitivity requirements.
When switching the entire bit, one has to be careful not to switch the data from the
neighboring time slot. Having part of a bit directed to the wrong channel is a source of

crosstalk.



The basic block of the demultiplexer is a one by two switch. One switch is
sufficient to implement a demultiplexer with two channels. Fig. 1.4 shows the block
diagram of the switch and its associated simplified switching function. The switching

characteristics can be written as:
P2 = P1 (V).
P3 = P1[1-f(V)].

Note that the switch is an analog device and that its extinction is not perfect. Even
at V.and V, P; and P; have minimum output power given by the extinction coefficient B.
and B, respectively. One can also see that there is a significant power at both outputs over
an important range of the control voltage (between V_and V) The extinction ratio, the
switching function waveform, and the pulsewidth all affect the crosstalk in the system.
The effect of the extinction ratio on the crosstalk is shown in Fig. 1.5 where all bits are
shown as "ones" for purpose of clarity. The first waveform is the multiplexed data stream
at the input of the switch, which is used here as a two channel demultiplexer. The switch is
driven by a square wave with a frequency of half the input bit rate as shown in Fig. 1.5
(2). The next waveform shows the output characteristic of the switch when driven by the
square wave (2). The last two waveforms show the outputs P2 and P3, where crosstalk
resulting from the limited extinction of the switch is illustrated as small unwanted pulses

between the main pulses.

The switching function waveform and the pulsewidth affect the crosstalk that
occurs while the switch is in transition from one state to another. This type of crosstalk
occurs because the receiver integrates all photoelectrons detected in a multiplexed bit period

including those which were generated while the switch was changing state.

9
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Fig. 1.4 (a) Optical switch block diagram.

(b) Simplified switching function.
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Fig. 1.5 Timing scheme for demultiplexing with a one by two switch | 8]

When discussing the effect of the finite extinction of the switch on the crosstalk it
was assurned that the control voltage was a square wave. In practice it is extremely
difficult to generate a square wave in the GHz frequency range to drive the switch because
of the wideband electronics involved. The option is to use a sinusoidal wave at half the
frequency of the bit rate to approximate the square wave. A sinusoidal waveform, even at
several GHz, is relatively easy to generate since it only requires narrowband electronics.
The effect of using a sinusoid as the control voltage, insteac of a square wave, is (o
..icrease the transition time of the switch. With a longer transition time more photoelectrons

from neighbcring bits are integrated and the crosstalk becomes higher.



1.3.2 Timing of the demultiplexer switches

Correct timing of the switch is critical if successful demultiplexing is to be
achieved. Since there is no electrical signal at the multiplexed bit rate available at the
receiver, the clock has to be recovered from the baseband data stream. This is achieved by
using the data stream to drive a microwave phase-locked loop. The sinusoidal output of the

phase-locked loop becomes the control voltage of the switch.

1.3.3 Limitations of demultiplexing with optical switches

Crosstalk is the main limitation of demultiplexing using optical switches. Crosstalk
has two main sources. First, finite extinction of the switch causes part of the neighboring
channel to couple through the switch in the off state. Second, the switch sinusoidal control
voltage and switching function causes photoelectrons from adjacent bits to be collected with
the demultiplexed data stream. Other important problems arise when a multi-channel
demultiplexer is built. For a demultiplexer with n output baseband channels, (n-1)
switches are assembled in a binary tree or linear configuration. The more switches there
are the more difficult it is to synchronize them all especially at Gb/s rates. Each additional
switch introduces excess loss which reduces the sensitivity of the demultiplexer. For a

system with four channels the insertion loss is around 12 dB [8].

1.4 Organization of thesis

The following chapters present novel optoelectronic techniques for MUX/DEMUX

and compare them with the OTDM system describew. in this chapter.

The construction of an optoelectronic multiplexer using passive optical delay lines

and a power combiner as a mean of multiplexing is described in Chapter 2. Eight channels,

12



each transmitting at 70 Mb/s are multiplexed to form a combined bit rate of 560 Mb/s.

Experimental results are presented.

Chapter 3 presents a novel optoelectronic demultiplexing scheme. First, the use of
switched photodetectors for demultiplexing is investigated. Second, coincidence gating

performed with PIN diodes is discussed and experimental results are presented.

Chapter 4 presents an experiment where switched photodetectors are used to
demultiplex the equivalent of a 560 Mb/s signal. Experimental results are presented and

discussed.

Chapter 5 summarizes the advantages and disadvantages of optoelectronic TDM

systems and presents some interesting future prospects for this technique.



CHAPTER 2

OPTOELECTRONIC MULTIPLEXING

In general "optoelectronic" implies that there is conversion from light to electricity
or vice versa. Optoelectronic multiplexing means that one or more of the multiplexing
subfunctions (sampling, timing, combining) is carried out by an optoelectronic device. In
the multiplexer presented in this chapter the sampling function is carried out by an
optoelectronic device, namely, the laser. Optoelectronic multiplexing tries to capitalize on
well developed electronic techniques and on promising avenues oficred by optical

technology such as increased transmission bandwidth.

This chapter contains three sections. First, the concept of the optoelectronic
multiplexer is explained. Second, the construction of a multiplexer transmitting at a line

rate of 560 Mb/s is described. Finally, experimental results are presented.

2.1 Description of an optoelectronic multiplexer

The optoclectronic multiplexer is shown conceptually in Fig. 2.1. There are eight
data channels (AO-A7) and two synchronization channels. The bottom laser generates a
synchronization pulse which is split into two paths prior to a differential delay and

subsequent combining. The total number of channels being multiplexed is 10.

2.1.1 Sampling the NRZ electrical data

Low duty cycle RZ optical data are required to form the high bit rate multiplexed
data stream. The NRZ electrical data of the baseband channels must therefore be sampled
in order to obtain the low duty cycle RZ format. The threshold characteristic of the light
curve of a semiconductor laser presents a convenient way to sample the data as shown in

Fig. 2.2

14
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Fig. 2.2 Sampling electrical NRZ data using the laser threshold characteristic.

The "one" symbol in the NRZ data stream and the DC bias set the laser current to

just below its threshold value. The sampling pulse increases the laser current to well above

its threshold value causing the laser to generate the RZ optical data steam. This technique is

called "laser strobing" in this thesis.
Although very simple, this method has drawbacks. Any amplitude variation of the
NRZ electrical data directly affects the amplitude of the optical output. Furthermore, when

a laser is turned on with a current pulse Ip, a delay ty [11] in the emission of light is

observed, equal to
2.1

= Tlh In (Ip/(lp-llh)),



where T[h is the carrier recombination lifetime at threshold (usually about 2 nsec). If the

laser is DC-biased with a current Ib, however, (2.1) becomes
t,= T 5 ln(Ip/(Ip+Ib—Im)), 2.2)

and the delay is seen to vanish when Ib =1 . Any variation in the level of the NRZ data or
DC bias changes the turn-on delay of the laser. This means that the elapsed time between
consecutive bits will be slightly different. This phenomenon, called timing jitter, results in
substantial problems with receiver design because there is uncertainty as to when the

incoming bit will eccur.

One noteworthy point about laser strobing is that the laser is used very efficiently
since it emits light only when a "one" is transmitted. This is an important practical

consideration since semiconductor lasers are average-powei-limited devices.

2.1.1.1 Practical consideration for sampling

A sampling pulse of a few volts amplitude and a full width of less than one nsec
will be required to achieve gigabit multiplexing with high optical power from the laser.
Consequently the sampling pulse prior to splitting must have an amplitude of 10 volts or
more. Producing pulses with 1. ¢ amplitude and narrow width requires a very careful
design. The solution chosen, i1s shewn on Fig. 2.3, is to split the clock signal, and then to
generate the high speed pulses using step recovery diodes [12]. It is alsv easier to split a
sinusoidal clock signal compared to a high speed pulse train. The difficulties in splitting a

high speed pulse train are due to the large number of harmonics that are present.

17
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Fig. 2.3 Clock splitting and pulse generation.

2.1.2 Timing and combining

For the last two multiplexing subfunctions, timing and combining, an
optoelectronic MUX uses delay lines and passive power combiners. The timing of data
and synchronization pulses is realized using passive optical delay lines. Each of the optical
bit streams is passed through an optical delay line, each line having a delay that is longer
than the previous one by a constant increment called a Unit Optical Delay (UOD). As
shown in Fig. 2.1, the time between each pulse within a byte is one UOD. All bits in this
figure are represented as "ones" with no time dimension for purpose of clarity. It is clear
that the pulse width must be less than one UOD otherwise pulse overlapping will occur.
One synchronization pulse is positioned at the beginning of the byte, the other at the end of
it. The elapsed time between two consecutive bytes is 1.5 UOD and the reason for this will
become clear when the demultiplexer is described. The combining functior is realized

passively using a 10 x 10} star coupler.

18
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2.2 Multiplexer design requirements

In this section the peak power required per laser modulator is calculated based on a
required BER of 10-9 at the demultiplexer. A laser is chosen based on these findings.

Finally, the value of a UOD is calculated.

2.2.1 Power budget

Fig. 2.4 shows where the power losses occur in the system. Lasers used for
transmission systems usually come in . package with an output fibre already coupled to the
laser chip. This fibre is called the pigtail and the entire unit is called a pigtailed laser. Itis
convenient to consider the pigtailed laser as a single device with the output pewer mcasured
at the end of the pigtail rather than at the laser chip facet. The coupling loss due to
pigtailing, approximately 4 dB, will therefore not be accounted for in the power budget.

Laser

Star coupler

Detector

0dB 11.3dB 0dB

Fig. 2.4 Power losses in the optoelectronic TDM system.

The losses due to the fusion splices are negligible. The loss from the star coupler

averages 11.3 dB. There is only a very small coupling loss between the output fibre and



the detector because the detector active area is about four times as large as the radiation

pattern of the light from the fibre. The total loss is therefore 11.3 dB.

2.2.2 Calculation of required power to obtain a 10~ BER
A typical receiver is shown in Fig. 2.5 (a). If it is assumed that the dominant
source of noise at the receiver is the 25 ohm load then the total receiver noise is the thermal

noise current :

<iZ> = 4KTB/R, 2.3)

where B is the noise bandwidth of a 70 MHz third order low pass filter and equal to 100
MHz, T is the room temperature in degrees Kelvin assumed to be 300 degrees, and K the

Boltzman's constant . Substituting these values in (2.3) yields

<i2> = (4 x 1.38E-23 x 300 K x 100 MHz) / 25 ohms = 6.62E-14 Az.

9

For a BE® of 10~ the ratio of the peak-to-peak signal current (Ipp) of the received data, to

the RMS no’:= current, Y (iz), is 21.6 dB [22]. Ipp is given by

(i SNR_ 2.4)

_V6.62E-14 A7 x 144 _ 309 A,

The eye diagram of a 70 Mb/s data signal received with a receiver such as that of Fig. 2.5
(a) is shown in Fig. 2.5 (b). The data current, Iy, only has positive values due to the
inherent unipolar nature of optical signals and to the positive bias on the detector. The
average value ,I,, of such a signal is calculated graphically to be approximately half the
peak to peak value, Ipp. This yields I = 1.54 pA. This figure is also the current flowing
out of the detector assuming that the pre. amp. and post amp. have a zero dB amplification

for the purpase of this calculation.
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Fig. 2.5 (a) Typical receiver for a lightwave system and

(b) Eye diagram of the received data

The responsivity of a photodetector is the ratio of the detector output current to the optical
power received. Assuming a responsivity, R, of 0.16 A/W for the detector, the average

power received per detector, Pa, is



I /R (2.5)
=9.65 uW.

The average power coming out of the laser has to be 11.3 dB higher than 9.65 nW
to compensate for the loss in the star coupler. The average power required from the laser is

thus 130 uW.

What is measured at the laser output is the peak power of the data pulse.
Consequently, it is required to convert the average power into a peak power. Fig. 2.6

shows the data pulse at the output of the laser.

Optical
power A
10.5 UOD
(] -
Pl — - = - - -
' |
' |
1
= -
1 UOD Time

Fig. 2.6 Output of the laser modulator

One data pulse occupies 1 UOD out of the 10.5 UODs taken by one byte. The data
pulse is assumed to be triangular and its average power (P ) over a time period of 10.5
UOD:s is the energy of the pulse,

(Pp x 1 UOD) /2,
divided by the duration of a byte, 10.5 UODs, which yields

P =P /21 (2.6)
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The peak power required to obtain a BER of 1077, Pp, becomes 2.7 mW.

2.2.3 Choice of laser

It was imperative to limit the cost of each laser to a few hundred dollars since nine
were required for the multiplexer. Also the bandwidth of the laser must be sufficient to
allow for transmission at a bit rate of several hundreds Mb/s. The third requirement on the
laser was that it must produce an output peak power of at least 2.7 mW. The laser chosen
was the ML6411C from Mitsubishi for which, the data sheets are as in Appendix B. It was
commercially packaged and pigtailed. The pigtailed laser has a maximum output peak
power of approximately 10 mW. Tests were performed and it was found that pulses with a
peak power of approximately four mW and a full width of about 1.4 nsec could be obtained
by pulsing the injection current of this laser. The wavelength was 780 nm and each unit

cost $ 350.

2.2.4 Calculation of a UOD
As shown in Fig. 2.1, one byte is 10.5 UOD long. Because the baseband channel

rate, C, was chosen to be 70 Mb/s, the length of a byte must be equal to 1/C or 14.3 nsec.

The value of one UQD is

14.3 nsec / 10.5 = 1.36 nsec.

The speed of light inside a given material is inversely proportional to its index of

refraction. The fibre core index of refraction is 1.47, so the speed of light inside the fibre
core is 2.04E8 m/s. The length of fibre required for a UOD is therefore2.04E8 m/s x 1.36

nsec = 27.7 cm.
The multiplexed bit rate will be the number of channels times the channel rate:

8 x 70 Mb/s = 560 Mb/s.
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2.3 Electronics for the Multiplexer

The electronics for the multiplexer consisted of the modules shown in Fig. 2.7.

Clock

'

Power
splitter

'

Data

generator

Shift Pulse - .
registers generator Power splitter Power splitter

and and

‘i ++** * Phase shifter Phase shifter

) Sync. pulse

ECLto TTL module

{i) the * To the remaining laser mod.
remaining Clock
laser mod. NRZ Elect.
data Laser module
———————— > (1 of 8) -
RZ optical data

Fig. 2.7 Multiplexer block diagram.

With the exception of the clock, the data generator, the power splitter, and the pulse
generator all the modules had to be designed and built. The purpose and design of the

modules that were built are explained in the following sections.



2.3.1 Laser modulator

The laser modulator must produce RZ data with a 1.36 nsec duration and a peak
power of about 2.7 mW. As shown in Fig. 2.8, the inputs to the laser modulator consist
of the clock and data signals. This circuit can be considered as two subcircuits. The first
subcircuit consists of the voltage regulator LM317 and all the components connected to it .

Its purpose is to provide a stable bias current for the laser through resistor R6.

The second subcircuit, explained in the next section, is everything to the left of
resistor R4. Its purpose is to convert the sinusoidal clock into a train of narrow
unidirectional impulses using a step recovery diode (SRD). The SRD used in this circuit is
the Alpha DVB6100B. Current from the pulse stream flows through R4 and is added to
the DC current and the current generated by the data at the node common to R4, R5, R6,

and the laser diode D2. The combined current flows in the laser diode.

2.3.1.1 Generating impulses using a SRD

Fig. 2.9 (a) shows a simplified circuit of the laser modulator. Everything to the
right of the SRD was replaced by an impedance of arbitrary value R). The sinusoidal signal
generator, the inductance, and the battery replace transistor Q1. In Fig. 2.9 (b) the SRD is

replaced by its equivalent model.
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Fig. 2.9 (a) Laser modulator equivalent circuit and

(b) with the SRD equivalent model.

A step recovery diode can be best described as a charge controlled switch. When
charge is inserted into the diode by a forward bias voltage, the switch is closed and the
SRD appears as a very small resistor R which is equivalent to a short circuit. If the charge
is removed by.reversing the bias on the SRD the switch remains closed until all the charge
is removed. At this point the switch opens rapidly and the diode becomes equivalent to a

small capacitance, Cy;.

Before the signal generator is turned on and during the positive half cycle of the
sinusoid the switch in the equivalent model is closed and the SRD appears as a short,
letting no current go through R;. In the negative half cycle the charge is removed. When
the charge is completely removed, the switch opens and the SRD appears as a very high

impedance (small capacitance C,,). The rapid cessation of the SRD current creates a

1/_ L
transient waveform involving L, Cyy, and R;. If Ry > ¥ Cvr, the transient takes the form

of a damped high frequency sinewave of frequency [13]

fo=—d> —
® T omVLCor



The first half of the transient forms the output pulse. When the negative half of the
transient occurs the diode becomes forward biased again and shorts R;. The current in Ry
is a series of unidirectional impulses with a repetition rate at precisely the frequency of the

input sinusoid as shown in Fig. 2.10. The impulse width, T,, is
nVLCvr and
the impulse height, Vp, is [13]

EyTr / (2T,) .

Ee A

T

-

U \/ "
(a)

Vo
b
L * | ) 8 ) Y
¥ V * =
g To vp tume
+

(b)
Fig. 2.10 (a) Sinusoidal input and,
(b) output at R}.

2.3.2 Power splitter and phase shifter
This circuit performs two distinct operations on the incoming clock signal. First as

shown in Fig. Z.11, it splits the clock into four signals of equal amplitude. The power

28



splitters used werc the PSC-4 from Mini-Circuit. Its excess loss is in the order of 1 dB.
The second operation is to provide independent variable delays for the four resulting clock
signals. The purpose of the variable delays is not to replace the passive optical delays but
to provide a means to compensate for any phase differences between the laser modulators.
The phase differences are caused by several factors, notably the differences in SRD
characteristics and the variation of SRD biases, Ep. The type of delay used was a Tee-
section and the delay obtained varied from zero to eight degrees (or zero to 0.4 nsec) with

an amplitude variation of about one percent over this range. The circuit schematic is

provided in Appendix C.
Clock
(\ i sne= \J\,
) Power 2 S?i?f:r ™ [V\/
splmer3 S?i?-ts:r—l-— /\/\I
U 4 fl?ia;tseer"> {\[\}

Fig. 2.11 Power splitter and phase shifter functional diagram.

2.3.3 Shift registers

For reasons of economy it was not possible to purchase eight different data
generators to drive every laser modulator with a different bit stream. One data generator
drives a circuit made up of 32 one-bit shift registers connected in series as shown in Fig.
2.12. The circuit is tapped at every four shift registers to provide a data stream delayed by

four bits compared to the previous output. There are eight outputs (A(0-A7); the minimum



incremental delay between two data streams is four bits and the maximum 28. The circuit

uses ECL technology and its schematic is shown in Appendix C.

Inputdata |4 one-bit 4 one-bit 4 one-bit 4 one-bit
—p{shift shift shift et shift
registers registers registers registers
A0 Al A7

Fig. 2.12 Shift register module functional diagram.

2.3.4 Other modules

The purpose of the modules in Fig. 2.7 that have not been described so far is
explained briefly in this section. The purpose of the synchronization module is to generate
the optical synchronization pulse. The circuit consists of a laser diode with a biasing
network. The electrical pulse necessary to drive the laser is generated by the Avtech AVN-

3-P pulse generator as shown in Fig. 2.7.

The ECL to TTL module amplifies the eight data signals to amplitudes suitable for
driving the laser modulators. Its schematic is provided in Appendix C. Fig.2.13isa

photograph of the complete multiplexer.

2.4 Experimental results

All manufactured pieces of equipment mentioned in this thesis have their brand
name and model listed in Appendix A. Throughout the text they are simply referred to as

scope, power meter, €tc.
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Fig. 2.13 Optoelectronic Multiplexer.

Fig. 2.14 shows the experimental set-up used to characterize the output of laser modulator
number six. The laser modulator output was characterized with the ANTEL SL1002 PIN
detector, the data sheets and frequency response for which, are provided in Appendix B.
The PIN responsivity, R, is 0.4 A/W. The equivalent load seen by the photodetector is 50
ohms, which is the input impedance of the scope. The response of the PIN detector to the
output of laser modulator number six is shown in Fig. 2.15 in the form of an eye diagram.
The peak current calculated from Fig. 2.15 is 80 mV/ 50 ohms.= 1.6 mA. The peak power
is the peak current divided by the responsivity or 4 mW. The design requirement for a
peak power of 2.7 mW is therefore achieved. The width at the base of the pulse is

approximately 1.5 nsec which is also quite close to the design requirement (1.36 nsec).
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The time jitter which can be estimated by looking at the thickness of the pulse rising edge is

less than 100 psec.

18V
Optical PIN
signal ZS To scope
;' L
1 kQ

Fig. 2.14 Set-up used to characierize the laser modulator output.

Fig. 2.15 Eye diagram of laser modulator number six.
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Fig. 2.16 shows an entire byte of the multiplexed signal which was characterized
with the set up of Fig. 2.14 except that the signal was amplified by Amp. # 3 which has a

gain of 21 dB. The frequency response of Amp # 3 is shown in Appendix C.

Fig. 2.16 Multiplexed signal.

The taller pulses in the figure are the synchronization pulses and their calculated
peak power is approximately 530 pW. The amplitude of the data pulses is in the order of

270 uW. The intersymbol interference penalty (ISI) is defined as

-20log(Ay/A1), (2.7)

where Aj is the eye opening with ISI and A, the eye opening without ISI. A, is calculated
from Fig. 2.15. The opening in that figure is 72 mV which is reduced by the loss incurred
from the star coupler (11.3 dB). Thus, A;is 5.3 mV. Aj is calculated from Fig. 2.16 to
be 4.5 mV taking into account the amplificati n of 21 dB. Equation 2.7 yields

20log(4.5/4.3) or 1.4 dB for the ISI penalty.

RR)



These results prove that optoelectronic multiplexing is a viable approach at a bit rate
of 560 Mb/s. The performance of the multiplexer could have been improved by using a
faster laser. It is possible to produce RZ optical data pulses with widths less than 100 psec
by directly modulating a laser diode (14]. The maximum number of channels in a

multiplexer is given by
1/(BW) (2.8)

where B is the baseband channel bit rate, and W the width of the RZ optical data pulse.
The maximum number of channels is achieved by making the width of a bit equal to a time
slot on the multiplexed bit stream so that there is no guard time between each bit. With B =

1 Gb/s and W = 100 psec for instance, 2.8 yields
1/ (1 Gb/s 100 psec) = 10 channels.

Two of the channels are allocated for the synchronization pulses and the remaining eight are
data channels. The multiplexed bit rate is 8 x 1 Gb/s or 8 Gb/s. Optoelectronic

multiplexing thus seems feasible up to almost 10 Gb/s.

The multiplexed bit rate reported for OTDM using fast optical switches by R.S.
Tucker is 16 Gb/s [8]. The optoelectronic multiplexer presented in this chapter does not

use expensive optical switches and appear to be a more cost efficient approach.
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CHAPTER 3

OPTOELECTRONIC DEMULTIPLEXING

This chapter presents a novel optoeiectronic DEMUX which is based on two
concepts: Switched photodetectors and coincidence gating. In the first part of the chapter
the DEMUX is explained conceptually. In the second part the concept of switching
photodetectors on and off with a short electrical pulse called the gating pulse is presented.
In the third part coincidence gating as a means to extract the gating pulse from two

multiplexed data streams is explained and investigated experimentally.

3.1 Optoelectroric DEMUX

The optoelectronic DEMUX, as shown conceptually in Fig. 3.1, is the complement
of the MUX. The multiplexed data stream is split 10 ways using a passive star coupler.
Passive nptical delays are used to synchronize the resulting 10 multiplexed pulse streams.
The ruym of the time delays at the MUX and the DEMUX for a particular channel is
cunstast and equal to 9 UOD. This ensures that the initial relative timing of all channels is
restore:! at the DEMUX. The relative timing of the pulse streams for all 10 channels is
shown in Fig. 3.1. The timing of the pulses is such that the top two photodetectors will
only turn on simultaneously when the two synchronization pulses are present, at which
point all the data pulses are correctly time aligned at their appropriate channel. At this time,
all other photodetectors ar. .witched on and receive their appropriate data pulses. It is
noteworthy that a delay of 1.5 UOD between two consecutive bytes ensures that no other
pulses except the two synchronization pulses will turn on the top two photodetectors

simultaneously.
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This optoelectronic DEMUX has three advantages over its optical counterpart.
First, no clock recovery circuit is used. Second, it does not use expensive optical

switches. Third, it does not require a synchronization circuit.

3.2 Switched junction photodetectors

The idea of switching detectors on and off has been used in optoelectronic switches
since it was proposed in 1978 by MacDonald and Hara [14]. Switching is realized by
changing the detector bias to render the detector either sensitive or insensitive to light. In
the case of a PIN diode, for instance, it consists of changing the bias from reverse to

forward, to go from an "ON" state to an "OFF" state.

The most important features of a switched detector are its on/off transition time and
its isolation. The isolation is the ratio of the detector’s response to a given optical signal
when in the on state to that in the off state. The isolation is determined by how much the
sensitivity of the detector is reduced by changing its bias. The reduction in sensitivity is
dependant on three processes. The most effective, which occurs in all junction
photodiodes, is the reduction of the internal impedance of the detector from a very high
impedance when the photodiode is reverse biased to a very low value in forward bias. A
simplified model for a photodiode is a current source shunted by its internal impedance. As
a result, a reduction in internal impedance due to forward bias diverts the photogenerated
current from the load thereby reducing the photoresponse. The second proces: ty which
sensitivity is affected is the loss of avalanche gain when an APD is under forward bias.
The third process is the direct reduction of the quantum efficiency . photodiodes in
forward bias, due to the narrowing of the depletion region as a result of heavy injection

[15].
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The other important feature of a switched photodetector is its on/off transition time,
defined as the time it takes for a detector to go from an on state (maxirum sensitivity) to an
off state (minimum sensitivity). The transition time depends on how fast stored charge can

be removed from the depletion layer capacitance of the detector.

3.2.1 Switched photodetection for demultiplexing.

In a time-multiplexed signal each baseband chann=l is allocated specific time slots.
If an optical multiplexed signal is incident on a permanenily biased photodetector the
electrical output will be simply the detector response to the multiplexed signal. However if
the photodetector is biased (turned ON) only during specific time slots that have been
allocated to a single baseband channel, the electrical output will be the detector response to
that channel. The operation of extracting specific bits from a high-speed multiplexed data

stream to reconstruct the original ow speed channels is indeed demultiplexing.

A system for demultiplexing an optical signal in the 560 Mb/s range into electronic
channels of 70 Mb/s is shown in Fig. 3.2 (a) If a gating pulse hits the array of
photoconductors in coincidence with the optical data signal, an electrical version of the data
is generated, which, after amplification, flows out the demultiplexed electronic channel. As
shown in Fig. 3.2 (b), it is crucial that data and gating pulses be perfectly aligned in time
and that the gating pulse full width be less than the data pulse width. Failure to meet these

conditions will result in crosstalk, and therefore a higher BER.

3.2.2 Chaice of detector
Photodiodes are very effective as moderate-speed optoelectronic switches, but

problems are encountered in reducing the switching time below roughly 100 nsec.
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Fig. 3.2 (a) Demultiplexing using switched photodetectors.

(b) Relative timing of the data signals and gating pulses.

The use of a forward bias to establish the "OFF" state is precluded because charge
stored in the junction under forward bias cannot be removed sufficiently rapidly through
the load when the diode is switched on. Only photodiodes which exhibit a significant

reduction in sensitivity at zero bias are usable. The choice is therefore limited to avalanche
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photodiodes, or to special photodiodes employing heterojunctions whose internal potential
interferes with the quantum efficiency of the device under reverse bias [16]. Both types
exhibit switching times of 20 to 30 nsec {17,18]. Because the width of a bit is 1.36 nsec,
the required switching time is in the order of a nanosecond. It is therefore impossible to
use today's photodiodes in a gigabit OTDM system. Even with improved switching times,
photodiodes need gating voltages of the order of 50 to 200 V on a nanosecond time scale

and this would be nearly impossible to realize.

Because most p-n junction detectors have very slow switching times due to charge
storage, other detectors such as Metal Semiconductor Metal photodiodes (MSMs) and
photoconductors appear as better contenders. MSMs are made of only n type material and

do not have a p-n junction.

For full sensitivity MSMs require a bias voltage in the order of four to six volts and
have an isolation of 50 db at zero volt bias [19]. Such voltage swings are relatively easy to
obtain even with subnanosecond rise times. MSMs have rcported bandwidths in excess of
five GHz [19], which is well above the 700 MHz bandwith required for this experiment.

For all the above mentioned reasons, MSMs were used in this experiment.

3.2.3 The MSM photodiode

A cross sectional view of the structure of an MSM is shown in Fig. 3.3.
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Fig. 3.3 MSM cross sectional view.

The MSM consists of two integral opposed Schottky barrier diodes formed by
interdigitated metal (Au, Pt, Ti) cathodes and anodes deposited onto a GaAs epitaxial layer.
It is biased so that one Schottky contact (cathode) is reverse biased and the other (anode) is
forward biasrd. The MSM is a completely bidirectional device. Most electrons and holes
are generated within the light penetration depth, which is approximately the inverse of the
absorption coefficient. For GaAs, the penetration depth is about 1 pum for a wavelength of
0.87 um [20]. Photogenerated carriers are swept out from the gap by the electric field
created by the bias, producing the photocurrent. A responsivity of 0.32 A/W has been
reported [19].

3.2.4 Design of MSM

The MSMs were fabricated from a wafer with a 3 um thick undoped buffer layer
with a carrier density of SE14 Jem3 grown onto a semi-insulating GaAs substrate (Fig.
3.3). The wafer received a TiPtAu metallization which was sintered to give a Schottky

barrier. A 0.5 m mesa was etched into the buffer layer to form the active arca. An
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interdigitated structure with an active area of 104 ;,lm2 was chosen for this experiment as
shown in Fig. 3.4.(a). The activz area dimension insures maximum coupling with the 50
pm core fibre. The anode to cathode distance, which is the spacing between adjacent
fingers is 5 um, and the finger width is 3 pm. The small finger spacing allows for the
rapid collection of carriers photogenerated in the GaAs, and hence for high bandwidth. On
the other hand the bandwidth is obtained at the expense of quantum efficiency which is

reduced by shadowing of the active region by the metal fingers.

Fig. 3.4 (b) shows the array of detectors. The spacing between each of the eight

individual detectors is 250 pum.
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(b)

Fig 3.4 (a) MSM interdigitated structure.
(b) Array of 8 MSMs.



3.2.5 Characterization of MSM

Fig. 3.5 shows the experimental set-up used . - i imine the frequency response of
the MSMs. The laser (ML64174) was biased at its operating po.» . ;1= 62 /1) and its
output was measured to be four mW using a power meter. The output of the network
analyzer was a sinusoidal current with a peak value of 1.59 mA. The slope of the laser

characteristic was measured experimentally i be 0.16 mW/mA.

Network
Analyzer
In |-—
Out \
4V
Laser < Biasing
modulator current 0.1 uf

Optical

Attenuator

Splice

—
— e
—

Fig. 3.5 MSM frequency respoase measurement

Therefore the peak excursion of the laser output power was 1.59 mA x 0.16 mW =
0.254 mW. The modulation depth, which is defined as the ratio of the maximum excursion

and the average power , was found to be
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0.254 mW / 4mW = 0.0635 or 6.35 %.

The anticipated peak power at the detector was 350 pW. Therefore this power level
was used to characterize the detectors. There was no coupling loss between the fibre and
the detector because the detector interdigitated area was much bigger than the radiation
pattern of the light from the fibre. The flattest frequency response curve was obtained with
a bias of four volts or greater. The effective load seen by the MSM is the input impedance
of the network analyzer ( 50 ohms). Fig. 3.6 shows the measured frequency response.
With a 3 dB cut-off frequency of about three GHz as shown in Appendix A the laser had
very little influence on the overall frequency response. It can be concluded that Fig. 3.6
represents the frequency respinse of the MSM. The usable frequency range of the detector

is estimated at 2 GHz beyond which there is a sharp drop in the response.

IOdB/diV Sa4 log MAG 10 oB/ REF -50 dB 1, ~53.421 di
Y] 65131 Adg Ot MH
MARKER 4
A83 . 30680|1||MHZ
40dB
1N 1
R=0.24 A/W) -50dB —= ~dd
N\\f‘ [
-60dB V
START .300 000 MH2 STOP 3 000.000 060 MHZ

Fig. 3.6 MSM frequency response
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The experiment was repeated to obtain the response of three more detectors out of the same
array. The results were very similar. Another very important characteristic of a detector is
its responsivity. Two responsivity measureinents were made, one at DC and the other at
560 Mb/s, both with a four volts bias on the detector. The DC measurement was made as
follow. A power level of one mW was measured at the output of the fibre using the power
meter. This power incident on the MSM produced an ouiput of 12 mV into a 50 ohm load.

The DC responsivity is therefore
(12mV /50 ohm )/ 1 mW =0.24 A/W

For the second measurement, an optical pulse with a full width of 1.4 nsec and a
peak power of 1.26 mW was incident on the MSM. The power was measured with the
SL1002 PIN detector with responsivity 0.4 A/W. The equivalent load seen by the MSM
was 25 ohms. Amplifier # 3, which has a gain of 21 dB, was used to amplify the output.
The peak amplitude of the resulting pulse was 64 mV giving a detecior output current of 64

mV /250hms/11.2=0.114 mA. The high frequency responsivity is therefore
0.114 mA /1.26 mW = 0.09 A/W,

which is in rough agreement with Fig. 3.6.

3.3 Coincidence gating

Coincidence gating is the extraction of the coinciding parts of two signals or
patterns using an AND gate. The relative timing of the two input signals is important
because it determines precisely what is going to be extracted. The proper timing is
achieved by introducing a delay in one the input signal paths. When working with optical

signals such delays can be implemented using optical fibre as described in Chapter 2.
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The concept proposed here is to use a coincidence gate to extract the gating pulse
from the multiplexed signal. Fig. 3.1 shows the proposed scheme in the context of an
eight channel system. Gating pulse extraction is achieved by having two permanently
biased photodetectors in series ( AND gate ) which await the two synchronization pulses.
Optoelectronic AND gates made using two photodetectors in series have been reported with

subnanosecond resolution [20].

3.3.1 Choice of detector

The bandwidth required for the AND gate depends on the frequency content of the
synchronization pulse. The pulse has a full width half maximum of 600 psec. The
bandwidth required as observed on the spectrum analyzer is approximately 1.4 GHz. The
SL1002 PIN detector was chosen for its high responsivity (0.4 A/W) and wide bandwidth
(1.7 GHz) to perform the AND gating function. Two of them were mounted in series as

described in the next section.

3.3.2 Description of the coincidence gating experiment

The two PIN diodes were mounted in a high frequency package. Both electrical
connections PIN/package were made with conductive epoxy while the PINs were wire
bonded together, as shown in Fig. 3.7. The package was put in a high frequency test jig
for performing the experiment. Fig. 3.8 shows two micro-manipulators holding the output
fibres above the test jig. A microscope was used to position the fibres exactly onto the

detectors.
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Fig. 3.7 Optoelectronic AND gate

Fig. 3.9 shows the experimental set-up. Fibres F1 and F2 are the top two fibres in
Fig. 3.1 and their outputs are shown in Fig. 3.10 and 3.11. Fig. 3.12 shows the relative
timing of the pulses coming out of fibre F1 and F2 and the expected electrical output of tze
AN gate. A delay of nine UODs was introduced on F2 so that the synchronization pulses
from both fibres correlate to produce the gating pulse. As can be seen in Fig. 3.10 and
3.11 no data were multipiexed with the synchronization pulses as the first attempt to prove
the concept of correlation detectors. The peak power of the pulses is about 750 uW, their

width 1.4 nsec, and the repetition rate is 70 MHz.
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Fig. 3.9 AND gate experiment
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Fig. 3.11 Output from fibre F2
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Fig. 3.12 Inputs and EXPECTED output of the optoelectronic AND gate.

3.3.3 Discussion of results

Fig. 3.13 shows the output of the optoelectronic AND gate. This picture suggests
that the recovery time of the PIN diode is too slow. The recovery time is defined as the
time it takes to go from forward to reversed bias [21]. In fact, detector D2 remains
permanently forward biased acting as a short circuit and letting the signal on detector D1
dictate the shape of the output. The experiment was performed again with an elapsed time
between two adjacent pulses (t1) increased to 10 nsec. This did not produce any noticeable
at the output. It can be concluded that the recovery time of the SL1002 PIN is greater than

10 nsec.
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Fig. 3.13 Optoelectronic AND gate output

3.4 Threshold detection as an alternative method for

coincidence gating

Let us assume a perfectly working optoelectronic AND gate and repeat the
coincidence gating experiment with data and synchronization pulses. Fig. 3.14 shows the
optical inputs and the expected electrical output. As one car see, data and synchronization
pulses from the two inputs partially coincide. The result is a corrupted gating pulse that
requires threshold detection before it can be used to activate switched photodetectors.
Degeneration due to data overlap can be avoided if the width of the data and the
synchronization pulses is halved therefore doubling the bandwidth of the signal.
Practically the requirements on the pulsewidth are even more stringent since the AND gate

has a resolution time that has to be taken into account.

If bandwidth is a limiting factor due to the laser or the electronics it is more

attractive to send only one synchronization pulse per frame and to use threshold detection to
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extract the gating pulse. Threshold detection at high frequency can be performed using
GaAs MESFETSs te clip the undesirable part of the gating pulse stream and even to provide
gain that will be required to amplify the gating pulse to a level suitable for switching the
photodetectors. Sending only one synchronization pulse has the following advantages:
First, as mentioned in the previous paragraph the data pulsewidth can be made larger.
Second, removing one synchronization pulse makes it possible to add another data channel
without increasing the bandwidth of the signal. Third, the need for a 1 x 2 power splitter at
the transmitter no longer exists. For obvious reasons, if the amplitude of the
synchronization pulses cannot be made larger than the data then correlation detection

becomes the preferred alternative.

Power A
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Byte N v Byte N+1
i
A \/\/\/\A /\ )
l \f Lo
Byie N-1 I Byte N
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I
P
\ I
ya AN A AN -
Time

Fig 3.14 Data interference on the gating pulse signal.
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CHAPTER 4

DEMULTIPLEXING EXPERIMENT

The purpose of this chapter is to present experimental verification that switched
photodeteci- v are « viable approach for optically time-division-demultiplexing the
equivalent of » 560 Mb/s data stream. Two optical data streams are multiplexed on one
optical fibre using passive optical delay lines and a 2 x 2 star coupler and are then
demultiplexed with MSM photodiodes that are switched on for approximately 1 nsec. BER

measurements are taken and the responsivity of the MSM device is m» ~sured.

4.1 Multiplexing of two data streams

Fig. 4.1 is a block diagram for the transmission experiment. The output of the data
generator is fed into a series of shift registers which create a delay difference between the
two laser modulators ~+f 28 bits. The delay was inserted to minimize correlation between
the two data streams. The circuitry for laser modulator 1 and 2 is identical to that described
in Chapter 2. The data format is RZ, where, the width of a "one" is approximately 1.4
nsec. The data rate is 70 Mb/s and the peak power is 4 mW. The pigtail of laser modulator
1 is fusion spliced to the 2 x 2 star coupler while a delay of 1.36 nsec (1 UOD) is added
between laser modulator 2 and input #2 of the power splitter. An identical delay is also
spliced at output 3 of the power splitter. The purpose of the power splitter and the delay
lines is to multiplex the output of laser modulator 1 and 2. The multiplexing technique is
identical to the one used for the transmitter of Chapter 2 - the reader is referred there for the

calculation of the UOD and for background information.
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Figs. 4.2.1 and 4.2.2 show the eye diagrams of the data coming from output fibre
3 and 4 while fig. 4.3 shows their relative timing. The triangular shaped pulses - all binary

“1” for purpose of clarity - are marked 1 and 2 for laser modulator 1 and 2.

Fig. 4.2.1 Output from fibre 3

Fig. 4.2.2 Output from fibre 4
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Fig 4.3 Relative timing of data signals and gating pulse.

4.2 Demultiplexing

Demultiplexing with switched photodetectors as explained in section 3.2.1 is
achieved by turning a detector on during the appropriate time slot. The four MSMs shown
in Fig. 4.1 are part of an array of eight detectors mounted in a high frequency package.
For the experiment the package was §'aced in a high frequency test jig. It is noteworthy
that the data and pulse generator share a common clock which ensures perfect
synchronization of the data and the gating pulse. The amplitude of the gating pulse is five
volts and its full width is one nsec. A 50 ohm resistor is connected between the common
point of the detector array and ground to properly terminate the output of the pulse

generator.
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One of the problems encountered with a switched photodetector is the leakage
pulse. This effect is intrinsic to the capacitive nature of the detector. The leakage pulse can
be quite large and its effect is shown in Fig. 4.4 where a "zero" is nothing else but the
gating pulse leaking through the detector. One efficient way to eliminate that problemis to
utilize an MSM with no light incident on it, as shown in Fig. 4.1, to generate a data-
independant leakage pulse that is subsequently subtracted from the data using a differential

amplifier.

N

Amplitude

A4

Time

Fig. 4.4 Effect of the leakage pulse on the data

The amplification stages following the photodetectors are shown in Fig. 4.5. A
third order Butterworth 70 MHz low pass filter has been added after the differential
amplifier to widen the data pulses to seven nsec which is suitable for sampling by the Bit

Error Test Set.

Bit Error
| LPF | Amp. ] Rate Test
70 MHz 34 db Set

Fig. 4.5 Data amplifier stages
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The schema: :s and frequency response for the differential amplifier and the low pass filter

are shown in Appendix C. The frequency response of Amp. 1 is also shown in Appendix

C.

4.3 Noise calculation

In order to estimate theoritically the BER it is essential to know the total noise
power at the receiver output. Four major sources of noise can be identified for the system
shown in Fig. 3.1. They are the laser, MSM, load, and differential amplifier. The total

2

noise power was calculated to be 1.66E-8 V* and is dominated by the differential amplifier

noise which was measured using the spectrum analyzer.

4.4 Experimental results

BER measurements were taken to assess the influence of different factors on the
performance of a demultiplexer built with switched photodetectors. The factors considered
were the average received power per detector, the addition of one channel, and the
amplitude of the gating pulse. In addition the responsivity under pulsed bias was
measured. Pictures 4.6.1 and 4.6.2 show the transmitted and received data as well as the

eye diagram. The average power received per detector is 107 uW and the BER is 1 E-§.
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Fig. 4.6.1 Demultiplexing by switched photodetection

Fig. 4.6.2 Eye diagram of demultiplexed data

4.4.1 Responsivity under pulsed bias
The responsivity was calculated from Fig. 4.6.2. The average voltage over a bit
period (13.6 nsec) was estimated graphically to be = 0.81 V. The total gain of the

demultiplexer was 63.4 dB or 1479 so the average output current of the MSM was



0.81 V /(1479 x 25 ohms) A = 21.9 A,
where 25 ohms is the equivalent load seen by the MSM.

The average optical power of the data pulse is 133 puW. This figure was obtained by
measuring the peak power of the data pulse with a similar set-up to Fig. 2.14 except that an
MSM was used instead of a PIN. The average power was then calculated using eq. 2.6.

The MSM responsivity under pulsed bias was

219 pA /133 uW =0.16 A/W.

This figure is higher than what was measured for a four volt DC bias with an optical pulse
of the same shape (see section 3.2.5). The responsivity in that case was calculated to be
0.09 A/W. It appears that a pulsed bias enhances the responsivity of an MSM uand an
explanation for this has not been found yet. This higher value of responsivity will
influence the BER for a given power. For a BER of 10'6 the required signal voltage to
noise voltage ratio is 92.2[22]. Because the noise voltage was 1.29E-4 V (see section 4.3)

the peak to peak signal must be

1.29E-4 V x 92.2 / 25 ohms = 0.48 mA.

The peak power required is 0.48 mA /0.16 A/W =3 mW. Using eq. 2.6 the average
power required is 3 mW /21 = 143 pW.

4.4.2 BER measurements

A pseudo-random pulse generator producing a sequence of length 29 was utilized to

perform all BER measurements. The optical power was measured using an MSM with a
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DC bias of four volts. Micro-manipulators were used to move the fibre over the active area
of the detectors. The BER was slightly unstable so an average had to be taken. The curve
labelled "1 channel” on Fig. 4.7 was taken with only Laser modulator 1 activated. The
curve labelled "2 channels" was taken from channel 1 with both laser modulators
transmitting therefore adding an interfering chanrel in the next time slot. One can see very
little difference between the two curves except at a power of -12.8 dBm. This point for the
"1 channel” curve seems to be away from the natural course of the curve and is probably
due to the unreliability of the BER measurement. From this supposition we are led to
conclude that the two curves are not much different. and that the slight difference is likely
due to ISL. This result implies that the detector was indeed turned off by the time the data
from the next time slot reached it. Consequently the electrical switching time of an MSM is

less than 1.4 nsec (length of a time slot or 1 UOD).

It can also be seen from Fig. 4.7 that a BER of 10-6 is achieved with an average
received power of approximately -9.5.dBm or 112 uW. This is in rough agreement with

the calculation of section 4.4.1 (143 uW) based on the noise power at the receiver.

Fig. 4.8 shows results when data was received at channel 2 with both laser
modulators transmitting. This is the situation where an interfering channel is added in the
time slot just betore the received data. Again the two curves are very similar. A conclusion
that can be drawn from Fig. 4.7 and 4.8 is that interfering channels before or after the
received data do not significantly affect the BER . Therefore it has been demonstrated that
it is possible to use switched photodetection as a demultiplexing technique in a multi-

channel system.

Another graph of significance is the BER as a function of the gating pulse amplitude
for channel 1 with both laser modulators transmitting (Fig. 4.9). The experimental set-up

is again the same ( see Fig. 4.1 ). The average optical power received per detector was
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kept constant throughout the experiment at 110 uW. The amplitude of the gating pulse was
varied from 1.5 to 5.4 V with a constant width of one nsec. 5.4 V was the upper limit
achievable for our pulse generator while keeping the ringing to less than 10 %. The effect
of excessive ringing was to turn the detector on again in the following time slot therefore
causing significant crosstalk. Fig. 4.9 shows that no error floor was reached. The
improvement in performance suggests that the responsivity is proportional to the gating
pulse amplitude. This is not surprising since detector responsivity is in general
proportional to the level of the DC bias. One very interesting aspect of the curve is that
there is no errc * “lo - :ch suggests that a further improvement in BER is possible

simply by increasing th- .- - ' .ade of the gating pulse.

3



BER

10°

10°

10

107

10°

10°

ﬂ\\
N
O
N
\‘:\\\
= -
N\
A\N
AN
A\
\ \\
\
X h
X N
\ 0y
\ b, O
- A \
\
N
\\ \\\
\
N A
\

\%\

A

X

\

ATAY

\

\
+—+— 2 chanhels \
ey e e chanbel ‘\‘ ‘\‘

A3
\
\
15 -14 -13 -12 -11 -10 -9

Power (dbm)

Fig. 4.7 Effect of one additional channel on the BER for Channel 1

64



BER

107

107

10

N
N\
\\
\‘\\
o
I
\\X\
N
X
\
\
\\
\“ \h
\ \
AN AN
\\ \\
\ hY
\\ A
N
\\
%\
—a— " 2 channa’s \
L guaninlt 00 M2 Y010 T: \\ i
“l
\
\
\
-16 -14 -12 -10

Power (dbm)

Fig. 4.8 Effect of one additional channel on the BER for Channel 2

N



BER

107

10

107

107

10~

10

L\
N
X
N\
%
\
\
\
\
N
\\
\\
\
. \
\

\\
\
A5

2 3 4 5

Gating pulse amplitude (Volts)

Fig. 4.9 Channel 1 with two active channels

A



CHAPTER §

SUMMARY AND CONCLUSION

Novel optoelectronic techniques for time-division multiplexing and demultiplexing
have been discussed. These optoelectronic techniques try to capitalize on well developed
electronic techniques, and on promising avenues offered by optical devices such as

increased bandwidth.

An optoelectronic MUX was constructed and eight channels were multiplexed to
produce 2 multiplexed bit rate of 560 Mb/s using inexpensive lasers similar to the type
for st i e ¢t disk players. Sampling of the NRZ-baseband electrical data was realized
using the threshold characteristic of the laser. The timing and combining of the eight input
baseband channels was realized using fibre delays and a passive power combiner. The
optoelectronic approach is very simple and more cost efficient compared to optical
multiplexing (section 2.4). However the achievable multiplexed bit rate using
optoelectronic techniques is limited by the width of the RZ optical data. Using presently
available electronics, optoelectronic muitiplexers could achieve a multiplexed bit rate of
eight Gb/s (section 2.4) whereas the maximum reported bit r.:ie for optical multiplexing is

16 Gb/s [8].

An optoelectronic approach for demultiplexing high bit rate signals was presented.
The optoeiectronic DEMUX does not use a clock signal to demultiplex the high bit rate data
stream. The novel optoelectronic DEMUX is based on two techniques: <oincidence gating

and switched photodetection.

It was found that coincidence gating may not be the ideal solution for extracting the
gating pulse. Coincidence gating requires that the width «:f the RZ optical data be reduced

by at least a factor of two therefore increasing significantly the bandwidth requirements for
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the laser modulator. It is preferable to use threshold detection, performed with GaAs

MESFETs, to extract the gating pulse from the multiplexed bit stream.

MSMs were switched on for approximately one nsec to demultiplex the equivalent
of a 560 Mb/s data stream and a BER of 10'8 was achieved. The BER was greatly
dependant on the amplitude of the gating pulse. Gating pulses with amplitudes of up to 5.5
V were used and no error floor was observed. The performance of the optoelectronic
demultiplexer could be improved by using a low noise amplifier at the receiver and by
using MSMs with higher responsivity. Also it should be possible to integrate the MSMs
with the front end amplifie. [1]. Integrated receivers with fewer parasitic elements should

allow demultiplexing at higher multinlexed bit rates.

Based on the experimental results obtained, the optoelectronic MUX and DEMUX
presented in this thesis may be viable approaches for building an entire high bit rate

Optoeiectronic TDM system.
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APPENDIX A

EQUIPMENT USED

This appendix lists the brand name and type of equipment referred to in the thesis.



Multimeter
Network analyzer
Package

Pattern generator /
Error detector
Power meter
Pulse generator
Scope

Spectrum analyzer
Test jig

Fluke 75.

Hewlett Packard 3753A with 85046 S-Parameter Test Set.
Triquint FP-10.

Hewlett Packard 3780A

Newport Corporation, 835 Optical Power Meter.
AVTECH AVN-3-P.

Tektronix 7104, 7A29 Amplifier, 7B10 Time base.
Hewlett Packard 3585A

Triquint ETF-FP10.



APPENDIX B

DEVICE DATA SHEETS

This appendix contains the data sheet for the Mitsubishi ML6411A laser and the
ANTEL S§1.1002 PIN diode.



MITSUBISHI LASER DIODES

ML6101A,ML6411A
MLE6701A

FOR OPTICAL INFORMATION SYSTEMS

DESCRIPTION

Mitsubx i) MLEI01A, MLE411A, MLE701A are AlGaAs high power
laser dirfes emitting light beams around 780 nm wavelength.
They lase by applying forward current exceeding threshold
values, ard emit light power about 10mW CW at operating
current around 25 mA in excess of the threshold current.
They opers., under CW or pulse condition according to input
current, at case temperature up to 60°C.

Since they lase in a stable fundamental transverse mode, TE,
and smooth, linea: light vs. current characteristics, they are well
suited for optical information processing systems, and other
optical system.

APPLICATION

® Wiriting and reading memory discs

® Laser cards

@ laser printers

Under pulsed condition, such as disc memory writing, a peak
light output of 25 mW can be obtained.

The ML6101A, ML641IA, MLGE701A are hermetically sealed
devices having a silicon photodiode for monitoring the light
output.

QOutput current ot the photodiode can be used for autematic
control of the operating currents or case lemperature of the
tasers.

FEATURES

® Low threshold current, typical 40mA

® CW or pulsed operation up to case temperature of 60°C

® Electrical monituring (a photodiode is installed in the lasir
package)

OUTLINE DRAWINGS Dimensions in mm

ML6101A

OUTLINE DRAW'NGS Dimentions in mm

o~

ey ] !
—_—
e -

B.1 Data sheet for the Mitsubishi ML6411A laser
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MITSUBISH! LASER DIO

ML6101A,ML641
ML6701A

FOR OPTICAL INFORMATION SYSTE

OUTLINE DRAWINGS Dimensions in mm

ML6701A .

ABSOLUTE MAXIMUM RATINGS

Symbol Parameter Conditions Ratings Urut
N - cw 20
Py Light cutput (peak) mw
Pulse (Notel) 25
V,. o Reverse voltage t;;m diode) - 2 v
:l;; 7 H;v:wse voltagc {Photodicde) - 15 \
.;,FD Forward current (Photodiode) - - 10 mA
VMT_CM. - Operating case tempevature - —40~ +60
i Tay Storage temperiture - =55~ +100 C

Notet [ Duty tess than 50%, pulse width less than 1us




FOR

MITSUBISHI LASER DIODE:
ML6101A,MLG411A

ML6701A

OPTICAL INFORMATION SYSTEM:

ELECTRICAL/OPTICAL CHARACTERISTICS =250

Symbol Parameter Test conditions Chavacienstics Unit
Min, Typ Max
[ Threshoid current cw 15 40 ©0 mA
leo Operating cument CW, Pg=10mw - 65 100 mA
Voo ° Operating vottage (Laser diode) CW.Po10mwW - 20 25 v
io Oark current (Photodiode) Vap =10V ) 'Y —;:; o
Po Light output CW, I = |y, + 25mA —m“v\; ’
Ay tasing wavelength CW.Po = 10mW T
s, o "o
4 Full angle at haf manimum CW, Po=10mw/ T
4, o K Uy
C, Capacitance (Phot diode) T V=0V, 1= 1MH; T T - 7 77 7 |;l 7
(M,PO =10mwW - T 7 ’ 7 )
im Monutonng output current VoD =1V 03 o8 [ mA
R =100 (NoteZ)
tote2 R, is load resistance of the photodiode
1. Light output vs forward current 2 R ]7
Tymcal light output vs forward current characteristics are >
shown in Fig. 1. The typical threshold current tor tasing is 40 mA 20 1 4
at tcom temperature. Above the threshold, the tight output (N !
increases linearly with current, and no kinks are observed in 15 ,./ ’/"‘;cw
the curves. As can be seen in Fig. 1, the threshold current and Te =?5'C\“ ) A

slope efficiency (dPy/di,} depends on case temperature of the
lasers.

This suggests that an automatic control of temperature or
current is necessary to keep the light output constant since
temperature variation is inevitable in practical systems. The
automatic controls should be such that the maximum ratings of
the light output and the case tempertature are not exceeded.
"OPERATING CONSIDERATIONS™ gives an example of the
automatic light output control circuit.

Light output (CW! Py (myy)

S ‘2
/ '
’ -
0 -1
4] K0 [21] 9
Forward current 1y (mA)

Light output (ulse  Potmit
roulse woe's i3 Culy 50%

Fig.

-

Light output vs forward current
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MITSUBISHI LASER DIODES

ML6101A,ML6411A
ML6701A

FOR OPTICAL INFORMATION SYSTEMS
2. Temperature dependence uf threshold current (1),
operating current (Ion) and slope efficiency (7o) z 100
A typical temperature dependence of the threshold current % loo(l'OvnW)
and the operating current at 10r W are shown in Fig. 2. The < 70 1"
characteristics temperatute To of the threshold current is ES -
typically 150K in T 250°C where the definition of T, is |, ccexp € 50 S
® "1
(Tc/To). E’ e Ith
o
£ 30
b
2
(<}
g 20
°
2
5
o
& 19
0 40 50 60 70
Case temperature Tc ("C)
Fig. 2 Temperature dependence of threshold and operating currents
A typical temperature dependence of the slope efficiency Mo
is shown in Fig. 3. The gradient is -0 COIMW/mA/"C typ. 0s
Fry
3
2
E
°
- 04 T~
g \\
<
®
2
o
(2]
03
[4] 20 a0 []
Case temperature Tc('C)
%19.3 Temperature Jependence of slope efficiency
3. Forward current vs voltage
Typical forward current vs voltage characteristics are shown 40
in Fig. 4. In general, as the case temperature rises, the fanward
voltage V¢ decreases slightly at a constant current I, V, varies
typically at a rate of -2.0 mV/°C at | =1mA. ] 30
bt
3
¥ 0
o
° Te =50°C
o
Z 25°C
“ 10
o5 10 20
Forward voltage Vi (V)
L
Fry 4 Forward current vs voltage characteristics



MITGUBISHE LASER DIODE!

MLE101A,ML6411A
ML6701A

FOR OPTICAL INFORMATION SYSTEMS

4. Emission spectra

Typical emission spectra under CW operation are shown in Fig.
5. In general, at an output of 20mW, single mode is observed.
The peak wavelength depends on the operating case tem-
perature and the forward current (cutput level).

A typical temperature dependence of the peak wavelength at
an output of 10mW is shown in Fig. 6.

The peak wavelength of the beam shifts and jumps to adjacent
longitudinal mode by variation of operating temperature.
Averaged temperature coefficient which includes the shifts
and jumps is about 0.25 nm/C.

5. Fa: teld racwation pattern

“he MULGIOIA 1Y 6A11A, MLE7OIA laser diodes lase in
1undamental tan verse (TEq) mode and the mode does not
change with the current. They have a typical emitting area (size
of near-field pattem) of 0.7 x 25um’. Fig. 7 and Fig. 8 show
typicat  fin ficld  radiation patterns  in  “paraliel” and
“perpendicular” planes, respectively. The full angles at hall
maximum points (FARM) are typically 12" and 307, respectively.

xi l\ 20mwW

®
z
3
5 1
8
z x2 10mwW
%
c
[
£
[
>
s X4 5mW
]
[+
x10 threshold
770 775 780

Wavelength 4 p (nm)

Fig.5 Emission specira under CW operating

79
R =10mW

780

779

=

776

Peak wavelength A p (nm)

25 30 35 40

Case tempetature Te ('C}

Fig.6 Temperalure dependence of peak wavelength

o0 e 20mW
z
w
c
Q@
k3
s
'g-! 10mwW
]
a
S5mwW
-30 o 30

Of-axis angle (deg)

Fig.7 Far-field pattems in plane parallel to hetercjunctions

-~
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MITSUBISHI LASER DIODE:

ML6101AMLG411/
ML6701A

FOR OPTICAL INFORMATION SYSTEM!

6. Pulse response

In the digital optical transmission systems, the response
waveform and speed of the light output against the input current
pulse waveform (shown in Fig. 9 upper) is one of main concerns.
The speed depends on the oscillation delay time, rise and fall
times. In order to shorten the oscillation delay time, the laser
diode is usually biased close to the threshold current since the
delay time is a time for charging the junction up to the threshold.
Fig. 9 shows the typical response waveform when rectangular
pulse current is applied.

The rise and fall times are typically 0.3ns and 0.4ns,
respectively. They are limited by response speed of the
detector.

7. Monitoring output

The laser diodes emit beams from both of their mirror surfaces,
front and rear surfaces (see the outline drawing). The rear beam
can be used for monitoring power of front beam since the rear
beam is proportional to the front one. In the case of ML6101A,
ML6411A, MLE701A lasers, the rear beam powers are changed
into photocurrents by the monitoring photodiodes. Fig. 10 shows
an example of light output vs monitoring photocurrent
characteristics. Above the threshold, the monitored photo-
current lineatly increases with the light output.

L 20mwW

- 10mwW

Relative intens:ty

i
-30 [}

Of-aus angle (deg)

Fig.8 Far tield pattemns in plane perpendicular to heterojunctions

griving pulse

1 =250p:ec
=270

Response

Light outpst

Time (nsec)

Fig.9 Pulse response waveform

] 7 7
} Minimum ,/ W
/
i /7
typicat ,
/(/maxlmum
7
/|
/

Light output Po (mWi}

t 2

Monitonng outpet I, (mA)}

Fig. 10 Light output vs monitoring output current
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- ML6101A,ML6411A
. ML6701A

FOR OPTICAL INFORMATION SYSTEMS

8. Polarization ratio
The polanzation ratio (P,/P_), which is the ratio ot the parailel 500
polarized light output and the per.endicular polanzed one, vs.
total light output characteristics is shown in Fig.11. The
polarization ratio linearly increases with the fight power.

/

Polarization ratio P /P,

o} 5 0 15 20 25

Light output Fo {(mW)

Fig. N Polarization ratio vs light output

9. impedance characteristics

Typical imped~nce characteristics of the MLG101A, MLB4NA,
ML6701A lasers, with lead lengths of 2mm, is shown in Fig. 12
with the bias currents as the parameter. Test frequency is swept
from 100MHz to 1300MHz with 100MHz step.

Above the threshold, the impedance can be approximated by
a series connection of a resistance of 3 ohm and an inductance
of 3nH.

AL
St
\\\“‘s\\\ lll',"’l"

%

Fig.12 Impedance characteristic

10. S/N vs optical feedback ratio

1=10MHz, BW=7300kHz, Tc =25-50'C
The signal to noise (S/N) of the laser beam is detined as the 0

la T —
OC to noise electric power ratio after changing the laser beam & MW O —
10 electric signal, Therefore, the defined S/N corresponds 10 60~ 10MW O = —
square of the DC/noise optical power ratio. 3MWa-ene..s
Fig. 13 shows the S/N vs the optical feedback at the frequency 7 /

of 10MHz and with the bandwidth of 300kHz.

S/N{dB)

Fig. 14 shows similar characteristics at a low frequency, 20kHz, / o
and with the bandwidth of 300Hz. ol R
!C%;'\\ /’ﬁ” ::t/
90“" \"\ng‘-——' "
0 o5 005 01 05 1 510

Optical feedback ratio Ri{%)

Fig.13 S/N vs optical feedback ratio



MITSUBISHI LASER DIOD!

MLE6101A,MLE6411
ML6701A

FOR OPTICAL INFORMATION SYSTEM

$=20KHZ, BW=300Hz, T ¢ =25-50C

70
3ImW o
SmWo—-—
B8Ot OMW o= ==
15mWa.---oe

S/N(dB)
8
\\lm

\ —T/
e
19— —--o-—"“/ ‘_o"de
s~ em =R
1o e
12(.[ | L 1
oom 005 01 05 1 s 10

Optical feedback rato R, (%)

Fig. 14 S/N vs optical feedback ratio



OPTICAL POWER AT FIBER END (micro W)
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LASER DIODE TEST DATA

Model No.:! PT—-152 Rated Poi: 47685 micro W
Serlal No.:!: 1366 Date tested:! Dec 11 1989
Wavelength: 776 nm Tested by: 7/75«’@14(/%&

Laser Type:!: MITSUBISH®T MLE411C
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HIGH PERFORMANCE
SILICON & GERMANIUM ..~ ...
NATEL LASER MONITOR PHOTODIODES
OPTRONICS INC. TYPES: SL1002, SL1005, SL1010, CL1002, GL‘lQOS. GL1010

Features

* L_ow Voltage Operation

* High Speed Response

* High Reliability

¢ Low Dark Current

« Wide Spectral Response

Applications

¢ | aser Feedback
* LED Monitors
* FO Receivers

Description
The high performance line of ceramic mounted Silicon and Germanium PIN photodiodes are designed specitically for emp-

toyment in Fiber Optic Transmitter and :::ceiver Modules. They offer a unique combination of high sensitivity, low noise and
fast speed of response. Stringent quality controt and proprietary device passivation ensures a high degree of reliability.

Package Dimensions

Ceramic Submount

% > Materii:(; Alumina
X 'i ; E

Metalization: Ni/Au

| Chip Bond: Eutectic/Epoxy

SMC-TYPE
CERz... o

Dimensions in millimeters. Dimensions in parentheses are in inches.
Note: Optional & Custom are also

TECHNICAL DATA APRIL 1987

Yo order or for further information call:

nn l El | 3329 MAINWAYSBURLINGTON, ONTAR

Ante Opivoras Fe. reaerves B rgl. SR RO W Tabe CgE ¢
OIS $000" & SORAGIING IrorIanOn Suppaed By Arket (ipsroreca
1 BoAevad 10 08 STEe Ing e HOWIVE 0 RO BRIy 8 Unamed
Tty Ariel Dpt1oncs I 0 €3 uBe P N7 0y I NQEMAZY of [Weris & e
1ML OF N0 DRI SACh Mgy el rom B3 ves

OPTRONICS _INC. TELEPHONE 416/335.5507 TELEX 061-6489 HAM FAX

REFERENCE NO 103

B.2 Data sheet for the ANTEL SL1002 PIN diode
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Mechanical Characteristics

Absolute Maximum Ratings

Silicon Series Photosensitive Germanium Series Photosensitive
Part Number Surface Package' Part Number Surface
Dia. mm | Area mm? Description Dia. mm | Area mm?
[sL1002 * ] 0.2 0.03 GL1002 0.2 0.03
§L_1__005__ B 0.5 0.20 Ceramic GL1005 0.5 0.20
LSE!_O}_QV“:: 1 1.0 0.80 SMC Type GL1010 10 0.80

] Silicon Series Germanium Series {
Parameter Maximum Ratings Maximum Ratings Units
DC Reverse Voltage 125 18 volts
Photocurront Density
Average Value 5 8 mA/mm?
Peak value 25 30 mA/mm?
Forward Currant :
Averag? valus, continuous operation 10 20 mA
Peak wal'_.:s 100 200 mA
Ambien’ — operating -60to +80 -5510 +75 °C
T storage -60to0 +150 -5510 +125 °C
LS9@ermg ‘ o - L o 200 200 °C
. . - N . 2
Electrical/Optical Charac:eristics at
~
TA = 22°C VR = -12 VOIts
Spectral Radiant Sensitivity N.E.P. Dark Minimum | Capicitance Cutoft
Part Number Response Typical (A/W) @ 900nm | Current Breakdown { @ 1000 Hz frequency
A =900nm
10% Points |@ 900nm @ 1300nm | WA/HZ (nA) Voltage (pF) R =50()
e (volts) (GH2)
$L1002 400 - 1100 45 — 1x10" 0.05 125 0.5 20
SLlO_OS_ 400 - 1100 A5 — 1x10°? 0.10 125 0.75 1.5
SL1010 400 - 1100 45 — 1x10°%? 0.50 125 1.10 1.0
{uA) {MHz A =1300nm)
GL1002 500 - 1800 .40 15 1x10"? 1.0 20 25 300
GL1005 500 - 1800 .40 .75 1x10" 25 18 10 200
G_LiOlqu b $00-1800 | 40 75 1x10"? 10 18 30 100
NOTES:

1. The operational range is 01to -15 volts.

when the device is operated in the photovoltaic mode at VR = 0 volts,

from those shown.
2. Devices can atso be supplied on custom packages.

3. Standard high voltage, high responsivity Silicon PIN Diodes are also available.

some of the electrical characteristics will difter
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Silicon PIN Photodiode Series

FIGURE #2

FIGURE #1
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APPENDIX C
CIRCUIT SCHEMATICS AND FREQUENCY RESPONSES

This appenc'ix contains the circuit schematic of the:

-shift register module,

-power splitter / phase shifter module,
-ECL to TTL converter,

-70 MHz low pass filter,

-and the differential amplifier.
It also contains the frequency response of :
-amplifiers 1 and 3,

-the low pass filter,

-and the differential amplifier.
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Fig. C.4 Differential amplifier.
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Fig. C.5 Third order Butterworth low pass filter.
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