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Introduction

This project concerns the LD-4 regenerator which forms
the basis of a long haul digital communications line operating
at & bit rate of 280 Megabits per second. One of the problems
associated with the regenerator occurs within the sampling mechanism,
If one samples the incoming deteriorated signal well below the
voltage threshold? the regenerator produces a zero., Similarly,
if one samples well above threshold, the regenerator produces
a one. However, sampling within the region near threshold, the
regenerator output is some percentage of full output. This is
undebireaﬁle as these signals Upon deterioration due to transmission
down a long line may be received as.a one or zero., In other words
there is an uncertainty as to tle real identity of the original
transmitted signal, One would like to characterize this behaviour
~ of the regenerator which heans that one would really like to
understand the sampling mechaniem of the LD-4 regenerator.
Involved in the sempling mechanism are such things as the effect
the sambling pulse width has on the regenerating process as well as
where does one position the sampling pulse within the incoming

signal to ensure an optimum error rate. Sampling pulse width and
o
# The threshold voltage is a reference voltage which is compared

with the heighth of the incoming deteriorated signal. Incoming A
signals above this level are determined to be ones, w7y



position is important from a design and economic point of view,

Because of the experimental difficulty in determining the
position of the sampling pulse with respect to the leading edge of
the signal within a few picoseconds, a model for what determines
threshold was ignored. Instead an experiment was designed to
determine the switching characteristics of the regenerator above
threshold, particularly in the transfer region of 10% and 90%
full outputs In the report to follow, several models were tested
for their ability to predict this behaiiour. It was hoped that
these experiments could have been reproduced using various sempling
pulse‘widths but the regenerator carrier bonds deteriorated.

The experimental results led to several valuable assumptions
concerning the regenerator's response, They are as follows®:

The uncertainty or transfer region's width is a function of
the slope of the input signal.

The smallest uncertainty region can be obtained experimentally
without using an idealized square pulse.

The regenerator exhibits hysterisis. The turnoff region is
larger than the turnon region.

The sampling pulse should be centred between the two uncertainty
regions associated with ean incoming pulse, These regions are the
turnon and turnoff regions of the regenerator.* However because these
two regions are not the same width, the sampling pulse no longer
is at the centre of the pulse even though it is centred between

.* This concept is clearly illustrated by figure 2.5.5 on page 23

of the report. Further explanation can be found at the bottom
of page 22 and the top of page 23,
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the two uncertainty regions. This essumption was tested in a mock
set-up of the LD-4 system. It was found that the optimum error rate
was indeed obtained when the sampling pulse was offset towards the
shorter uncertainty region. |

The experimental procedure allows one to see clearly how
other parameters affect the samp’ing process by observing how
these parameters vary the uncertainty rc¢gion's width, This method
was to be used to find out what effect the sampling pulse width
has on sampling but as explained previously, the iegenerator's
carrier bonds deteriorated.

Experimental results could also be used to explain why the
use of a comparator curcuit before sampling and regenerating a
mlse circuits helps to improva the error rate, The comparator circuit
basically reshapes the deteriorated incoming signal. The reshaped
pulse in general has steeper slopes then the original pulse and
experimental resulis show that steeper slopes give rise to smaller

uncertainty regions,



ABSTRACT:

The switching mechanism of the LD-4 regenerator is studied by
applying triangular signals with variable slope and phasing with respéct
to the sampling pulse in order to investigate their effect on the output
signal voltage. Experimental results are obtained in the form of finite
sémpling crosshairs. These represent the family of input signals that
produce all output between the 0 and 1 state. In effect they characterize

h

PST input signals at the Nt regenerator to the eventual PST signals at

“the N+1th regenerator input.

An éttempt is also made to correlate the experimental data with either
a constant vb]tage or constant charge sensitivity model in order to under-

stand the mechanism of sampling.



- i -

ACKNOWLEDGEMENTS

The author wishes to express his gratitude to Dr. W.F. McGee

“and the entire staff of department 1E90 for their help and encouragement
throughout this project. Dr. McGee's suggestions for project objectives
and his guidance were of invaluable aid in undertaking and completing thfs
assignment ih the time allotted. Special thanks to Mr. B. Bryden who
sacrified much of his own time in order to work very closely with me
throughout the project.. Mr, Bryden was also of invaluable aid in
‘interpreting the results and in the eventua];writing of this report. 1
would also like to extend special thanks to Dr. M. Frame who gave freely
of his time and knowledge in order to increase my ﬁnderstanding of the
circuits involved in the LD-4 regenerator. Dr. Frame was also extremely

helpful in the writing of this report.



- iii -

TABLE OF CONTENTS - Page No.
List of Tables ............. eeieeeseeanes e eretenceeesseacesenans iv
List of Figures .......... Cecercesesteeneannannne e, iv
1. Introduction ......vviiiiiiiiiiieiiernerienninseeeracnonnns 1
2. Experiment R et resasaseseene ceees 5
2.1 Input Signals v.veeeereeennecnnennens eeancesasseacanss 5
2.2 Constant Vo]tagé Sensitivity Model for friggering
the Regenerator .....cceeieiveereeeeeaeeoenrncannnasanns 7
2.3 Constant Charge Sensitivity Model for Controlling the
Regenerator OUtpUt ....veeveviennnnnnnns Ceterereaecanes C12
2.4 Experimental ResSUTLS ..ciiiivneeencecaeernnnonnnennnsns 14
2;5 Discussion ...... : ............ R PR TR 18
2.6 Conclusions TR TR EREEE: 24
3. References ......oeviiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiieniennes 27

APPENDIX A - Deriving Constant Voltage and Constant Charge
Models from Transistor Model .........c.civvevennnn. 28



15

2.5.1

1.1
1.2
1.3

nN N NN ~N N n N n N N N N

DWW NN NN NN e

NN
S
'S

N
-+

L) w N

- h: O o> w no

TABLE NO..

NO

FIGURE NO.

[y

(4}

- jv. -~

LIST OF TABLES

TITLE
Threshold Voltages

LIST OF FIGURES

TITLE

Block diagram of repeater
Input PST signal with crosshairs superimposed

Input PST signal with finite crosshairs
superimpoged '

Eye diagram

AND Gate

Input.signal at the AND gate

Construction of the crosshair

Regenerator crosshair

Asymmetrical Crosshairs

Asymmetrical Crosshairs

Symmetrical Crosshairs

Asymmetrical Crosshair

Crosshair Construction Showing Hysterisis
Model of input signal for constant charge model
Block diagram of the experimental set up

Shifting the sampling pulse with respect to
the input

Photographs of asymmetrical crosshairs

- Graph of S vs. At

Deteriorated wire bonds

PAGE NO.

20

PAGE NO.

2

W N N OO0 O 00 W

10
11
11
12
14

15
16
17
18



FIGURE NO.

2.5.1
2.5.2

2.5.3

-V -

_LIST OF FIGURES (CONT'D)

TITLE
Difference between actual and observable

_ crosshairs

Expefimenta] S vsAt curve compared with

_constant voltage and charge curves

Experimental S vsAt curve with postulated
Timits .

PAGE NO.

19

21

22



1. INTRODUCTION

The LD-4 regenerator forms the basis of a long haul digital
line oberating at a bit rate of 280 Mbits per sec. Figure 1.1 is
a block diagram of the kepeater. An émitter coupled pair»ANDgate :
samples the received, deteriorated PST signal and the regenerator
produces an undistorted one or zero for further transmission. Although
the aim of the project was to understand the regenerator response,
attempts to ané]yse the response were made in terms of an AND gate
mode]. |

There are three aspects concerning the gate's operation:
(i) ‘ The effect of sampling pulse width on the gate output.
(ii) Positioning of the sampling pulse for maximum sensitivity.
(iii) Establishing a threshold level above which incoming signals

 ai ‘ are determined to be 1's,
' &%Ihis 'projec‘t“is .concerned only with the last two aspects of the gate's

operation. The idea of a sampling crosshair embodies both of these
aspects by representing the threshold with a horizontal line and the

samp]ing pulse position with a vertical line. This is shown in Figure 1.2.

sampling pulse position

Voltage (volt)

threshold voltage, Ve

1 i 1

Time (nsec)

Fig. 1.2 Diagram illustrating the input PST signal with the
jdeal crosshairs superimposed,
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The combination of AND gate and bistable does not switch
instantaneously from the low state zero to the high state one.
There are uncertainty regions-about the threshold and the sampling

pulse position as shown in Figure 1.3.

“»
. a
o
S * .
- \  av Voltage uncertainty
& ' region
+
.o
>

-_'ﬂAT-—-
time uncertainty region

———t e e e o ——

Fig. 1.3 The PST input curve with the finite sampling crosshairs
superimposed. The size of the crosshairs are exaggerated.
At is typically 10 picoseconds and Av is typically 50
millivolts. -
An input signal with an amplitude lying within the voltage uncertainty
region shown in Figure 1.3, may be hbrizonta]ly displaced in time up
to a distance of-zé1 picoseconds in either direction about the centre line
and the bistable - AND gate combination will- produce output between the
states “one" and “zero'. It is thisfffnite heighth and .width of -crosshair
that the experiment investigated. Two models are assumed for regenerator
operation in the transition region: a constant voltage sensitivity model

and a constant charge sensitivity model. By comparing the experimental
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crosshairs with those predicted}by the two models an understanding

of the regenerator's opefation can be obtained.



2. EXPERIMENT

2.1

Input S%gna]s

This section is intended to supply sufficient background
for the development of the experiment.

The input to the regenerator is a bipolar PST signal which
can be used to construct an eye diagram by superimposing all
possible sequences of 1's, O's and -1's. This is illustrated
in Figure 2.1.1. The eye diagram is useful for defining the three
main aspects of the gate's operation; sampling pulse width,

sampling pulse positibn, and the threshold level. (1)

+1.0
y
=S
R
© 0
(@)
8
o
-
~1,0 ¥ : _ e e
) 3.6 : Time (nsec)

Fig. 2.1,1 Eye Diagram of all possible combinations of PST Signals

.

In the experiment an approximation to the shape of the
‘crosshairs was obtained by obtdining the marginal eye opening
for 10% and 90% output which approximates the limits of the.
transition region of the regenerator's transfer function. 'jhe

actual position of the crosshair within the eye can not be determined.

The position of the sampling pulse with respect to the input signal
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cén't be measured accurately at the AND gate's input because

of the poor terminating impedance. Input‘impedance to an emitter
céupled pair AND gate varies during switching between 2K and
infinity (2). Figure 2.1.2 shows the gate. In order to increase
the return loss, a 10 pf.~c§pacitor was placed at the input.
However, this capacitor had the undesirable effect of rounding
the input signal, preventing any accurate determination of thé
sampling pulse's position as illustrated in Figure 2,1.3.
Therefore the trade-off in the capacitbr‘s size resulted in

a return loss for the gate of 12 dB at 200 MHz instead of the
desired 26 dB.

. Experimentally, the actual PST signals are characterized

by a family of triangular curves with variable glopes. These
triangles are used to approximately construct the finite crosshairs

‘by superimposing an input triangle in the four positions required

~ input

Fig. 2.1.2 AND Gate . o _ .
_ e sampling pulse seen superimposed
C on the input signal

Voltage (volt)

[ | i
Time (nsec)

Fig. 2,1.3 Input Signal at the AND Gate showing the notch due
to the sampling pulse. :
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to give 10% and 90% output, i.e. the turn-on and turn-off
regions of the regenerator. This construction is illustrated

in Figure 2.1.4.

input triangular
signal

the heavily outlined
trapezoid is the

90% —1- ——-————-—! ‘ ‘ : " experimental crosshair

Fig., 2.1.4 Construction of the Crosshair

2.2 Constant Voltage Sensitivity Model for Trigdering'the'ngenerator

In this model the output voltage of the regenerator depends
only upon the voltage at the input of the regenerator, The
regenerator comparés the input signal with a reference threshold.
For input signals above this threshold the regenerator output tends
towards full output as the input signal tends towards one. This

output is proportional to the input voltage within the uncertainty

region. o 90% output
10% output
i
i
baud interval L A Ly 1 ) 1 LJ
' ' 1.0 | 2.0 3.0

Time (nsec)
| , '
\/ sampling pulse )
' MCEMASTER UNIVERSILY. CIBRARY

Fig. 2.2.1 Regenerator crosshair illustrating the 10% and 90%
output Tevels. ' -
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The regenerator can be considered to have a crosshair of
the type illustrated in Fig. 2.2.1. The crosshair's location
iﬂ the baud interval is fixed according to where the sampling
pulse is positioned. The levels 10% and 90% of maximum output
voltage are arbitrarily chosen to represent the regenerator
starting to produce output and the regenerator reaching its
maximum output. The input voltages corresponding to these two
6utputs are represented by the tﬁo horizontal lines which are
separated by the constant amountrdesignated as Av.

If an input triangular signal is shifted with respect to
.this_crosshair, i;e. the sampling pulse, thére will be points
on the input signal corresponding to 10% and 90% voltage output
levels of the regenerator. A diagram supefimposing the input
signal in the_four positions which resulted from shifting the
- triangular input signal with resbect to the sampling pulse to give
90%, 10% then 10%, 90% output is shown in Figure 2.1.2. The
resulting trapezoid ehc]ose§ the crosshair that the regenerator
has associated with its sampling mechanism as previously mentioned
in section 2.1. A | |

Note that the crosshair fof a voltage dependent regener&tor
is symmetrica1 about the vertfcal'line representing'the constant
test position determined by the sampling pulse position. This is
true only in the absense of hysterisis which has been assumed in

deriving this model.
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A regenerator which is not described by this model can
be expected to produce asymmetrical crosshairs similar to

the one illustrated in Figure 2.2.2.

90% output

90% output

10% output-
10% output

Fig, 2.2,2 Asymmetrical crosshair showing the 90% and 10% levels
changing for each input. The sampling position is
constant. '

Note that the 90% and 10% input test levels are not constant for

a particular sampling test position which contradicts the constant

voltage sensitivity model above. Figure 2,2.2 can also be

interpreted as a shifting sampling position as shown in Figure 2.2.3,

This interpretation also contradicts our particular model which assumes

a constant sampling pulse test position independent, of the input

signal.*

RS

* Such a model can be realized with a transistor that switches
whenever the reverse bias at the base is exceeded by the ‘input
signal. If the reverse bias changes due to temperature instability
then the threshold reference level also changes. More detail

on circuit analysis of the constant voltage sensitivity model is
given in Appendix A. '



- 10 -

90% output

— 10% output :

Fig. 2,2.3 Asymmetrical crosshairs. The sampling:pulse
test position changes with each input signal. For
clarity only the relevant part of each crosshair
is shown.

A mathematical description for a coﬁstant voltage sensitivity
-model can be derived from the crosshairs as shown in Figure 2.2.4.
Using the rising edge of the triangle, the slope S is equal to
S = Av/At | Ill
where Av is the vo]tége difference between 10% and 90% output
and At is fhe time difference between 10% and 90% output. Since
~ Av is assumed constant then
S o At~ 12]
The relationship for the falling edge of the triangle is the
same,

If the condition of constant sampling pulse test position

were relaxed, equation |2| still holds, but the proportionality

Fig. 2,2.4 Symmetrical Crosshair



Fig. 2.2.5 Asymmetrical Crosshair
constant avl-for the falling edge is different than av for the
rising edge. This is illustrated in Figure 2.2.5. A circuit
operating.in this manner can be assumed to have hysterises
associated with it. If the crosshairs were drawn usihg the same
slope for the rising and falling edge but different Av's then the

hysterisis becomes readily apparent. See Figuke 2.2.6.

Fig. 2.2.6 Crosshair construction using equal slopes for the
rising and falling edges of the input signal. The
hysterisis now becomes readily apparent showing AT
to be greater than At.
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2.3 Constant Charge Sensitivity Model for Contro]ling-the

Regenerator Qutput

The model presented here postulates a constant charge
sensitivity to inputs above a defined vo]tagé referred to as
the threshold voltage. The-thresho]d voltage required for
regenerator output to occur is determined by a particular
voltage and does not change when inputs other thah the defining
DC level enter the AND gate. Therefore the threshold can be
represented by a DC level and only a constant charge above this
level will be ;onsidered responsible for increasing output from

10% to 90% maximum value.

Aréa A

i

Vi threshold
voltage

J

?‘

777

Fig, 2.3.1 Model of input signal for constant charge model,
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From Figure 2.3.1 the equation for the slope is
S = av/At o 1]

Area A of the input signal above threshold level is

A = AvAt/2 |3]
A = sa2/2 - .- . 4]
With the assumption of constant area eqn. |4] becomes
- 2A .

A graph of S vs. At on log-log paper will give a straight
line with a slope of -2. Note that the threshold voltage
does not enter the calculations. - .

The amount of charge absorbed can be calculated from the
log-log graph. Equation |5| on log-log paper becomes
Tog2A - 2 logAt |6]

logS
If At is set equal to 1 then -
| log2A | 7]

7 log$
" On log-log paper, 2A can be read directly at ot = 1, Area A
can be related to charge quite simply from equation |4|. Equation

|8| gives the dimensions of A.

volts 2
meec. * (psec) 18]
If A is divided by input impedance,- equat1on |8] becomes
' _ volts 3 _
A = e X (psec) x 10° = amps x psec

picocoulombs 9]
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2.4 Experimental Results

The experimental set up is shown in Figure 2.4.1.

- - 280 MHz |
' CLOCK -  VARIABLE
(:::) ——— GENERATOR »
CLOCK
INPUT
REGENERATOR i

0SGILLISCOPE AND GATE
.Fig. 2.4.1 Block Diagram of the Experimental Set Up.
A variable ramp generator was constructed to provide triangles
of variable slope with the same heighth and period but no DC
offset. These triangular inputs were.sampled at various
points by shifting‘fhe fnput signal rather than the sampling
pu]se; A relative delay between the short pulse and the input
signal was introduced.using the variable air line in the-input
signal cable. The position of the air line that gave 90% output
"was noted and more delay was added until the output reached 10%
Maxihum.outpqt.  The resulting phase shift At between the 2 outputs
was recorded. Again, more delay was added unti1rtﬁe 10% output'
point on the falling edge of the triangle entered the AND gate.
This position was noted and additional delay added until the output

reached 90%. The phase shift for the falling edge was also recorded.
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The effect of shifting the input signal can be seen
more clearly as a relative shiftjng of the sampling pulse

as illustrated in Figure 2.4.2.

!

I

I

VV “®—— direction of sampling
90% 10% 10% 90% pulse shift

-

Fig. 2.4.2 Shifting the input signal with respect to the
sampling pulse is the same as shifting the sampling
pulse with respect to the input signal. o
~ Attempts to obtain photographs of an undistqrtéd input
signal at the input of the AND gate were impossible due to the
. gate's poor iﬁput termination;* In order to obtain a superimposed
picture of the input signal in the four positions Meptioned previously,
the input to the regenerator and gate was removed and applied to
the 50 ohm termination of the oscilliscope where the four input
signal phase positipns were reset and photographed. -
._ The crosshairs obtained from the§e photographs were )
" asymmetrical as shown in Figure 2;4.3. The_photograbhs sﬁggest-

that either the circuit does not follow a constant input voltage

sensitivity model since a constant sampling position can't be

* Already discussed in Section 2.1.
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defined, or the circuit has hysterisis.**

t
RSl
CEmaTaeIeT

S e
i

G L L LA et

o St

My 244,30  Photograplis showing assymebrlcsl crosshatrs,

The slopes 8 of Lhe rising adya of the fnpul Lriangles
were plotted against At, the phase shift required to shift the
output from 90% to 10% of the maximum value. Also graphed are
the slopes S of the triangles' falling edges against At the phase
shift between 10% and 90% output. Figure 2.4.4 shows the 2
curves as well as other points obtained during a repeat of the

experiment some time later.*** Both S vs At curves as well as

** Justification for this statement given in section 2.2.

*** Further measurements were impossible as the wire bonds in the
AND gate carrier began to deteriorate, increasing the time between
the 10% and 90% output levels. Figure 2.4.5 is a photograph

of the wire bonds. This phenomena began appearing throughout

the circuit and switching times in excess of 400 picoseconds

were recorded.
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the extra points were gkaphed on ]og—Tog paper to test
~for a power relationship. |
e "“ ,‘ | 'Equation }10| is the resulting relationship obtained
:from the log-log graph for the rising s]ope; Equation |11| |
Lis the S vs At relationship for the falling slope of the
.inputftriang]e. .The‘two~curves are separated by a phase
) ~shift as illustrated in %igure'2.4.4. e |
_f”’?Uf o -“‘;,, . s, '= 98A1-1.53 s a | 10|

J 157a7"1-63

Figf 2.4.5 The deteriorated wire bonds are {llustrated on the
left. The photograph on the right is the resulting
characteristic of the carrier.

.

2.5 Discussion _
| Tﬁe experimental exponent of At in the S vs At relationship

~is ~1.63 which is between the exponents required for. the constaht'
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voltage and constant charge sensitivity models. Experimenta11y,
the assumption of a constant threshold was partially demonstrated
" but not conclusively since the actual threshold may be displaced

from the crosshairs.

actual
threshold

Flg 2.5.1° The solid line crosshair is the one seen at the AND
gate's 1nput by the experimenter. The effective
crosshair is the dotted line and results from a
constant delay between the input signal and output
response.

The thresho]d level was assumed to be the bottom of -the
crosshairs, i.e. where the two slopes giving 10% output crossed.
Table (2.5.1) 1ists the threshold levels so defined.

In Figure 2.5.2 the S vs At graph of the constant voltage
‘model and the S.vs At graph of the constant charge model is compared
with the experimental s vs At graph for the falling edge of the
Ainput triangle, By examining the constant voltage and constant

charge models, the behaviour of the S vs At graph can be postulated

for the limits of S approaching zero and infinity.
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| RISING SLOPE FALLING SLOPE Av
(tan ) (tan ) (volts)

.. 530 , 1.02 5.6

.695 .728 5.6

.965 .952 5.6

.304 1.27 5.6

.436 .98 5.4

Table 2, 5 1 Threshold Voltages ' -
In the limit as S approaches infinity, At becomes f1n1te

_ since it is physically impossible to have a zero phase shift

between 10% and 90% maximum output. The high frequency

components associated with steep slopes suggests that the circuit

favours a constant charge model.* Figure 2.5.2 also illustrates

| how the steeply varying constant charge curve resembles a curve

having a finite Ar. }he finite At is the time uncertainty width

- -associated with the finite crosshairs and defined by app1y1ng

a un1t step and varying the phse of the edge with respect to

the sampling pulse position. If a curve were fitted to experimental

results containing more points, an estimate of the time uncertainty

width could be made.

* See Appendix A
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The graphs of the constant voltage
and constant charge models were produced
by taking one of the experimental points
and using its coordinates to calculate
other points. For the constant voltage and
charge graphs,Av and A respectively were
kept constant while the slope was varied
and the resulting At calculated.

1.50F .
1.00 - experimental
" constant constant charge
| voltage
059 -

10 20 30 40 50 60 At (psec)
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In the 1limit as S_approaéhes zero ie.a DC signal,
At approacheé infinity but Av the input voltage difference
cbrresponding to the oufput voltage change between 10% and
90% output~ reﬁains finite. The experimental S Vs. At
curve becomes a constant vo]tage relationship as § .
approaches zero. F1gure 2.5.3 111ustrates the exper1menta1

curve with its postu]ated limits.

Slope S (volt/nsec)

l
|
!
|
|
|
|
|
I
|
|
I
|

1 1 ] 1 1

&t (psec)
Fig. 2.5.3 The ‘experimental S vs At curve with postulated 1imits;
The relative widths of the uncertainty regions of the
crosshairs also affect the optimum position of the sampling pulse.
Figure 2.5.4 dillustrates the input signal with the uncertainty
regions superimposed. To the regenerator, the input signal

resembles the multi-regional box illustrated in Figure (2.5.4).



input signal

A
L
N\

uncertainty ! l ! uncertainty region
region

greater-than-90% region
Fig. 2.5.4 Representing the input signal as a multi-regional box.
The sampling pulse must be positioned within the greater
‘than 90% output region in order to ensure regenerator output

larger than 90% maximum output. This is illustrated in Figure

(2.5.5).
sampling pulse N
| ) 7
/) %
uncertainty *, SR uncertainty region
~ ‘region

greater-than-90% region

-

Fig. 2.5.5 The sampling concept using the multi-regional box
of Figure 2.5.4.
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If the sampling pulse were to fall within the uncertainty
region, @pe output could not be predicted. It is the output
uﬁcertainty within this region that leads to errors.

The S vs. At graphs in Figure 2.5.2 for the riéing'
falling edges of the input triangle reveal the circuits
hysterisis. The turn off region corresponding to the fal]ing
edge has larger At's than the turn on region for the rising
édge. Partial explanation for this hysterisis can be obtained
from the different behaviour that the input capacitance and

impedance exhibit when a rising and falling edge are applied

‘to the input.* If both uncertainty regions were equal then

the sampling pulse would be positioned in the centre of the

input signal. Since the turn off uncertainty region is larger
than the turn-on region, the sampling pulse's optimum position
is offset to the left towards the turn on transition region. -

Conclusions

The regenerator operation is more complicated than the constant

voltage or constant charge sensitivity models suggested. Both .
models, including expected deviations were suggested by a

hybrid = model of the AND gate transistors.**

* The input impedance decreases with an applied rising edge

. and increases towards infinity for an applied falling edge.
The reverse is true for the input capacitance. The result
is that the circuit charges more quickly for a rising
edge than for a falling edge (3).

** Appendix A gives some justification for the constant
voltage and charge models assumed.



- 25 -

However, in order to accuratéTy describe this high frequenéy
circuit a non-linear model must be used. The regénerator's
switching mechanism to a first order approximation can be
described by the hybrid = model. This suggests that a
'sufficiently'accurate model of thé AND gate modified to account
for phenomena introduced by other circuits in the-reéenerator
can be used to accurately represent the Eegenerator during
switching. |

The analysis of an experimental S vs At graph with
sufficient point a}]ows the calculation of the time uncertainty‘
of the repeater. This result would be impossible to obtain
'by other means.

The hysterisis associated with the uncertainty regions
explains the need for offsetting the sampling pulse from the
centre of the eye.

Repetition of the experiment produced points not on the
straight lines of equation (10) and (11). Error bars of #1
picosecond are sufficient to describe the measurement errors
arising from the calibration of the delay line and measuring
10% and 90% output “rom the regenerator. Discrepancies of 2
picoseconds or greater suggest that the measurement téchnique
is not to be faulted for the errors. Such errors result f(om
the changing of the regenerator's characteristics. The regenerator
was very sensitive to external noise-and temperature variations |

since there was no temperature stability compensation included.



- 26 -

Further experimentation was terminated due to the
deterioration of the wire bonds for several carriers

used in the regenerator.
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APPENDIX A

DERIVING CONSTANT VOLTAGE & CONSTANT CHARGE MODELS
FROM TRANSISTOR MODEL

~ The constant voltage and constant charge models described
in this report can be derived from the hybrid = model of the AND
gate transigtors illustrated in Figure A.1.%

At high frequencies the impedance of Cd is much less than rbb'
and the circuit roughly approximates a simple integrator with the
capacitor on a voltage pedestal equal to vfef -.8 volts above ground.
Any input signal above this pedestal is integrated by the combination
of Cd and rbb'. |

At low frequencies the capacitor Cd is effectively shunted by
the resistor re, making the input impedance basically a resistive
voltage divider. The input current is not simply related to Vin by
the constant %—-since Rin is current dependent. Since the output current

in

I. is equal to B8 x Ib the transistor itself is

C
a current sensitive device. However, by putting the small load resistor

RL in parallel with the large input impedance of the transistor, the
input impedance of the circuit becomes fairly constant and independent

of ‘current. This makes the circuit more voltage dependent.

!

* A charge model would give more physical insight into the operation
of the circuit. However, the degree of approximation for both models
is the same (4) and a more accurate circuit description can not
be obtained without a non-linear model. The hybrid = was used
because of its simplicity and its familiarity to the reader.
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ABSTRACT

Results of a detailed investigation of the time-dependence
of the stimulated emission from electron-beam pumpedVCdS
platelets are reported. Unlike lower threshold platelets
previously reported (1), the platelet examined here exhibits
rapid tuning with time of the stimdlated emission to longer
wavelength., The rate of thislfrequency tuning campares |
favourably with the value reported by Shewchun et al (2)

for CdS crystals many times thicker and with a higher

‘threshold than the one measured in this report. Furthermore,

there is a temporal variation of the angular position of the

spatial mode. This temporal variation or angular tuning rate

was compared with angular tuning data reported for GaAs and

CdSe as well as with the theory that predicts such tuning in

these crystals (3).
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INTRODUCTION

‘The presence of stimulatéd emission in the output from
electron beam-pumped Cds bulk crystals was reportéd by Shewchun
(2) in 1970. However, few détails were given concerning the rapid
tuning of stimulated emiSSion towards longer wavelength with
increasing time from the start of the pumping pulse. Furthermore,
no attempt was made to examine the deviation of the far field
radiation pattern of the spatial'laser mode with respect to the
cavity axis and the éhanges of this angle during the excitation
‘pulse. Effects of the first type were téimed frequency tuning and
the effects of the second type were termed angular tuning. Both
angular and frequency tuning were examined here in detail for a
platelet with a lasing threshold considerably higher than those
previously reported by other authors (1). This consideration of a
high threshold platelet is important for it has been found that |
rapid wavelength tuning,which islindependent of pumping intensity
above threshold,doesvnot occur for relatively lower threshold
platelets such as those examined by other authors as well as those
‘examined within this experiment.

The data presented in this paper fdf the angular variations of
fhe,far field laser radiation pattern and its subsequent change
"~ during the excitation pulse will be coméared with predictions from
an analytical model for the electron-beam pumped semiconductor laser
system presented by Kawasaki (3). The model predicts that the degree
of variation of the laser beam'f:om the cavity axis depends on the
size of the index step. The_index step is thé spatial variation in
- the index of refraction between the pumped and unpumped region. The
spatial mode which gives rise to the far field laser radiation
pattern was assumed tb be of the form
| A = sin(px)  in (0,d) (1)

Roexp(-gx) in (d)



where p,q are complex, A is the amplifude'of the spatial mode,

x is the distance from the pumped surface of the crystal, and d is
the width of the pumped region. The model predicts that the index
step tends to confine the spatial laser mode. The larger the index
step, the more confined the Spatiai mode is within the pumped region
d and less angular deviation shduld result for the far field
radiatibn pattern of the spétial mode.

In order to test the assumption-that it is the increasing
confinement of the spatial mode in time due to the index step
increasing in time-that creates the tuning of the far field
radiation, the spatial mode should be partly  confined within the
pumping region at the onset of excitation. Complete confirernent wouldgive ne
initial angulaf deviation and subsequently no angular tuning.
’Confinement of the spatial mode can be accomplished By creating an
extremely large index step within the pumping region depth d at
the onset of excitation, or by using a platelet which has a thickness
equal to the pumping region depth. The second situation approxi-.
mately exists for,thelplatelet examined within this paper.
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EXPERIMENTAL PROCEDURE

Light emission from the semiconductor samples were
produced by means of pulsed electron-beam pumping. The'puised
mode of operation was used in order to reduce heating of the
samples to acceptable levels. Pglsévlength was 220 nsec. at
a repetition rate of 60 Hz., A magnetic lens was used to focus and
position the beam 6n samples mouhtedlon the cold finger of a
dewar, kept at 77°K. Both sample and electron gun were in theA
same vacuum chamber. The emitted tight was focused either on the
entrance slit of a motor driven monochroﬁator fitted with a S-11
Photomultiplier tube or directly to the photomultiplier through a
single slit. The output of the detector was observed with either
a Hewlett-Packard éampling scope, triggered from a portion of the
incident beam, or displayed on a strip chart recorder. More details
on the experimental setup appear in (2).

The samples were prepared by cleaving two Fabry-Perot

faces parallel to the ¢ axis of the CdS platelet. The experimental"
data presented here was obtained using a crystal 1000 x 150 x 10
microns thick. The 150 microns is the cavity length. The samples

were mounted on the copper finger of the dewar with indium solder.
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LASING ACTION AND LASER MDDES

~Ainnmber'of authors.have used various criteria to indicate
the presence of 1asing action in pulsed Sémiconductor lasers.
Supérlinearity of the output light intensity as a fuﬁctiop of
pumping current, spectral nafrowingvof'the 1ight-emission, spatial
coherence, a well- deflned frequency mode pattern and the abrupt
appearance of spatlal modes are criteria typlcally employed. A
detailed ana1y51s of the appllgablllty of such crlterla is
presented in reference (2). It isAcbncluded that a satisfactory
qper&fional indication of the onset of'lasing'actidh is‘given by
the sudden occurence of sharp Fabry-PefOt ﬁbaes at puﬁbing
current densities corresponding to the upper end of the superlinear
region of the output intensity curve plotted 1ogarithhically as a
function of excitation current.

Figure 1 shows the dedected light output, integrated over
both wavelength and time as a function of pumping current density
for three different elecfron beaﬁ voltages. It is evident from
a comparison of the three curves that the current required to
‘produce saturation in the light emission éhifts rapidly to higher
,valﬁes as the excitation voltage is reduced. Changes of a similar
nature have been observed in GaAs and ZnO lasers (4)(5). The
curves in figure 1l illustrate the linear increase of the light
output at low pumping levels, a supérlinear region indicative of the
présence of significant stimulated emission, and a second linear
(saturated)'region above threshold. Figure 2 shows fhe spectral
nature of the light output, integrated over time, for two beam
current dens1t1es at a beam voltage of 30 kv. These high visibility

mode curves occur for a current of approximately 3.0A/cm2 which
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correqunqs to the upper end of the superlinear region of
the 30 kv. curve in figure 1. Thus it may be said that

lasing action occurs in this crystal for current.densities

above 3.0 A/cmz. This threshold current is higher than that
measured for several other crystals of similar dimensions.
Threéhold currents between 1.0 and 2.0 A/cm2 have been observed

by myself at 30 kv. Aritome has observed threshold currents of
approximately 2.6 A/cm? maximum for CdS platelets pumped with a

20 kv electron beam. For the crystal used in this experiment the
threshold current at 22 kv. is approximately L.0 A/cmz. Thus it
seems that the crystal used for this experiment is a high threshold
crystal relative to thresholds typically obtained by myself as well
as others. These thresholds are less than the 7.0 A/cm? threshold
obtained for a bulk CdS crystal used.by Shewchun (2) or for the |
bulk crystals of CdSe (L). However, for the ZnO platelets of
reference (5), the threshold of the CdS platelet examined here

is much larger than the reported 1.8 A/cm? at 30 kv measured for

Zno.
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- WAVELENGTH TUNING OF THE STIMULATED EMISSTON

Because of the short pulse modé ofpoperation, the light

emission is a function of time. There is a delay between the start

- of the electron pulse and the peak of the stimulated‘emission at

a given wavelength. This delay varies linearly with wavelength at
a rate of approximately 1. 45 A/ns at 22kv,~ 85 A/ns at 30kv, and
.65 A/ns at 40kv, and is 1ndependent of pumplng 1nten31ty. A set

of photographs showing the delay in the stimulated emission pulse

‘as wavelength is changed are shown in figure 3. Figure.4 shows

a typical plot of the delay time versus wavelength for a current
density of 3.6 A/cm® at 30 kv. Since a plot of the delay time

t at the peak of the light intensity output versus ﬁavelength

shows an approximately linear relationship, a tuniﬁg rate R in
Angstfoms per nsec can be calculated at each pumping éurrent
density. The conditibns of view for the data in,figure 4 are

with the monochromator aligned along the cavity axis in a plane
perpendicular to a cavity face (0° condition) and thé-:adiation
sampled through a 1° slit. Figure 5 shows the variation of the
tuning rate R as the current den31ty is 1ncreased for ‘the three
beam voltages, 22, 30, and 40 kv. It will be noted that the
initial increase in R to longer wavelengths with'pumping current
dengity is followed by a saturation region. This saturation region
is cloSely_related to lasing threshold at‘the thrée beam voltages.
The rectangular boxes in figure S indicate the region éf lasing
threshold. These reéults are consistent with thoée ;oted by
Gar51de for Gals and CdSe (4) A comparison with the saturated
tuning rate of 1 1 A/ns at 35 kv for CdS bulk crystal with a lasing

~ threshold of approximately 7.0 A/cng measured by Shewchun (2)

appears consistent with these measurements when the lower threshold



values for the platelet used here are taken into account.
Wavelength tuning rates measured on CdS platelets with
t+hresholds between 1.0-2.0 A/cm? at 30 kv showed no saturation
effects and were about .04 g/ns. This.rate can be compared with
the rate of .14 X/ns per 1 A/cm2 taken at 20 kv* by Aritome
which élso revealed no saturation effects (1). Wavelength tuning
measurements for spontaneous luminescence from CéS bulk crystals
(2) gave values of .17 X/hs at 3.9 A/émz.and 30 kv beam. It is
also intetesting to note that the-ZnO platelets examined by;
Shewchun (5) revealed no rapid waﬁelength tuning for his low

threshold crystal with a threshold of approximately 1.8 A/cmz.

*  Account must be taken of the beam voltage used by Aritome.
Meagurements taken of the CdS platelet here show the
{unlngdrate increases dramatically as the beam voltage is

owered.



ANGULAR TUNING OF THE STIMULATED EMISSION

The emitted light in a given radial directioﬁ in the plane
containing the laser axis and the electron beam path was detected:
by a photomultiplier tube emplo&ing afsingle slit aperature. The
detector signal was observed throﬁgh the time window of a sampling
oscilloscope and recoaded on a x;y recorder. By varying the radial
direction of the‘phototube, a plot'of the light intensity versus
angle for a given delay time after the start of the electron beam
pulse could be obtalned. Figures 6 through 13 show sets of far
field rad;atlon patterns plotted as a function of deviation angle
from the cavity axis (0°) observed at different times following
the start of the pump pulse. Negatlve angles represent the
quadrant toward the electron beam. Figures 9 and 10 in addition
show the far field radiation patterns as a function of deviation
angle integrated over all time At 30 kv and 3.6 A/cm2 the
deviation angle for all tlme is approxlmately 3°. At 40 kv and

3.2 A/cm2 the deviation of the far fleld intensity pattern
integrated over all time is approxibately 0°. In figures 6 through
12, the far field intensity pattern appears to be centered at
approxlmately 0° with several peaks appearlng at dlfferent angles
in time. | |

Figure 13 is the far field pattern for a point on the crystal
where the light output followed'the shapeiof the electron pulse.
rather than peaking as inpfigurevS. The far field pdattern for the
spontaneous light is quite different than the far field patterns
observed for stimulated light. Figures 6 through 12 all show that
angular tuning as described by Kawasaki (3) for crystals many times

thicker than 10 microns does not occur.
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DISCUSSION

It appears that £apid wavelength tﬁning~cf the stimulated
emission occurs in crystals having a sufficiently high laser
thresﬁold. The transition to rapid wavelength tuning isn’t
abrupt, hgwever, since the rapid tﬁhing effect of the stimulated
emissioh'is superimposed on severél othértwavelength tuning
"rates such as thermal tuning and wﬁvelength {uning due to angular
tuning which are smaller in magﬁitﬁde. Beldw the'onset of rapid
tuning, such non-saturation tuning effecté'asthe thermal tuning
ofvspontaneous emission dominaté; F?rthermore since rapid
waveléngth tuning rate appeats td depend‘on the saturated gain
i.e. the electron-hole pair denéity, then as this density increases
until satﬁration so does the tuﬁiﬁgvrate. If the eleétron-hole
pair saturation density is approiimétely the same for most |
semiconductors i.e. similar losseg, then this would account for observed
rapid tuning rates for various semiconductors being approximately
equal (2)(4). - |

B. Kawasaki has hypothesiiéd.{hat there Wﬁuld be no angular
deviation of the far field patterﬁ for platelets which are thin
enough to completely coﬁfine the laser spatial mode within the
pumped region of the crystal. My platelet which was 10 microns |
thick was too thick to completély.verify this supposition. However,
as the beam voltage was increaséd; the angﬁ}ar»deviation of the
far field pattern approached zeto;  Instéad of thé deviated far
. field pattern swinging towards the axis as the time.delay after
the start of the pumping increased, the far field pattern exhibited
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intensity peaks which apﬁeared at different angles in time
about the deviated angle of the'fér field paftern. There were
Severai intensity peaks noted for any delay time, suggesting
several spatial modes existing at the same time within the cavity.
The threshold currents for these higher order ﬁodes are very
similar-if the modes ”“fill” the cavity-and closely spaced, unlike
the situation occuring in bulk crystéls where only one spétial N
laser mode exists in the cavity. |
For bulk crystals the losses due to diffraction of the near
field into the unpumped region, gdiff; are quite large. However,
for thin enough platelets where.thé laser spatial mode fills the.
cavity, gqjgs should be quite small. If ggjff is very small then
t+he variation ofthf@shﬂ&icurrent will not be as rapid with voltage.
In a rough way, if the mode fills the platelet one might suppose
that the threshold would occur at apprPximately fixed input energy
(i.e. constant necessary number of éleétron-hole pairs). From
figure 1, o | |
| 22kv. Vxi- 4.0x22=288
30 kv Vxi-~ 8.0 x 30 =090
40 kv Vi~ 2.0x40 = 80
where V is the beam voltage, and i is the current density.
The approximately constant energy numbers support the idea of
»gdiffssmall and the mode "fills” the platelet.
The spatial mode assumed by Kawasaki for a semi-infinite
cryétal is not applicable to‘thin platelets. The laser spatial
mode wasldaléuiated.for €dS assuming a semi-infinite crystal

and the value of the amplitude at 10 microns from the surface

was noted to see if it were significant.
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The results of the calculatlon are plotted.in figures 14, 15

and 16 for various index step values.v The index step changes were
calculated using data for the variation of index step with
temperature (6) and temperature profile curves shown in figure 17.
The sour;es of refractive index and thermal parameters are given
with figure 17. Figures 14, 15.and 16 show that even for large
index step changes corresponding tqvex{remely large temperature
increases between the pumped énd unpumped region, the amplitude
of the laser spatial mode is still'quite large at 10 microns.

The equation® for the spatial mode ;f (3) probably over-estimates
the gain at x = d since the gain should decrease smoothly across
this region. For this reason the calculation was repeated using
Bogdankevich’s ”sechz" model for the spatial mode. Figures 18,

19 and 20 show the spatial modes for various index changes.

Bogdankevich’s model tends to underestimate the gain at x = d

- for two reasons. Firstly, the "sechz" model is parametrized to be

equivalent in half-height width of gain to the truncated gaussian
shape of differential energy loss (dE/dx) of the electron beam (8).
The gain shape thus doés not reflect the profile broadening effects
of'gain saturation. OSecondly, this model also lacks the profile
broadening which would be caused by carrier diffusion. This model
does, however, include a tailing-off of gain toward the unpumped
region, in direct contrast to the model bfA(S).

The actual spatial mode lies somewhere betweeﬁ these two
models for a semi-infinite crystal. In any case the modes as
calculated by Bogdankevich and Kawasaki assuming a semi-infinite

crystal always sees the far face of the platelet for small index

changes and their corresponding temperature changes between the
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pgmped and unpumped regions. Thus_spatial modes derived from
gemi-infinite crystal models are inappliéable‘&i( platelets of
this thickness and the angular results for the platelet used in
this experiment can not be completely explained using Kawasaki’s

and!Bogdankevichfs modgls. Instead the laser spatial mode
within the platelet must be solved for
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Figure 1 Light output Intensity integrated over
wavelength and time vs. pump current
density for CdS.
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Figure 2 Mode spectra integrated over all time
for beam voltage 81‘ 30 kv. The dewar
temperature is 77 K.
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Figure 3 Delay shift as wavelength is changed.
Current density 3.2 A/cm?, Beam voltage
4O kv. Time base is 20 ns/div.
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Figure |
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Figure 5

Plot of the tuning rate R to longer wavelengths
against pumping current density. Temperature| is
T770K. Conditions of view are 00 with a 10 slit.
The rectangular boxes indicate the ranges of
laser threshold - current density.
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Figure 6 Far field radiation pattern at various
times after the start of the pulse.
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Figure 7 Far field radiation pattern at various
times after the start of the pulse.
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Figure 8

Far field radiation pattern at var tous
times after the start of the pulse.
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Figure 9 Far field radiation pattern at various
times after the start of the pulse.
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Figure 10 Far field radiation pattern at various
times after the start of the pulse.



1 | l I I ' 1 I - i

. 40 kv
3.2 Azcm?

(alb)




Figure 11

Far field radiation‘pattern at various
times after the start of the pulse.
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-Figure 12

Far field radiation pattern at various
times after the start of the pulse.
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Figure 13 Far field radiation pattern at various times
after the start of the pulse for spontaneous
light. '
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Figure 14 Spatial mode calculated from Kawasaki's

' semi-infinite crystal model. The solid lines
represents the depth of the pumped region.
ag = 13 cm-1(7) Beam voltage 22kv. Realistic
temperature rise lies between 39K to 250K
(depending on pumping current density) as

-obtained from temperature profiles like those
in figure 17. ,
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Figure 15

Spatial mode calculated from Kawasaki's
semi-infinite crystal model. The solid
lines represents the depth of the pumped
region. a8g = 13 cm-1 Beam voltate 30 kv.
Realistic temperature rise lies. between

3%K to 25°K (depending on pumping current
density) as obtained from temperature
profiles like those in figure 17.
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Figure 16

Spatial mode calculated from Kawasaki's
semi-infinite crystal model. The solid lines
represents the depth of the pumped region.

3g = 13cm-1 Beam voltage is }j0 kv. Realistic
temperature rise lies between 39K to 250K
(depending on pumping current density) as
obtained from temperature profiles like those
in figure 17. »
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Figure 17

A

Calculated temperature profiles of beam-
pumped CdS at an initial temperature of
77°K. (The plots are in 4O ns steps).
Thermal diffusivity = .636 cm@/sec, thermal
conductivity = 1 w/cm®k, specific heat =
.078 cal/gm®k, density = L.82 gm/cm3.
Equation for calculation obtained from (3).
The straight lines indicate the depth of the
pumping region. These depths have been
calculated from (8). Refractive index

data from (6).
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Figure 18 Spatial mode calculated from Bogdankevich’s
semi~-infinite crystal model. The solid lines
represents the depth of the pumped regiomn.
ag = 13 cm-1(7) Beam voltage 22kv. d = .6

microns.
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Figure 19 Spatial mode calculated from Bogdankevich’s

’ semi-infinite crystal model. 'The solid lines
represents the depth of the pumped region.
ag = 13 cm-1(7) Beam voltage 30 kv. d = 1.0
microns. :
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Figure 20 Spatial mode calculated from Bogdankevich’s

. semi~infinite crystal model. The solid lines
represents the depth of the pumped region.
ag = 18 cm-1(7) Beam voltage 40 kv. d = 1.7
microns. :
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