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Equivalent time sampling of repetitive high speed signals continues to pro-
vide significant performance enhancements for present and future generations of
measurement instrumentation.

The Error Sampled Feedback Loop (ESFL) continues to play a major role in
providing signal acquisition accuracy in the front-end of sampling oscilloscopes.
Finite memory gating time effects in the ESFL and related signal distortions are
analyzed and the signal to noise ratio is optimized.

For over two decades state of the art sampler (harmonic mixer) has been the
key component in determining performance in sampling-enhanced measurement
systems. This is why improved analysis methods providing more accurate results,
new circuit concepts contributing to higher performance, as well as new sampling
applications are relevant and are included in this thesis.

In the area of sampling time bases two new system concepts are described.
These include a programmable sequential strobe generator and a predictive
pseudorandom sampling time base concept. New applications of the sequential
sampling technique in a phase-locked-loop based high resolution time interval
measurements are also examined. This new subsystem is the heart of the new
predictive pseudorandom sampling time base with potential applications in high
resolution sampling oscilloscopes.

The last chapter of the thesis describes the results of the research directed
toward the feasibility of the first electrooptic sampling system based on a sem-
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SAMPLING ENHANCED MEASUREMENT SYSTEMS

1. INTRODUCTION TO SAMPLING ENHANCED MEASUREMENT SYSTEMS

The impact of ultra wide band sampling on instrumentation was clearly
marked in 1966 [HDB66] by the announcement of a series of high performance
general purpose instruments.

Although sampling as a measurement technique at that time had been
around in sampling oscilloscopes for more than fifteen years [CR59], its applica-
tion in general purpose instruments, such as sampling voltmeter, vector voltme-
ter, network analyzer just has started to emerge. In these instruments sampling is
used to extend conventional measurement techniques toward the microwave
region.

In microprocessor controlled programmable instrumentation sampling turns
out to be the right signal conditioning technique required to match the information
flow rate in high speed analog and digital signals to the digitizing, storing and pro-
cessing rate of the application specific hardware.

With the emphasis on sampling enhancements the following sections briefly
describe the basic signal sampling techniques and their implementation in sam-
pling based instruments, followed by an overview of the applicable analysis and
synthesis methods. Finally the research objectives of the thesis are stated fol-
lowed by an overview of the procedures and results.

1.1 REAL TIME SAMPLING TECHNIQUES

Most of the real time sampling techniques described in this section are used
in sampling nonstorage and storage oscilloscopes, sampling waveform analyzers
and recorders.

1.1.1 Real Time Sampling with Free Running Serial Strobe

In this signal sampling method (Fig.1.1) a free running oscillator, uncorre-
lated to the sampled signal determines the timing of the serial strobes. The time
position of the recorded samples is measured with respect to the trigger event.
Pretrigger and post-trigger signal information is available without additional signal
delay (delay line) in the vertical signal path.
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Figure 1.1 Real Time Signal Sampling with Free Running
Serial Strobe

The timing resolution in the displayed/recorded waveform is determined by
the largest of the period of the sample clock or the rise time of the sampler.

1.1.2 Real Time Sampling with Triggered Serial Strobe Burst

In this new signal sampling technique (Figure 1.2) a triggerable phase-
locked oscillator generates a clock burst. The phase of the burst is triggered at
the trigger event.
The length of the pretrigger portion of the recorded waveform is determined by
the difference between the additional delay (delay line) in the vertical signal path
and the delay from the trigger event to the first strobe in the acquisition window.

The timing resolution is determined as in the previous method by the largest
of the strobe period or the rise time of the sampler.

1.1.3 Real Time Sampling with Triggered Parallel Strobes

This signal sampling technique (Fig.1.3) is capable to acquire data from a
single transient event. Delayed versions of the same signal are sampled in paral-
lel channels.

The pretrigger portion of the waveform record is determined by the differ-
ence between the additional delay in the vertical signal path and the delay from
the trigger event to the strobe in channel 1.

The timing resolution is determined by the largest of the interchannel delay
or the rise time of the individual sampler channels.
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1.2 EQUIVALENT TIME SAMPLING TECHNIQUES

These techniques are applied in state of the art sampling nonstorage oscillo-
scopes, digitizing oscilloscopes, sampling waveform analyzers and waveform
recorders.

1.2.1 Equivalent Time Sequential Sampling with Single Strobe

This new technique (Fig. 1.4) is applicable only for repetitive, not necessarily
periodic signals. Pretrigger information is limited by the delay 'C. Time resolution is
determined by the largest of the strobe delay increment or rise time of the
sampler.
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r:=>Delay
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Figure 1.4 Equivalent Time Sequential
Sampling with Single Strobe
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1.2.2 Equivalent Time Sequential Sampling with Strobe Burst

This technique (Fig. 1.5) can be used only with repetitive signals having the
same shape in the acquired record length.
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Multiple samples are taken for each trigger event. The timing of the strobe
burst is increased sequentially, like in the case of a single strobe. The timing
resolution is determined by the largest of the strobe burst delay increment or rise
time of the sampler. Pretrigger information is available only if the vertical signal is
delayed in a delay line.

1.2.3 Equivalent Time Predictive Pseudorandom Sampling with Single
Strobe per Trigger Event

This new signal sampling technique (Fig. 1.6) The time interval between the
previous trigger and the present trigger is monitored and measured in this new
signal sampling technique (Fig. 1.6).

The timing for the start of the present acquisition window is determined by
the previous trigger. In the process of determining the time position of the strobes
two reference events can be used. If the signal jitter is the needed information in
this case the previous trigger event is taken as timing reference for the trigger to
strobe time interval measurement. In the second case the goal is minimum
acquisition jitter, hence the timing reference for the strobe is the present trigger.

The predictive nature of the sampling is provided by controlling the length of
the acquisition window delay to be less than the previous trigger to present
trigger time interval. In terms of the notations in figure 1.6 Tprevious is used as
an estimate for Tpresent. The strobe generation is enabled at the start of the
acquisition window. The time position of the strobe is measured using a new,
improved timing resolution Sampling Enhanced Dual Vernier Interpolation tech-
nique.

This sampling technique increases the probability of acquisition of a signal
sample inside of a narrow time window and provides in this way significant
improvement in reducing the total window acquisition time.

No delay (delay line) is needed in the signal path. Unlimited pretrigger and
posttrigger time is available around the trigger event.

The timing resolution is determined by the largest of the time interval meas-
urement resolution or the sampler rise time.

1.2.4 Equivalent Time Random Sampling with Free Running Strobe

In this sampling technique (Fig. 1.7) a free running oscillator determines the
timing of the strobes.

Assuming that the strobe is uncorrelated to the signal and the sampling pro-
bability density is uniform over a sample clock period T on the time scale, the
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time it takes to acquire N samples in a window w<T is NT2/w. For narrow acquisi-
tion windows, i.e. w«T the acquisition time gets prohibitively long. The new
predictive pseudorandom sampling, described earlier solves this problem.

1.2.5 Coherent Sampling on Subharmonics and Harmonic Mixing

Synchronization circuits in synchronous communications and count-down
circuits in microwave instrumentation are just two examples for the application of
the coherent sampling technique on the subharmonic of the signal. The basic
idea is to sample the signal at a variable frequency determined by a voltage con-
trolled oscillator incorporated in a harmonic sampling phase-locked loop. The
search in the tuning frequency continues until the frequency at the output of the
phase detector (harmonic mixer) converges to zero, when phase-locking occurs.
In this case the frequency of the voltage controlled oscillator is a subharmonic of
the input signal frequency and the reference for the phase/frequency detector is a
DC voltage level.

If the reference for the phase /frequency detector is an intermediate fre-
quency fi the sampling phase detector will operate as a harmonic mixer in a har-
monic sampling phase-locked loop. This subsystem is the heart of Transfer Oscil-
lators in microwave frequency counters, front-end mixers in spectrum and net-
work analyzers.

According to the harmonic sampling extension of the classical sampling
theorem a periodic signal with period fs, if it is sampled in an intermediate fre-
quency phase-locked loop having a sampling frequency fo from the carrier of the
fundamental component of the periodic signal and if the low pass spectrum is to
be a translation of the high frequency signal, the components centered around
the frequency 27c/T must not overlap the low pass spectrum. This requires that
mfo<1/2T, where m is the highest harmonic component in the high frequency
waveform and fo is the intermediate frequency. An example for the spectrum
translation by harmonic mixing is given in figure 1.8.

If the reconstructed signal carrier frequency is much less than the sampling
strobe frequency 1/T, the dominant harmonics of the of the high frequency signal
will be accurately preserved. This theorem is at the basis for designing intermedi-
ate frequency, harmonic sampling phase-locked loops based frequency transla-
tors. A large class of frequency counters are using similar architecture, some of
them measuring up to 40 GHz [SMM80].
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1.3 SAMPLING ENHANCED INSTRUMENTATION

1.3.1 Sampling Oscilloscopes and Digitizing Oscilloscopes

Basic sampling oscilloscope circuits and sampling techniques are
comprehensively explained in [MJA70].

The front-end of a sequential nonstorage sampling oscilloscope is shown in
figure 1.9.

Part of the sampling oscilloscope front-end is the Error Sampled Feedback
Loop (ESFL), which is the subject of Chapter 2 of the thesis.

The Trigger Generator provides a start event for the Stewing Strobe Driver.
The output of this circuit is the strobe drive pulse which is sequentially delayed
(slewed) with respect to the trigger event. The Strobe Generator driven by the
strobe drive pulse samples the input signal applied to the RF input. The sampling
gate takes samples from the difference (error) signal between the input and the
the feedback signal at the output of the Feedback Attenuator. The error is
amplified in the AC Error Amplifier and integrated in the Analog Memory during
the conduction of the Memory Gate. The output of the Analog Memory is the vert-
ical output signal. This output is fed back to the input Sampling Gate, which
operates as a high speed comparator. Each sample value held in the Analog
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Memory serves as an estimate for the next signal sample. At the next strobe the
error signal is sampled and the cycle is repeated.

A digitizing Oscilloscope has a sampling front-end followed by an A/D con-
verter. The Error Sampled Feedback Loop in this case performs the function of a
Sample and Hold circuit. Conversion in the A/D converter starts synchronously
with the trailing edge of the Memory Gate drive pulse.

1.3.2 Sampling Voltmeters and Vector Voltmeters

The block diagram of a Random Sampling Voltmeter is illustrated in figure
1.10.

If the input signal is a sine wave and is asynchronously sampled by the sam-
pling gate the signal at the output of the sampler is a random signal.

The ensemble of random samples has no time relationship to the original
signal, but the statistical properties are preserved, i.e. the peak, average and
RMS values. In order to retain the statistical properties at the sampler output the
input signal need not be periodic, and a synchronization circuit is not needed.
The probability density function can be determined from the sampled data values.
This function for several deterministic signals are determined and illustrated in
[BTJ66J. The random (uncorrelated) strobe timing is achieved by frequency
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modulated clock.

The block diagram of a Sampling Vector Voltmeter is shown in figure 1.11.
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This front-end is a dual channel down-conversion circuit, which transforms
the microwave input signal into an intermediate frequency preserving the ampli-
tude and phase relationship of the original signal. The measurements are per-
formed at the intermediate frequency using conventional methods.

The sampler in one of the channels is included in a phase-locked loop and is
driven by the Voltage Controlled Oscillator (VCO). A search signal is applied to
the VCO input in order to sweep within the tuning range around the frequency of
the input signal. The search stops when the phase acquisition occurs.
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1.3.3 Network Analyzers

The sampling front-end of a dual channel frequency converter (Test and
Reference), used in a network analyzer is represented in figure 1.12.
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Figure 1.12 Frequency Converter in a Network Analyzer

The two Harmonic Mixers are driven by an autotuning local Voltage Con-
trolled Oscillator (VCO) such that an intermediate frequency IF is generated at
the output of the mixer. Amplitude and phase measurements are performed at a
lower intermediate frequency after a second frequency conversion.

In conjunction with a set of high performance directional couplers this net-
work analyzer is capable of measuring S-parameters at microwave frequencies
up to about 40 GHz.

1.4 RESEARCH OBJECTIVES AND OVERVIEW OF THE THESIS

The major objective of the research is to develop new sampling systems and
circuit concepts and related analysis and synthesis methods, which provide per-
formance enhancements to the existing measurement instrumentation in general
and to sampling oscilloscopes in particular.

The results of the four closely related research directions aimed toward the
achievement of the major objective are summarized in the following overview.

The first chapter is an overview of the existing and new signal sampling
techniques as well as of the sampling enhancements in instrumentation.
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The research described in the second chapter addresses the system level
modelling problem and the development of the necessary analysis and synthesis
methods to predict performance level, stability and noise optimization for the error
sampled feedback loop.

In the third chapter new, predictable performance sampling gate structures
and associated strobe generator circuits are analyzed. The chapter concludes
with suggested solutions for the time domain metrology/calibration problem.

The development of two new, higher performance sampling time base sys-
tem concepts is the subject of the forth chapter. These are the equivalent time
sequential and the predictive pseudorandom sampling time bases. The results
obtained on the associated subsytems and circuits are closely examined.

The research, described in chapter five is aimed toward the feasibility of the
first electrooptic sampling system with calibrated deflection factors, based on
short optical strobe pulses generated by a semiconductor laser.

The thesis concludes with the research results and suggests subjects for
further study and development work.
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2. THE ERROR SAMPLED FEEDBACK LOOP

2.1 Introduction

The Error Sampled Feedback Loop (ESF.L) is one of the most significant
innovations in sampling oscilloscope circuit design. Its importance results from
the fact that it allows a high speed, but otherwise nonlinear and unstable sam-
pling gate to operate as a comparator/null detector. It solves several major prob-
lems: reduces the strobe radiation into the signal line, improves the linearity of
the dot response in an increased dynamic range providing in the same time fast
recovery from overdrive. Each of these attributes will be considered next.

The strobe radiation into the signal source is mainly due to two major effects.
One is due to unbalanced strobes driving a balanced gate or balanced strobe
driving an unbalanced gate. In the early years of sampling oscilloscope design it
was recognized that a balanced strobe generator is needed in order to minimize
the strobe radiation (kick-out) into the input signal source. The second effect,
which is present even with perfectly balanced strobes, is due to the amount of
charge transfered from the signal to a temporary storage (hold) capacitor. In an
open loop system, if the storage capacitor is discharged after each sample to the
same reference level (zero), the strobe kickout is dependent on the instantane-
ous value of the input signal in the sampling moment. In the case of highly over-
sampled signal the ESFL provides significant improvements in reducing the
second mentioned strobe radiation effect.

The second problem solved by using the ESFL is related to the nonlinearity
of the sampling efficiency. The sampling efficiency is defined as the ratio of the
amplitude of the voltage step on the temporary storage capacitor to that applied
to the input of the sampling gate. This is a nonlinear function of the input signal
amplitude. Operating the sampling gate in an ESFL reduces the nonlinearity con-
siderably, for highly oversampled signals due to the fact that the sampling gate
operates on a small portion of its nonlinear transfer characteristics.

The ESFL provides expanded linear dynamic range close to the limits deter-
mined by the strobe amplitude.

The ESFL allows DC offsetting and windowing of large signals within the
dynamic range without the signal distortions and unwanted delays associated
with the recovery from overdrive of conventional, wide band amplifiers.
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The ESFL operates in the following way: sequential sampling is assumed
with a sufficiently low time step during which the signal increment is lower than
the strobe amplitude. During the strobe pulse, the voltage change on the hold
capacitor is proportional, but only a small fraction of the sample to sample incre-
ment on the input signal. The response of the feedback loop to that small voltage
change following each high speed strobe is such that it charges the hold capaci-
tor to the actual value of the input signal. An ESFL satisfying this condition by
definition has unity dot response. From this results, that the feedback to the hold
capacitor has to be positive with over unity open loop gain.

Vi

O

The block diagram of an ESFL is illustrated in figure 2.1.

Vs=ViVf

AC Amplifier
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I

Figure 2.1 Error Sampled Feedback Loop

2.2 CHARACTERIZATION IN THE TIME AND FREQUENCY DOMAIN

2.2.1 Gated Positive Feedback Loop

As it was mentioned earlier, in order to satisfy the condition for unity dot
response the feedback to the hold capacitor has to be positive and with over unity
open loop gain. For the purpose of stabilizing such a system a second gate,
called Memory Gate of duration Tm has to be inserted in the loop. A system like
this is a Gated Positive Feedback Loop (GPFL) and its simplified model is shown
in figure 2.2.

The hold capacitor Cs charged with Qs=erlVsCs is equivalent as initial condi-
tion with a series voltage generatoriVs in series with ; driving the GPFL, where
g(t) is the transconductance of the AC Amplifier, Tm is the memory gate width,
Cm is the analog memory capacitor and RF is the equivalent feedback resistor of
the sampling gate biasing network.

The Sampling Gate and the Memory Gate are synchronously driven by the
strobe generator. Considering the system initially in steady state (relaxed) the
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Figure 2.2 Gated Positive Feedback Loop

application of balanced strobes to the sampling gate generates a charge Qs on
the hold capacitor Cs. The response of the AC Amplifier to this charge is
integrated in the memory capacitor during the conduction interval of the memory
gate.

The sampled data system model of the ESFL is given in figure 2.3.

B y (n i1

Error
Amplifier

w

w e (n)

Feedback
Attenuator

B

Analog

c Adder

Memory
and

Delay
Element

Figure 2.3 Sampled Data System Model for the ESFL

2.2.2 Transfer Function of the Error Sampled Feedback Loop

The difference equation characterizing the time domain behavior has the fol-
lowing form:
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y(n)=y(n-1)+e(n)A1 /Cm formg(t)dt (2.1)

e(n)=x(n)-By(n-1) (2.2)

where A= forward gain
B. reverse gain (attenuation)
i= sampling efficiency
g(t)= transconductance of the AC Amplifier
Tm= memory gate pulse width
Cm= memory capacitor

.3.,>*vv.015 PAt 316.

romea...1

i

Figure 2.4 ESFL Step Response for w=1

Denoting by w the dot response as being the product of the sampling
efficiency and the open loop gain we obtain:

y(n)=y(n-1 )(1 -w)+x(n)w/B

Taking the Z transform of both sides in (2.3) gives

Y(z)=z-1 Y(z)(1-w)+X(z)w/B

(2.3)

(2.4)
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Hence the transfer function in the frequency (Z) domain is:

H(z)=Y(z)/X(z).(w/B)/[1-(1-w)z-1] (2.5)

Taking the inverse Z transform of H(z) results in the impulse
response h(n) which has the following form:

h(n).(w/B) /(1-w)" (2.6)

A

WM

Ed

3 '.! ..

AP

Figure 2.5 ESFL Step Response for w=0.6665

2.2.3 Step Response of the Error Sampled Feedback Loop

The step response of the ESFL is the convolution of the impulse response
with a unit step function. The unit step function has the following form:

y(n)=0 for n<0
y(n)=1 for r7.0

The step response u(n) then is expressed as:

u(n)=Eh(m)y(n-m)=Zh(m)=E(w/B)(1-w)"'=
.(1/B)[1-(1-w) " +1] (2.7)
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2.2.4 Stability Criteria for the Error Sampled Feedback Loop

The condition for stability of the ESFL can be derived by either using the
impulse response or the transfer function in Z domain. In order to satisfy the sta-
bility criteria the impulse response has to be a convergent series in the time
domain. This is satisfied for w<1 i.e. for less than unity dot response. In the case
of w>1 i.e. over unity dot response, h(n) is an alternating sign series and it is con-
vergent only if the absolute value of the terms i.e. /h(n)/ is convergent, hence the
condition w-1<1 or w<2.

In the frequency domain the stability criteria restricts the position of the poles
of the transfer function to be inside of the unit circle. The transfer function H(z)
has a pole at z=1-w and the condition /z/ <1 means w<2.

2.2.5 Comparison Between Computed and Measured Results

A comparison between the computed step response and the measured
values for two different values of the dot response w is given in tables 2.1 and
2.2.

n 0 1 2 3

u(n) [Computed] 0.6665 0.8887 0.9629 0.9876

u(n) [Measured] 0.6665 0.8875 0.9625 0.9875

error[%] 0 -0.143 -0.04 0.01

Table 2.1 Computed and Measured Values for the ESFL
Step Response (w=0.665)

The measured maximum error is 1.3% and is mainly due to the nonlinearity
of the dot response. Zero error on the first dot is due to the fact that the first value
(n=0) of the normalized step response u(0)/(1/B)=w is taken as the value of the
dot response w. The measurements for the three dot response values, performed
on a 7854 digitizing oscilloscope using differential cursor measurements are
shown in figures 2.4, 2.5 and 2.6.

2.3 FINITE MEMORY GATING TIME EFFECTS

Three side effects that have been identified of interval sampling in the ESFL
will now be examined.
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n 0 1 2

u(n) [Computed] 1.3725 0.8612 1.051

u(n) Measured] 1.3725 0.85 1.0625

error[ %J 0 -1.3 +1.094

3 4

0.98 1.007

0.975 1.0125

-0.51 +0.546

Table 2.2 Computed and Measured Values for the ESFL
Step Response (w=1.3725)

Figure 2.6 ESFL Step Response for w=1.3725

The first side effect is loop gain instability due to positive feedback during the
conduction period of the memory gate. This is one of the factors determining
changes in the ESFL dot response.

The second side effect is related to the nonlinearity of the memory gate
transfer function and results in a nonlinear dot response of the ESFL within the
dynamic range.

The third side effect results in the blow-by distortion. This distortion is related
to the response of the Gated Positive Feedback Loop (GPFL) to the charge
transfered ("blown-by") through the capacitance of the input sampling gate during
its off state.
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Solutions to compensate for these effects are suggested in the following
sections.

2.3.1 Interval Sampling Memory Gate

The first parameter to be determined in conjunction with the Memory Gate is
the finite duration of the memory gating time interval. In order to minimize switch-
ing transients in a current switching gate it is desirable to change the state of the
switch when the signal current through the switch is zero or minimum. This sug-
gests a transconductance pulse shaper of the form given in figure 2.7.

A
Transconductance
g (t)

Memory Gate Width

Tm

Time
t

Figure 2.7 Transconductance Pulse Shaper

The AC Amplifier Pulse Shaper (Fig.2.1) has to provide the time dependent
portion of the transconductance g(t). The scaling factor or the control of the dot
response is determined by a time independent variable gain.

The time dependent portion of g(t) can be decomposed into three exponen-
tial functions. The exponential time constant determines the position of the real
poles in the complex plane while their weighting factors determine their residues.
A synthesis example is given in figure 2.8.

Accurate control of the time dependent portion of the transconductance gc(t)
in closed loop is required in a variety of applications. One of these applications
examined in this thesis is in the signal to noise optimization by designing the
GPFL as a matched filter.

In order to approximate accurately the shape of the transconductance gc(t)

in closed loop with g(t) in open loop, the effect of the positive feedback has to be
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Figure 2.8 Real Poles and Their Residues in the
Time Domain Synthesis of g(t)

made negligible during the memory gating time. Three solutions has been applied
successfully: feedback in common mode, delay in the feedback path and optical
isolation between the sampling gate and the AC amplifier. These solutions will be
described next.

2.3.2 Feedback in Common Mode

In this solution (Fig. 2.9) the feedback signal for the sampling gate is applied
as a common mode signal for the differential error amplifier. The closed loop tran-
sconductance gc(t) can be determined from the inverse Laplace Transform of the
transfer function in the frequency domain as given by,

Gc(s)=G(s)/[1-1/(sCm)G(s)R(s)] (2.8)
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where, G(s) is the Laplace transform of g(t),
Gc(s) is the Laplace transform of gc(t),

and R(s) is the Laplace transform of the common mode rejection
of the balancing input network combined with that of the
differential amplifier.

For simplicity the overall gain in sampling mode from the input to the output
is chosen unity by eliminating the feedback attenuator, i.e. B=1 in accordance
with the previous notation.

Sampling
Device
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Cs

Differential
Error
Amplifier

Strobe

R

Feedback

Memory
Gate and
Analog
Memory

Figure 2.9 GPFL with Feedback in Common Mode for
the Differential Error Amplifier

The common mode rejection of the differential amplifier in conjunction with
the balancing network R Cs and R CB in the frequency band occupied by the
feedback signal determines the closed loop transconductance gc(t) of the error
amplifier during the memory gate. In this case the role of the memory gate
reduces to the simple integrate and hold (I/H) function. The effect of the positive
feedback is negligible and gc(t).g(t).

2.3.3 Delay In the Feedback Path or Forward Path

A second approach to reduce the effect of the positive feedback during the
memory gate is to connect an analog delay line in the feedback path having a
group delay longer or equal to the duration of the memory gate (Fig.2.10).

One alternative approach, which, is widely used in present generation of
samplers places the delay in the forward path. The delay is implemented by using
a slow response memory amplifier (Miller integrator) (Fig. 2.11).
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Figure 2.10 GPFL with Delay in the Feedback Path
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Figure 2.11 GPFL with delay in the Forward Path

These two stabilizing approaches require longer settling time to the steady
state values in comparison with feedback in common mode described earlier.
Hence the loop can be operated at comparatively lower sampling rate. If the set-
tling time of the loop is violated, by operating at higher sampling rate, the initial
conditions for the new sample are determined by the remaining of the previous
transient response. The overall unwanted side effect is a sampling rate depen-
dent offset.

2.3.4 Optically Isolated Feedback

If an Electrooptic Sampler is operated in an ESFL the error signal and the
feedback signals are optically isolated from each other (Fig. 2.12).

The optical isolation of the feedback signal is providing the best approxima-
tion of the closed loop transconductance gc(t) with g(t). It has also other
significant advantages, and performance enhancements which will be examined
later in this paper.
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Figure 2.12 GPFL with Optically Isolated Feedback
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Figure 2.13 Tracking Memory Gate in an ESFL

2.3.5 Tracking Memory Gate

Differential
Memory
Gate Drive
Current

In an ESFL the error signal, after it is amplified and shaped, is transformed
into a current and then transmitted through the memory gate to the memory
capacitor. One of the major objectives in the design of a memory gate is to
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Figure 2.15 Reduced Model for Blow-by Distortion

reduce the amount of unwanted charge injected into the memory capacitor by the
gate switching signal while maintaining acceptable linearity and stability of the
ESFL dot response in a wider dynamic range. Improved circuit topologies have
been investigated in order to accomplish this objective. It is concluded that, for
high speed operation of the memory gate, differential current steering switches,
requiring low amplitude switching signals are most appropriate. In order to satisfy
these requirements a new memory gate (Fig. 2.13) has been developed in which
the the memory gate switch bias is tracking the signal on the memory capacitor.

This circuit configuration provides a wider linear dynamic range and an order
of magnitude faster operation than the present generation of sampling systems.

2.3.6 Blow-by Distortion in the ESFL

The ESFL with two gates, high speed at the input and memory gate with
finite duration is subject to blow-by distortion.
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Figure 2.16 ESFL Step Response with Blow-by Distortion

Conceptually the magnitude of the blow-by distortion can be computed by
considering for each time value the charge neutrality condition (Fig. 2.14 and
2.15). The instantaneous value of the blow-by distortion i.e. sampled, stored and
the value fed back is such that it will generate equal but opposite value of charge
at the memory capacitor compared to the charge blown-by through the off state
capacitor CD of the sampling device ( diode or photoconductor switch). The
charge neutrality condition can be formulated in the following form:
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"VBBOli 50Ting(QC4 COI(CS÷CD)
stt+Tmg(ec_Tm)dr=0 (2.9)

Where, VBB(t)= time dependent blow-by distortion and
if= the impulse efficiency

The impulse efficiency Ili can be defined as the peak value of the error voltage at
the input of the error amplifier divided by the voltage step applied to the input. It is
determined by the redistribution of the captured charge on the input circuit struc-
ture.

The analytical expression of the blow-by distortion results from the charge
neutrality condition (2.9):

Input

0

VBB(t)=

RI

Cri(CD+Cs) ftt-i-Tmg(C-Trn)dt

fOTMg(VdC (2.10)
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Figure 2.17 Blow-by Compensation with Inverting Amplifier

The step response of an ESFL affected by this blow-by distortion is illus-
trated in figure 2.16.

The dot response w has been defined as

ABVC f oTmg(c)4 (2.11)

Differentiating the integral in w with respect to its upper limits gives the sen-
sitivity of the dot response w as a function of Tm, which has the following form:
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Figure 2.18 Blow-by Compensation with Differential Error Amplifier

The sensitivity of the dot response is zero if g(Trn)=0. This is the condition for
minimum sensitivity of the dot response to the variation in the memory gate width.

Compensation methods and circuit configurations are divided in two groups:
Compensation circuits in the first group (Fig.2.17) use an inverting amplifier and

neutralize the charge transfered through the sampling device, while in the second
group (Fig.2.18) the error amplifier is a differential one and the useful! signal
charge plus unwanted blow-by is applied to the noninverting input and compensa-
tion charge to the inverting input.
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A new feature shown in figure 2.19 is the capability of the system to selfcom-
pensate its blow-by distortion.

The compensation process is shown in figure 2.20.

The microcomputer controls the timing of the strobe generator and the pulse
generator. The maximum distortion occurs on the samples A and G. After the
measurement is performed in A and then in B using the ND converter the micro-
computer controls through the D/A converter the Blow-by Control Voltage VBC
such that the sample A moves into During the same time the samples E, G
and I will move in the appropriate samples F, H and J.

Measurements performed on a commercial sampler with and without com-
pensation are shown in figure 2.21.
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Figure 2.19 Sampling System with Selfcompensating Blow-by Distortion
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Figure 2.20 Selfcompensation of the Blow-by Distortion

2.4 SIGNAL TO NOISE RATIO OPTIMIZATION

2.4.1 Matched Filtering

Assuming that the two-sided noise spectral density is white and equal No/2
in (watts/Hz) for a known finite duration signal si(t) the impulse response of the
optimum linear filter is given by the signal run backwards in time from the instant
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Figure 2.21 Blow-by Distortion Measurement

Tm at which the maximum signal to noise ratio occurs. This filter is normally
referred to as a matched filter. Hence in the time domain:

gopt(t)=2K/Nosi(Tm-t)

where, K=constant

The corresponding expression in the frequency domain is given as,

(2.13)

Gopt=2K/NoSi(co)exp(*Tm) (2.14)

Hence the matched filter is sometimes referred to as a conjugate filter.

The signal and noise at the output of the filter are formed as follows. The sig-
nal term will be considered first. Since

SOW=G0pMS#)=210/0IS#0)12eXp(-1(.1)Trn)

where So(co) is the Fourier transform of so(t),

it follows that

(2.15)



so(t)=2K/Noj,:GIS;(0))12expfico(t-Tm)]dco/27c=
=2K/No f,:3S;(co)expOio(t-Tm)( Loc7si(v)exp(-jcov)dvidco/27c=
=2K/No j_.:°si(v)dv :coSi(w)expaco(t-Tm-v)doila=
=2K/No L:si(v)si(v-t+Tm)dv (2.16)

Denoting by rss(t) the autocorrelation of se) as defined by

rss(t). J,:°si(v)si(v-t)dv

then the output signal so(t) can be written in the form

so(t)=2K/Norss(t-Tm)

(2.17)

(2.18)
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Thus the matched filter output signal is proportional to the autocorrelation func-
tion of the input signal or the inverse Fourier transform of the input signal energy
spectral density.

The average noise power at the output of the matched filter having white
noise input is given by

no2(t)=1/27c 1,71Gopt(co)12N0/2dco (2.19)

The optimum signal to noise ratio is:

(2K/No Lisi(v)12dv)2
S/N(Tm).

f.e.:°(2K/N0)21S;(0))12N0/2do)/27c (2.20)

The use of Parseval's relation

.1,:ysi(v)J2dv=j,:31Si(co)12do)/27T.E (2.21)

where, E is the input signal pulse energy leads to the optimum signal to noise
ratio given by:

S/Nopt(Tm)=2E/No (2.22)

The signal to noise ratio is less than the optimum value for any other time t
which is different than Tin.



2.4.2 Application of the S/N Ratio Optimization to the ESFL

An application of the S/N ratio optimization is shown in figure 2.22.
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Figure 2.22 Application to the Matched Filter Based
S/N Ratio Optimization

The input (error) signal and impulse response of the matched filter are illustrated
in figure 2.23 .
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Figure 2.23 Input (error) Signal and the Impulse Response
of the Matched Filter

The output of the pulse transformer TR (Fig. 2.22) for each sample is an error
pulse s(t), of the same shape as g(t), which has been approximated with a cosine
square function (Fig. 2.23).
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si(t)=cos2[n/Tin(t-Tm/2)]

g(t).cos2[-(t-Tin)]
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Figure 2.24 SPICE Modelling of the S2 AC Amplifier/Pulse Shaper

The gain in the signal to noise ratio is approximately three times compared
to the asymmetrical exponential function. As an end result 0.6mV tangential noise
performance has been achieved at 2.4GHz bandwidth, compared to 2mV tangen-
tial noise level for the case of the exponential input signal.

2.4.3 Error Amplifier Impulse Response

The key element in optimization is the approximation of the cosine square
(or gaussian) function for the error AC Amplifier. The function of the amplifier and
pulse shaper (Fig. 2.1) is to transform for each input sample the exponential
pulse occuring on the temporary storage capacitor Cs into an impulse current of
the form of g(t). If the positive feedback during the memory gate duration has
been made negligible, using one of the stabilizing methods described earlier, the
closed loop transfer function gc(t) can be approximated with the open loop
transfer function g(t).
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Figure 2.25 SPICE Modelling of the S6 AC Amplifier/Pulse Shaper

The Laplace transform of g(t) having three dominant real poles has the
form:

G(s)=Gos2/1"(s-p1)(s-p2)(s-p3)1 (2.25)

Assuming pi>p2>p3 the corresponding impulse response g(t) is then given by,

g(t)=ReziG(s)}1s=p1exp(p1 t)+Rez(G(s))1p2exp(p2t)+
+Rez[G(s))1s903exp(p3t) (2.26)

An approximation with three real poles followed by a synthesis with parame-
ter optimization using SPICE can give satisfactory results. An example of model-
ling the AC amplifier and pulse shaper for the S2 and S6, Tektronix sampling
head are given in figure 2.24 and figure 2.25 respectively.

The measured results are found to be in reasonably good agreement with
the results obtained by the SPICE simulation.
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2.4.4 Filtering Performance of the ESFL

Additional improvement in the signal to noise ratio can be achieved by
reducing the loop gain in the ESFL. The filtering performance will be evaluated in
the time and frequency domain.

In the time domain the impulse response of the ESFL is given by

h(n) =w /B(1 -w)" (2.27)

In the case of highly oversampled signal which is the case in general for
equivalent time sampling the improvement in the signal to noise ratio is deter-
mined by the filtering performance of the ESFL operating at less than unity dot
response (w <1).

The variance of the response of a sampled data system to a random gaus-
sian noise characterized by its variance, is given by

Var(Vo(w))--.En._::(h(n,w)12VariVi) (2.28)

where Vary ) means variance of ( )

The noise filtering performance hence the signal to noise ratio improvement
is given by

Var(Vo(w))Nar(V0(1))=Elh(n,w)12/Z1h(n,1)12. (2.29)
.w2/B2E1(1-w)^12/(1/13)2.w/(2-w)

The improvement in the signal to noise ratio is given by the factor

f(w) =(w/(2-w)J1/2 (2.30)

In the frequency domain the results are the same, but require longer compu-
tations.

2.4.5 Experimental Results on Filtering Performance

The additional filtering effect has been verified by measuring the RMS value
of the output noise of the ESFL due to the input noise of the sampling head for
four different values of the dot response w.

The loop step response used to measure the values of the dot response are
given together with the filtering performance in figures 2.26, 2.27, 2.28 and 2.29.
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Figure 2.26a ESFL Step Response for w= 1.1224

OPM

Figure 2.26b Filtering Performance f(w)=1.131
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Figure 2.27a ESFL Step Response for w=1

OPM

1111111111111111111111111111

111111-111111111111

NEM

11111111111111111111111111

1111M1111101111111111

Figure 2.27b Filtering Performance f(w).-.1
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The theoretical and measured noise performance improvements are com-
pared in figure 2.30.
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Figure 2.30 Theoretical and Measured Noise Performance
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The measured noise values and computation results as well as the error
between the predicted and measured noise improvement factors are given in
Table 2.3
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w 1.1224 1 0.6359 0.2203

f(w) 1.131 1 0.6826 0.3517

VRms[myl 1.1174 1.0503 0.660 0.32806

VRms(w)NRms(1) 1.0638 1 0.6285 0.31225

error[ %J +6.3 0 +8.6 +12.6

Table 2.3 ESFL Noise Filtering Performance
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3. STATE OF THE ART IN SAMPLER SIMULATION AND VERIFICATION

3.1 INTRODUCTION

Samplers and sampling gates evolved together with the technology of
switching devices. The first vacuum tube based sampling gate having a respect-
able bandwidth of 35MHz was developed in 1950 [JJM50], which was followed by
the first microwave diode sampling gate in 1957 with a bandwidth of 600MHz
[CR59]. A new series of waveform samplers entered the instrumentation market
in 1966-69. These were the dual Schottky diode samplers with a 12.4GHz
bandwidth [GWM66] and the traveling wave sampling gate having a 14GHz
bandwidth [FGJ68]. They covered the need for high speed signal and component
characterization and still are the state of the art in time domain metrology.

The performance level of general purpose sampling enhanced instrumenta-
tion continues to be determined by the microwave sampler/harmonic mixer. Fre-
quency counters up to 40GHz using harmonic mixer based transfer oscillators
was introduced in 1980 [SMM80.1 and they are still the state of the art in harmonic
mixer design.

The purpose of this chapter is to examine the two, four and six diode state of
the art sampling gate structures using the available nonlinear circuit simulation
tools, like the transient analysis portion of the SPICE program in order to predict
more accurately the behaviour of the circuit and its specifications. This is followed
by the description of strobe generator circuit concepts and their modelling. Finally
new calibration problems and their solutions are discussed.

3.2 SAMPLING GATE STRUCTURES

The most important parameters characterizing a high speed sampling gate
are: sampling efficiency, impulse efficiency, transfer capacitance and input
dynamic range. These parameters will be considered for each of the individual
gate structures.

The sampling efficiency is determined by the ratio of the initial, input signal
related voltage "step" that occures during the strobe pulse on the first temporary
storage element to the amplitude of the input signal change, that caused the
"step" to occur. Different component may perform as temporary strorage ele-
ments depending on the sampling gate structure. For example, in a classical two
diode sampler the strobe coupling capacitors, in a four diode (bridge) gate the
capacitor connected to the output of the bridge and in a traveling wave sampler
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the signal charge capturing transmission line section, all may act as storage ele-
ments.
It is important to distinguish between the sampling efficiency and impulse

efficiency of the overall sampling gate structure.

The impulse efficiency, which is always smaller than the sampling efficiency
reflects the response of the network between the temporary storage element and
the input of the error amplifier. It includes the sampling efficiency, the effect of
the opposite polarity strobe charges accumulated on the temporary storage ele-
ment and in most of the cases is the only measurable quantity. It is defined as
the peak value of the voltage/current pulse at the output of the sampler divided by
the input signal change, that generates the pulse after the action of the strobes.

A third parameter characterizing sampling gate structures is the transfer
capacitance. It is defined as the ratio between the charge captured from the sig-
nal source or generated by the signal source during the interaction with the
strobe pulse (as it is the case in optical sampling) and the magnitude of the vol-
tage step applied to the input of the gate.

The input dynamic range is defined as the ratio between maximum measur-
able and minimum resolvable signal amplitudes.

3.2.1 Two Diode Traveling Wave Sampling Gate

The two diode traveling wave sampling gate (Fig. 3.1) operates as follows.
During the positive and negative polarity strobe pulses the high speed switching
Schottky diodes D1 and D2 are conducting and the signal is propagating on the
transmission lines TL1 and TL2 from the input toward the strobe generator. If the
duration of the strobe pulse is shorter than the propagation time on TL1 and TL2,
the signal charge is trapped on the transmission lines.

Rg=Zo

V

111.

1
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Ri , ER
A A Vstr

R2 V VI 1-1 Feedback
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ARi

I ER

\A/th
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V

Figure 3.1 Two Diode Traveling Wave Sampler

Vstr+



The equivalent circuit during the strobe pulse is shown in figure 3.2.

Zo/2 Zo/2 R2/2

1\1\f-1.>
2Cs

V (x, t) R1/2

1 =vTs

Figure 3.2 Equivalent Circuit for the Two Diode Traveling
Wave Sampler

The stored signal related charge on the transmission line TL is given by

Qs(Td=afTsVg(t)/(2Zo+Rddt (3.1)

and the transfer capacitance is given by

CT=Os(Ts)/E

where, E is the amplitude of the step applied.

The sampling efficiency is determined by,

1=V(x,t)/E=Z0/(2Zo+Rd) for x<vTs and t<Ts

The impulse efficiency is given by

ii=Max(Vo(t))/E or

i i=kri vTsL

where, v= propagation velocity on the transmission line TL
L= length of the transmission line TL
k= normalized form factor determined by the shape of Vo(t)

(3.2)

(3.3)

(3.4)

(3.5)
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The upper limit of the dynamic range is determined by the reverse bias vol-
tage sources ER. Obviously the strobe pulses have to turn on the diodes D1 and
D2. For high speed samplers usually the amplitude of the available strobes deter-
mines the upper limit of the dynamic range. The lower limit is determined by the
noise level at the input of the sampler.
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Figure 3.3 Dynamically Biased Traveling Wave Sampling Gate

3.2.2 Four Diode Traveling Wave Sampler

A new dynamically biased four diode traveling wave sampling gate is illus-
trated in figure 3.3. The operation of the sampler and associated waveforms are
given in figure 3.4.

The balanced strobe pulses VSTR+ and VsTR_ turn on the diodes D1,D2,D3
and D4. The strobe pulses and the input signal propagate in opposite direction on
the transmission lines TL1 and TL2. Only the diodes D1 and D2 are reverse
biased by the floating voltage sources ER, diodes D3 and D4 are nonbiased
through the resistors R. The charge accumulated on the coupling capacitors C
dynamically reverse biases the diodes D3 and D4 during the transfer of the
charge captured from the signal on TL1 and TL2 to the input of the error
amplifier. The blow-by distortion is corrected using a differential error amplifier.

For simplicity only a half section will be considered with diodes operating as
ideal switches S1 and S2. The origine (x=0) of the x axis is at the switch S1.
Denoting by y(t) the unity step function, the input signal and the strobe at the
moment when the input signal charge trapping starts are illustrated in figure 3.4.
Assuming that the strobe is sequentially delayed by ti (referenced to the trailing
edge of the strobe) on the equivalent time scale, the rise time of the sampler for
an ideal step applied to the input would be determined by the round -trip time
between the switches Si, S2 and will be considered next.

In order to determine the rise time of the system the amount of charge cap-
tured between S1 and S2 must be calculated. For simplicity both the signal and
the strobe will be of unity amplitude and duration longer than twice the
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propagation time between the switches. The signal and strobe waveforms are
given by

VsIG=Y(x+xg-14)-7(x-vt) and

VsTR=y[x-i-xs+v(t-t))-y[x-i-v(t-t)J

where, xg= length of transmission fine occupied by the signal and
xs= length of transmission line occupied by the strobe

The charge captured between S1 and S2 has the form

(3.6)

(3.7)

Qs(c)= oft loty(t)-y(t-I)]dt=rlo for 0<t<d/v and (3.8)

.(d/v-K)lo for d/v<r<2d/v
where, 10=signal current step on the transmission line

d= physical distance between switches

In this case the rise time is given by

Tr=1.6d/v. (3.9)

3.2.3 Six Diode Traveling Wave Sampler

The six diode traveling wave sampler used in a commercial sampling head is
illustrated in figure 3.5.

The operation of the sampler is similar to the one described for the dynami-
cally biased four diode traveling wave sampler. The charge capturing section is
between the diodes D3, D4 and D5, D6. In addition to the four diode sampler two
diodes D1, D2 and a longer section of transmission lines, TL1 and TL2 are
included for the purpose of reducing the blow-by distortion and providing con-
tinuity of the transmission line for the signal and the strobe around the charge
capturing section. The reduction of the blow-by distortion is achieved by forming
a high pass filter from the capacitance of the diode D1, D2 and the resistors Rl.

3.2.4 Impulse Response Simulation

SPICE simulation of the six diode traveling wave sampler are shown in figure
3.6.

The impulse response is the derivative of the step response and can be
derived by numerical differentiation. For the purpose of comparison with meas-
urement results a 25ps pulse generator input has been simulated. Measured



51

TRAVELLING WAVE GATE 86
.0(33):
`0 .4000
0 .

.1(19)
-::- 2.000

IX 8 )

3.800
-1.908

82/06/25. 14.48.50
I I I

IN&

'Step Response

1.14/6.

,/

...-

Re
_

from

)ositive Strobe

I I

re ative Strobe

.

-...
.

. --. . . T 1 I I I I II I II 1 I

TE11110 . 27,0G

.aa v.
X10

ection

Open Diode

TI E

Figure 3.6 SPICE Simulation of the Step Response for a Six
Diode Traveling Wave Sampler

response is illustrated in figure 3.7.
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3.3 STROBE GENERATOR CIRCUIT CONCEPTS

3.3.1 Step Generation with Step Recovery Diodes

State of the art short electrical strobe generators exclusively rely on the fast
switching speed of the step recovery diodes.

One of the design goals in sequential sampling time base is to minimize the
delay in the critical path between the trigger input pulse and the first generated
strobe pulse. This delay determines the length of the delay line needed in the
vertical path between the trigger pick-off and sampling gate. The shorter the
delay the larger the bandwidth of the delay line and therefore that of the vertical
signal path.

Several circuit innovations aiming to accomplish this goal have been investi-
gated. One of the elements in the critical path is the step recovery diode driver
circuit. A drive circuit with low jitter and insertion delay is shown in figure 3.8.

Trigger 1

Input

+v Q +v

Ec

01

Rb

1\ A/-0
v

Step
Generator
Output

Step
Recovery
Diode

Figure 3.8 Low Jitter and Insertion Delay Step Recovery Diode Driver

The step recovery diode (SRD) driver circuit is basically a quasithyristor
formed by the two complementary transistors 01 and Q2. In steady state Q1 is
conducting and Q2 is forward biased to the limit of conduction. The low jitter and
insertion delay is due to the fact that the trigger pulse is applied to the base of an
already conducting transistor which turns on fast the prebiased transistor Q2
closing a positive feedback loop. The jitter is mainly determined by the shot noise
in the step recovery diode due to the forward current IF. The equivalent circuit for
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the SRD driver is shown in figure 3.9.
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Figure 3.9 Equivalent Circuit for the Step Recovery Diode Driver

The amount of charge stored in the SRD is determined by the forward bias
current and the carrier life time ti given by

Qs=t1F (3.10)

The instantaneous current i(t) in the driver circuit is given by the differential
equation

Ldi(t)/dt+1/Cli(t)dt+RsRpi(t)=Ecy(t) (3.11)

The solution of this equation is a damped sinusoidal current shown in figure 3.9.
In order to minimize the strobe amplitude change with carrier life time and tem-
perature the circuit component values has been chosen to operate the diode on
the peak of the first oscillation. At the moment Ts the charge is removed from the
diode and the current IM is injected into the transmission line with characteristic
impedance Z0. The amplitude of the step generated is

V -ZSTR- IM (3.12)

3.3.2 Strobe Parameter Requirements

For a given sampling system specification like rise time/bandwith, input
dynamic range and rms input noise, the most suitable strobe parameters can be
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derived for a given sampling gate structure.
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Microstrip to Slot line Balun
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Figure 3.11 Dual Balanced Strobe Generator Using
Coplanar Waveguide-Slotline Balun

The input dynamic range and the maximum deviation from unity dot
response within the same dynamic range is determining the required strobe
amplitude. For a given maximum input signal range +Vmax to -Vmax the strobe
amplitude has to satisfy the following condition



VsTR>2Vmax+ER+VD for two diode gate (3.13)
VSTR >2Vmax +ER +2VR +3VD for a six diode gate

where, VD= Schottky diode forward voltage
VR= Bias diode forward voltage, which is reverse

bias for the Schottky diodes
ER= floating reverse bias voltage source

(3.14)
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Another important requirement for the strobe pulse is the rejection of multiple
reflections of the main pulse from various discontinuities in the strobe generator
structure. If the second pulse is high enough amplitude to turn on the diodes
again the end result in the step response of the sampler is a second step
preceeding the main transition.

A second important requirement is related to the strobe radiation into the sig-
nal line. Reflection from small discontinuities in the proximity of the input connec-
tor have the final effect of baseline shift with the change in position or magnitude
of the discontinuity. The base line shift is a DC offset due to the fact that the
sampler takes sample from its own strobe reflected back from the discontinuity.

3.3.3 Balanced Strobe Generator Structures
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Sampler
Channeli

Slotline2

Zo=Zs

Figure 3.12 Dual Balanced Strobe Generator Using
Microstrip to Shorted Slotline Balun

The need for a balanced strobe generator for the purpose of reducing strobe radi-
ation (kick-out) into the signal source was emphasized earlier. The balancing
function is usualy performed by a balun. The basic function of a balun is to
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transform high amplitude (15-20V), short (70-100pS) singleended (unbalanced)
exponential pulses generated by a step recovery diode (SRD), into a balanced
pair of strobe pulses. In a large variety of applications there is a need for synchro-
nously sampling two different signals, e.g., in a dual channel waveform sampler
or a dual phase detector. For this purpose a dual balanced strobe generator has
been considered.

R =Zms

R=Zs

Zo =Zs

O=ZZinS

4--

Zo=Zs

R=Zs

Figure 3.13 Circuit Model for Microstrip Slotline Balun

R=Zins

Three different baluns have been investigated and modelled, based on:
microstrip-slotline (Fig. 3.10), coplanar waveguide-slotline (Fig. 3.11) and
microstrip-shorted slotline (Fig. 3.12) configurations. Their time domain models
are illustrated in figure 3.13, 3.14 and 3.15 respectively. The simulation examples
for the SRD driver and for different balun structures are the subject of the next
section.
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Zo=Zs

0 R=Zs 6
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R=2Zcpw

Figure 3.14 Circuit Model for Coplanar Waveguide-Slotline Balun
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3.3.4 Strobe Generator Simulations

This is an area where simulation tools have been really valuable. Having
relatively accurate simulation tool the actual problem is to build circuit models
which describe the behaviour of the circuit in the desired time epoch. For this pur-
pose a combination of direct time domain methods TDR and broadband fre-
quency domain indirect methods (network analyzer) followed by IFFT have been
used to determine the apropriate time domain model for unknown impedance
and/or field transition.

R=Zms

Shorted Slotline

1 Zo=Zs

Zo=Zms Zo=Zms

Zo=Zs

R=Zs
^^

Q

Figure 3.15 Circuit Model for Microstrip-Shorted Slotline Balun

-8-

R=Zms

The circuit description of the step recovery diode driver is shown in figure
3.16. The results of SPICE simulation are illustrated in figure 3.17.

As an example to illustrate the application of the microstrip-slotline balun a
two diode sampling gate has been simulated (Fig. 3.18). The SPICE results are
given in figure 3.19.

The simulation predicts a second strobe rejection of 5X. The bias voltage is
+/-2V and the amplitude of the strobe is +/-4V it is predictable that double strob-
ing will not occur. The rise time is 75ps which corresponds to a bandwidth of 4.5
GHz. The sampling efficiency calculated for a strobe gating time of 150ps using
previously available approximate methods is 25% while from the SPICE simula-
tion it is calculated to be 11.15%. The actual value of the sampling efficiency is
lower than 11% due to the inductance of the diode package.

It is relatively difficult to make measurements on balanced strobe pulses
without unbalancing them by the loading effect of the probe. An additional
difficulty in measuring slotline based balun performance occurs in selecting the
reference points for the measured voltages, since the slotline itself is already the
ground. To solve the first problem an additional measurement probe has been
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Figure 3.17 SPICE Simulation of the Step Recovery Diode Drive

used loading symmetrically the balanced line. Related to the second problem the
reference point has been chosen in the symmetry plane of the balun.
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Figure 3.18 Two Diode Sampling Gate Driven by a Strobe Generator
with Microstrip Slot line Balun

3.4 CALIBRATION PROBLEMS AND THEIR SOLUTION

3.4.1 The Time Domain Metrology Problem

Characterization of a device under test (DUT) in the time domain requires
detailed calibration information about the stimulus (generator) side as well as on
the response side (oscilloscope) of the DUT.

The calibration problem of high speed time domain instrumentation involving
the generation of a stimulus as well as the measurement of the response has
evolved together with the performance level of the stimulus and response, and
will be a problem in the next generation of state of the art instruments.

Historically the development of sampling oscilloscopes facilitated the evolu-
tion in performance and characterization of pulse generators but in their turn the
scopes themselves had to be characterized. Since the 1960's germanium tunnel
diodes placed in a low reflection transmission line environment has been believed
to be the fastest and lowest abberation step generator.

Only in recent years new prospects opened for solution of the calibration
problem, due to the invention of the laser driven photoconductor switch based
fast transition generator as stimulus and the electrooptic sampler as the
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Figure 3.19 SPICE Simulation Results for the Two Diode Sampling Gate

measuring device for the response. Present coliding pulse mode locked lasers
are capable of generating 0.1ps duration, 100pJ energy optical pulses. These
pulses have been used to generate a clean transition in a biased Cr:GaAs photo-
conductor placed in a transmission line while at the same time they are used to
sample the electric pulse in an electrooptic sampler. Composite response of
0.46ps has been reported (/J861.

Essentially the calibration problem can be formulated in one of the following
equivalent forms: Given the measured, composite response of the oscilloscope
to a stimulus, knowing the impulse response of the scope determine the "true"
input signal applied, or given the measured, composite response of a known
pulse generator determine the "true" impulse/step response of the oscilloscope.

Several signal deconvolution techniques in the presence of noise have been
attempted in the past [RSM76J [RSM78J [GW83]. The best results have been
achieved using the method suggested by Nahman and Guillaume 1NNS81].

In order to find the impulse response h(t) of the DUT in either transmission
or reflection mode a three step process is followed. First the composite response
r(t) of the stimulus and response is measured. Second the DUT is inserted and
the overall response d(t) is measured. Third r(t) is deconvolved from d(t) to find
h(t). Hence for measuring the time domain characteristics of the DUT only the
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overall response is needed.

The basic idea toward the solution of the calibration problem is to build both
the stimulus and the response measuring device of the calibration system simple
enough so that each of them can be modelled separately. Then by convolving the
two components the composite response is calculated and compared to the
measured one. The measurement setup for the composite response is shown in
figure 3.20
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Figure 3.20 Composite Response Measurement Setup

The reference flat pulse generator which is used as stimulus is described in
the next section.

3.4.2 Reference Flat Pulse Generator

In this new circuit the basic idea is to disconnect a steady state current from
a transmission line using high speed Schottky diodes. The simplified circuit
diagram is given in figure 3.21

In steady state the voltage -Vd applied to the diode D1 and D2 turns off the
diode D1 such as D2 conducts the current 11. Similarly the voltage level +Vd
applied to the diode pair D3, D4 turns off D3 and D4 conducts the current /2.
Dependent on the difference of the current 12-11 the output voltage in steady state
may be of either polarity. The step recovery diode SRD is forward biased through
the resistors R.

When the input drive step is applied and removes the charge from the step
recovery diode the fast voltage step that it generates, turns on the Schottky
diodes D1, D3 and the currents 11 and 12 are removed from the load resistor ZO.
The voltage at the output has a fast transition to the zero level. Using hybrid
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Figure 3.21 Reference Flat Pulse Generator

technology for the implementation a reference step can be generated with
significantly improved pulse aberrations following the step. The improvement is
mostly due to the balanced drive of the Schottky diode current switch.
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4. STATE OF THE ART IN SAMPLING TIME BASES

4.1 INTRODUCTION

Two new sampling time base systems have been investigated. The first one
is used to generate sequential strobes in the acquisition window, the second one
is a predictive pseudorandom sampling time base generating samples before the
arrival of the next triggering pulse and measuring the time position of the strobe
with respect to the trigger.

Sampling time bases, both sequential and random in the prior art have
exclusively relied on fast ramp and staircase/slow ramp generators to provide the
necessary sequential time delay (slewing) for the strobes. This has been accom-
plished in a fast comparator. Need for programmability, improved timing resolu-
tion, stability and accuracy determined the start of the investigation described in
this paper. A new synchronization concept using clock recovery digital phase lock
loop is also examined.

4.2 SEQUENTIAL SAMPLING TIME BASE

Major, critical parameters which have to be traded off in the design of a state
of the art sampling time base are related to the liniarity, accuracy of the fastest
equivalent time scale, trigger to first strobe insertion delay and trigger to acquisi-
tion window delay stability. In fact, minimization of the insertion delay and its sta-
bilization has been a continous challenge for the sampling time base designer.
The delay minimization is needed in order to reduce the length of the delay line in
the vertical path which is the dominant factor in the instrument rise time. On the
other hand the delay minimization has to be traded off for increased nonlinearity
and reduced accuracy.

A new sampling system which provides a good tradeoff between these
parameters has been investigated and related circuit concepts are described
here.

The major advantage of a sequential sampling system is its fast and accu-
rately predictable window acquisition time. Its main drawback is related to the
bandwith limitation in the delay line needed to acquire a time window around the
triggering event.

The basic idea is to consider the global time window of the instrument as a
huge address space in which two major parameters i.e the window delay (offset)
and time increment per dot (sample) are determining the acquisition window.
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This is accomplished by using a triggerable voltage controlled oscillator (VCO) to
provide a coarse delay step. The periode of the VCO is chosen as a binary
number multiple of the least significant time increment bit. Continuity between the
clock cycles is provided by a corrected linear tunable delay line with improved
timing resolution and short term stability (Fig. 4.1).

Examining the window delay stability in prior art time bases described earlier
(based on ramp, staircase and comparator) several destabilizing factors have to
be taken into account including the drift of the fast comparator, drift in the starting
level of the staircase voltage, drift in the starting level of the ramp voltage and
others.

Examining the insertion delay and nonlinearities which originated primarily
from the nonlinearities at the beginning of the fast ramp and slew rate dependent
delay in the comparator. The basic sequential sampling time base system com-
ponents are examined in the following sections.

4.2.1 Coarse Strobe Delay Generator

The coarse delay of the strobe has been accomplished by counting a
preloaded number of VCO clock cycles, counting enabled by the trigger pulse
(Fig. 4.2).
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Figure 4.2 Coarse Strobe Delay Generator

The accuracy of the VCO frequency is provided by a digital control loop including
a gated frequency counter and digital to analog (D/A) converter under the control
of a microprocessor.
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4.2.2 Strobe Interpolator with Tunable Delay Line

Interpolation between the clock cycles of the VCO has been done using a
tunable delay line shown in figure 4.3.

L=40nH
C=i0OpF
Cd=20pF @ 4V reverse bias
11=10k

n=7

Figure 4.3 Strobe Interpolator with Tunable Delay Line

Simulation for the tunable delay line for tuning voltages VT of -8V, -4V and
-1V are shown in figure 4.4, 4.5 and 4.6 respectively.
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Results of the measurements (Fig.4.7-4.10) are in good agreement with the
simulations.

4.2.3 Linearity Correction for the Tunable Delay Line

The characteristics of the delay versus tuning voltage for the tunable delay
line is a nonlinear function shown in figure 4.11.

7.4

5

7.0

3 4 5

6.6

6.1

5.65

6 7 8

5.25
4.9

4.6

Figure 4.11 Non linearity of the Tunable Delay Line
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The linearity correction control circuit (Fig. 4.12) produces a control voltage
for the tunable delay line. The control voltage is an adjustable function of the
magnitude of the digital control data input and may be adjusted to compensate
for nonlinear response of the delay line such that the delay time is subtantially a
linear function of the digital input to the control voltage source.

4.2.4 Trigger to Strobe Insertion Delay

The magnitude and the stability of the trigger to first strobe delay is a critical
parameter for a high performance sampling oscilloscope. The magnitude of the
delay determines the length of the delay line in the vertical path, while the stability
of the delay determines the acquisition window position on the time scale with
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Figure 4.12 Linearity Correction for Tunable Delay Line

respect to the trigger event.

As the typical temperature coefficient of the delay for an ECL logic gate is
1.5- 2pS,'°C, new means had to be developed to stabilize the delay to provide
improved timing resolution. This has been accomplished in a delay control loop
(Fig. 4.13), by monitoring continously the delay of the first strobe in the window
and applying numerical correction to the input of the tunable delay line such that
the trigger to first strobe delay is maintained at a constant value.
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Time Base
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Correction

Figure 4.13 Window Delay Stabilization Loop

4.2.5 Delay Line Compensation

The magnitude of the insertion delay in the trigger to strobe path determines
the length of the delay line which has to be inserted in the vertical path in
between the trigger pick-off and the sampler so that the leading/trailing edge
triggering the time base is displayed.

For bandwidth over 1GHz the delay line and its compensation network deter-
mines the rise time/bandwidth of the signal acquisition channel. Typical distortion
on the step response due to skin effect losses has the form of the complementary
error function:



u(t)=U0(1-erf 101/2) (4.1)

where, K. constant dependent on the length and quality
of the coaxial cable

The impulse response has the form:

du(t)/dt.K1t3/2exp(-K2 t)

where, K1 and K2 are cable dependent constants.

(4.2)
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Given the desired overall corrected network impulse response (for example
a gaussian pulse approximated by cosine square) the impulse response of the
correction network can be computed (Fig. 4.14) by deconvolution.
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Once the impulse response of the correction network is known it can be syn-
thesized to the desired accuracy using a number of exponential functions in the
cicuit topology shown in figure 4.15.
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Figure 4.15 Delay Line Correction Network Topology

4.3 PREDICTIVE PSEUDORANDOM SAMPLING TIME BASE

R6

The block diagram of a predictive pseudorandom sampling time base is illus-
trated in figure 4.16.

Random sampling in general has been developed to overcome the bandwith
limitation and the limited amount of pretrigger associated with sequential sam-
pling techniques. The strobe is generated by a free running clock with no correla-
tion to the signal or to the trigger event. Assuming a uniform probability density in
between the clock cycles of duration T the probability to acquire a sample in a
window of width w is P(w) =w/T. Hence the acquisition time of the window w
increases by a fator of T/w in comparison with the time required by sequential
sampling of the same window. This is a significant increase in acquisition time
for clock frequencies in the 50-100MHz range and acquisition windows in the 10-
100pS range.

The predictive pseudorandom sampling technique overcomes this drawback
of the common random sampling. This signal sampling technique has been
described in section 1.2.3. This approach increases the probability that a sample
is acquired in the signal window. The correlation of samples is accomplished by
measuring the trigger period and generating in equivalent time a linear sweep in
the predicted window.

Due to the random component of the repetition rate of the signal/trigger in
order to minimize the acquisition jitter of the reference timing point on the
acquired signal/trigger a high resolution time interval measurement has to be



MPU

0

Trigger
Level

DAChannel

i

/

Trigger Channel I

Armable
Comparator
Channel i

MPU Trigger
Level
Channel 2
D/A

Trigger Channel 2

Armable
Comparator
Channel 2

MPU External ArmableIN. Trigger
Comparator

--iv' Lev
D/A

el r-1>External

External
Trigger
Input

0 I>
Count
Down
Clock
Recovery
PLL

Strobe Sense

Prediction Coarse
Counter Delay and
Gate Prediction
Generator Counter

Triggered
Phase-locked
Oscillator

Reference
SAW
Oscillator

Armable I Triggered

--L>,Comparator hase -locked

(Strobe Sense oscillator

[

Interpolator
Delay and
Linearity

<4----1N Correction
.4

MPU

Binary

Ni
Counter

Binary
Counter
NO

Binary
Counter

Figure 4.16 Predictive Pseudorandom Sampling Time Base

MPU

Arithmetic
Logic
Unit

Strobe
Drive Pulse

Hetoad
Sampling

MPU



Start
Channel0 Trigger

Recognizer

L

MPU

Stop
Channel

Trigger
Recognizer

Si
MPU

C>.

Triggerable
Voltage Interpolator
Controlled
Oscillator

Counter

-1

L.r.;

Sequential
Sampling
Phase
Detector

Coincidence
Synchro-
nizer

ReferenceW

Oscillator

Sequential I 1>
Sampling
Phase
Detector

Triggerable
Voltage
Controlled
Oscillator

Coincidence
Synchro-
nizer

Interpolator
Counter

Frequency

Phase

r>.r
Locked

Detector Filter

Gated
Counter
Ni

Gated

NO
Counter

Gated

N2
Counter

Low
Frequency
Phase
Detector

Figure 4.17 Sampling Enhanced Dual Vernier Interpolator

ALU

ALU

ALU

Phase- 1

Locked
Loop
Filter



76

performed between the strobe and the oncoming trigger. This is accomplished
using a dual vernier interpolation method described in the next section.

4.3.1 Dual Vernier Interpolator

The goal for the investigation was to determine the limiting factors in
picosecond single shot time interval measurement and improve the technique by
using sampling enhancements in order for this technique to be suitable for appli-
cation in the predictive pseudorandom sampling time base.

The following factors have been identified as the dominant contributors to
the timing resolution of the single shot time interval measurement:

1. Phase Detector Resolution and jitter
2. Reference Oscillator jitter
3. Voltage controlled oscillator jitter
4. Phase-locked loop filter output ripple
5. VCO tuning sensitivity

The block diagram of the sampling enhanced dual vernier interpolator is
given in figure 4.17.

The sampling enhanced dual vernier interpolator consists of two triggered
phase-locked oscillators (TPLO) with frequencies fvo0=315.380MHz and a sur-
face accoustic wave (SAW) oscillator at fsaw=315.457MHz. The interpolation ratio
has been N= 4096 (12 bits) which corresponds to 0.774pS interpolated time step.

The phases of the two TPLO are triggered by the two input signals trigger
(start) and strobe (stop) respectively. The phases of the oscillators are monitored
by a dual sequential sampling phase detector and compared to a low jitter sur-
face accoustic wave strobe generator which provides the reference phase for the
phase detector. Two of the gated counters count the number of VCO cycles (N1
and N2) between triggering to the first phase coincidences, while the third gated
counter counts the SAW reference oscillator periods between the coincidences
(No). The measured time interval defined in terms of N1, N2, No and SAW oscilla-
tor period To is:

T=ToThio-F(N4-1)/N(N1 -N2] (4.3)

where N- interpolation factor
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The objective of this phase of the investigation is to enhance the time/phase
resolution using equivalent time sampling in the dual phase detector and to
develop a low fitter SAW reference oscillator used as phase reference.

Figure 4.20 First Cycles of the Start VCO after Triggering

5

A

Figure 4.21 First Cycles of the Stop VCO after Triggering

One of the major problem, which has been identified in the investigation of a
dual vernier interpolator with high interpolation factor (N=4096) is related to the
crosstalk in between the reference oscillator and the voltage controlled oscillator
through the sampling phase detector. Due to this crosstalk the VCO is injection-
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locked to the reference SAW oscillator. The minimum frequency difference which
has been achieved with careful microwave packaging at 315.5MHz was 5kHz
which corresponds to a interpolation time step of 0.05pS and it was mainly due to
strobe radiation from the sampling phase detector into the outputs of the two
VCO's (Fig. 4.18) (Fig. 4.19).

The VCO has been implemented on a thin film hybrid using a NOR gate and
feedback through a delay line, delay in the feedback tuned by a variable capaci-
tor. The temperature compensated linear tuning sensitivity is 1MHz/V 0 4V bias.

The first cycles after triggering of the start and stop VCO's are shown in
figure 4.20 and 4.21 respectively.

The closed loop transient response of the TPLO has been measured (Fig.
4.22) by applying a current step perturbation at the tuning input and monitoring
the response at the loop filter output. The loop has been approximated with a
second order loop with damping factor close to the critical damping.

MEE
Saill11111111iars,

,...111111111 Atilt=
1110111

Figure 4.22 TPLO Closed Loop Transient Response
Upper Trace: Current Perturbation at the VCO input
Lower Trace: Output of the Loop Filter

4.3.3 Surface Accoustic Wave Strobe Generator

One of the major factors in the timing resolution of the time interval measure-
ment subsystem is the jitter of the reference oscillator.
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Figure 4.28 Tracking Sample and Hold Phase Detector

The purpose of the investigation was to find a circuit configuration for a low
jitter (1pS), high amplitude (+20dBm) surface acoustic wave resonator based
oscillator which can be interfaced with a step recovery diode (SRD) driver cicuit.
The circuit diagram of the new SAW resonator based reference oscillator
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interfaced with the SRD is given in figure 4.23.

The SAW strobe generator has been implemented on a thin film hybrid cir-
cuit and the waveforms in the points A and B in figure 4.23 are shown in figure
4.24.

4.3A Dual Sequential Sampling Phase Detector

Prior to the development of the dual sampling phase detector the timing
resolution limits of the fastest commercially available D-type master-slave flip
flops have been investigated in phase detector applications. The test performed
at 200MHz clock rate consists of applying a low jitter asynchronous data of fre-
quency (200-A0MHz, where Af is the beat frequency in MHz . This corresponds
to a time step of 25AfpS/period. The typical behaviour of the best flip flops is
shown in figure 4.25, 4.26 and 4.27.
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11111111111 340.5+1-1.75)x0.774-
263+/-1.35pS RMS

Figure 4.29 Time Coincidence Jitter Measurement in
Sampling Enhanced Dual Vernier Interpolator

It is obvious that for picosecond resolution single shot time interval measure-
ments the D-type flip flop does not provide the necessary time/phase resolution
and a sequential sampling phase detector has to be investigated.

For this purpose a new tracking sample and hold phase detector has been
developed (Fig. 4.28).

In a fixed bias sampling gate the sampling efficiency is a nonlinear function
of the input signal amplitude. In order to minimize the effect of the nonlinearity it
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was shown in chapter 2 that the sampling gate has to be operated in an error
sampled feedback loop. The new tracking phase detector performs the function
of the ESFL. It takes samples from the input signal, holds its value and feeds
back the value held for the next sample. A fast strobed comparator connected to
the output of the tracking sample and hold detects the zero level crossing with
high speed and resolution. This sampling enhanced phase detector improved the
time/phase resolution of the dual vernier interpolator by an order of magnitude.

4.3.5 Experimental Results

The jitter of the phase coincidence has been measured for an interpolation
factor of N=4096 on the 315.5 MHz reference oscillator. A number of 12 meas-
urements shown in figure 4.29 result in 1.35pS RMS jitter (Least Significant
Bit=0.774pS).

4.4 SYNCHRONIZATION CIRCUIT CONCEPTS

4.4.1 Introduction
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Figure 4.30 Clock Recovery Digital Phase-lock Loop

Synchronization circuits in microwave frequencies (above 1GHz) in present
instrumentation are using tunnel diodes as free running oscillators. The purpose
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of the present investigation is to develop a synchronization concept based on
digital phase locked loop.

The new circuit concept described in this section is intended to recover a
synchronizing clock from a pseudorandom serial data stream resulting from the
downconversion of an ultrahigh bit rate data stream in a harmonic mixer.

The clock recovery digital phase-lock loop (CRDPLL) has been simulated
using state-of-the-art logic simulators and implemented on a gate array in HMOS
technology.

Finally the results of the simulations and measurements are compared.

4.4.2 Clock Recovery Digital Phase-lock Loop

A common technique in digital communication is to regenerate the clock at
the receiver end from the input serial data stream.

The new circuit described in this section is intended to provide noise and
glitch filtering capability in addition to the basic function.

The block diagram of the CRDPLL is illustrated in figure 4.30.
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4.4.3 Simulation Results

In addition to the functionality test the Togs simulation tool allows to perform
analysis of dynamic behaviour of the loop. For this purpose a positive and a
negative phase step have been applied to test the dynamic response of the
phase. Two different phase sampling rate (i.e. update rate of the 2bit memory)
has been simulated using two and three flip flops in the RCL12 clock divider. The
best transient response has been obtained with three flip flops in the memory
update clock.

The results of the simulation of the phase transient response for positive
phase step close to 180° and -180' are shown in figure 4.31 and 4.32 respec-
tively.

Frequency capture range has also been simulated and functionality verified.
The results of the simulation are shown in figure 4.33 and 4.34.

4.4.4 Experimental Results

The theoretical capture range of the CRDPLL is 11.52-12.52kHz. The meas-
ured capture range is 11.6-12.4KHz. The transient response of the phase has not
been verified experimentally.
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5. ELECTROOPTIC SAMPLER

5.1 INTRODUCTION

The performance level of measurement instrumentation has always been
influenced, if not determined by the advancements in semiconductor device tech-
nology. As an example the first sampling oscilloscopes were built by using regu-
lar junction diodes, followed by Schottky diodes as switching devices in the sam-
pling gate. Short pulse generation followed similar path starting with transistor
based blocking oscillator, then avalanche transistors driving step recovery
diodes. Obviously semiconductor technology benefited from the advancement in
high speed sampling instrumentation mainly in the area of device research and
characterization.

A revolutionary deviation from the traditional semiconductor component lim-
ited instrumentation occurred in 1982, when for the first time Janis Valdmanis and
Gerald Mourou at the University of Rochester demonstrated that short optical
pulses can be used for electrical signal sampling purposes using the linear elec-
trooptic effect in different electrooptic materials 1VJA821. Since the first demons-
tration of the system, it has been successfully used in different applications rang-
ing from characterization of dispersion on various transmission line structures
[KCJ85] to high speed device characterization [MKE85].

One of the objectives of this research is to determine the behavior of the
electrooptic sampler from DC to microwave frequencies and unveil the identified
problems and suggest possible solutions, which themselves might turn out to be
the subject of and provide directions for further research.

The second objective is to investigate the possibility of incorporating the
sampler in a measurement system with calibrated deflection factors and reason-
able throughput.

In the first section the potential impact the electrooptic sampling might have
on electronic measurement and instrumentation is examined after a comparison
with other alternative optical sampling methods.

The results of the investigation directed toward the generation of short opti-
cal pulses and their characterization are described in the second section.

In the third section a new electrooptic modulator structure is examined fol-
lowed by some experimental results.
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5.2 WHY ELECTROOPTIC SAMPLING?

5.2.1 Frontend Sampler Related Problems

One of the limitation in the present generation of sampling enhanced instru-
mentation is related to the sensitivity of the input to electrostatic discharge. Low
capacitance, small area Schottky diodes used in present generation of sampling
gates are limited by their maximum burnout energy.

A second limitation is in the dynamic range at the sampler input. One of the
factors determining an upper limit is the reverse breakdown voltage of the
Schottky diodes (3-5V) and that of the step recovery diode (15-25V) in the strobe
generator.

A third limitation is in the accuracy of the converted waveform in the region
where the blow-by distortion occurs. Although compensation circuits in one form
or another are always necessary, their effect on the high speed response is not
always accurately modelable and predictable.

A fourth limitation is due to the strobe radiation into the signal line during and
following the strobe pulse. Although in most of the cases the user is not even
aware of its existence it is a known "trouble maker" in very high speed low vol-
tage level circuit testing. One of the effect it has in internal triggering is that of
changing the timing of the trigger pulse by superimposing additively on it. In ran-
dom sampling this has the effect of multiple acquisition of the same point on the
waveform during the pulling time interval marked by a high intensity dot followed
and prceeded by an unsampled signal portion. This problem has not been solved
since the invention of random sampling. Another effect is pulling the timing of the
device under test which is a problem in accurate time interval measurement. Yet
another effect occurs when a discontinuity in the transmission line carying the
signal is close to the input connector of the sampler and reflects back the radi-
ated strobe to the input of the sampler. This has a cumbersome effect for the
traveling wave sampler in particular where a long strobe pulse with high speed
leading edge will reflect back from a closely spaced discontinuity and will be sam-
pled by the trailing edge of the same strobe pulse, resulting in an undesirable
offset.

Will all these problems be solved by using the electrooptic sampler? The
answer is: Yes, to a certain degree. Obviously electooptic sampler has its own
problem set, so the question is: what is the balance between the problems solved
and created?. This is the subject of the following sections.
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5.2.2 Alternative Optical Sampling Techniques
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Figure 5.1 Interdigitated GaAs Photoconductor Biased at -10V

Illuminated by a Short Optical Pulse
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Figure 5.2 InP Photoconductor Gap Biased at -10V
Illuminated by a Short Optical Pulse

Availability of short optical pulses from large laser system, pulses consider-
ably shorter, than what can be generated using electrical means, triggered an
ongoing research effort directed toward characterization of photoconductor
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switches. This work pioneered by D. Auston at Bell Labs started the research on
noninvasive optical testing of high speed devices and complex integrated circuits
[ADH75J. Recently GaAs integrated circuits have been tested using electrooptic
sampling technique [KBH86].

Radiation damaged semiconductors Si, GaAs and lnP used as high speed
switching elements using large laser systems has been demonstrated in many
laboratories. Relatively few results have been reported on their behaviour at low
energy levels of the semiconductor lasers.

Part of this investigation has been aimed toward the potential application of
semiconductor laser driven photoconductive switches in calibrated signal sam-
pling systems. The first parameter evaluated is related to the equivalent time
constant of the switch determined by the product between the lowest on resis-
tance while illuminated by an optical strobe and the electrode capacitance.
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Figure 5.3 Photoconductor Switch Test Circuit

If used in an error sampled feedback loop the blow-by distortion is the major
concern. If the time constant is equal to the gating time, the the blow-by distortion
is about 100%. Any of the compensation methods described in chapter 2 are
questionable to maintain the distortion level at a 1% level.

It is well known that radiation damage, while reducing the gating time
increases the series resistance of the switch. If the test to determine the switch
time constant are performed on undamaged devices the gating time will
correspond to the carrier life time in the semiconductor material only if the optical
pulse is shorter than the carrier life time. In this case the shortest switch time
constant will be compared with the longest gating time, which results in the
optimum blow-by distortion.



93

Series resistance measurements performed on interdigitated (5µ lines and
spaces) GaAs and on lµ and 2.t gaps of lnP switches are shown in figure 5.1
and 5.2.
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Figure 5.4 Sequential Sample and Hold for Measurement
of the Carrier Life Time in Semiinsulating
Photoconductor

The short optical pulses have been generated by a 780nm laser diode in a
50 Ohm system. The series peak resistance of the device under test can be cal-
culated from the equivalent circuit in figure 5.3 and has the form:

Rp=(ENp-1.5)50 (5.1)

where, Rp= is the series peak resistance
E=bias source voltage
Vp= measured peak voltage

The measured value for GaAs was 12.425kOhm and for lnP was
22.147kOhm. The laser has been focused to the photoconductors using a 0.23
pitch selfoc lens. The gap capacitance for InP was 0.12pF, which corresponds to
a switch time constant of 2.65nS.

The duration of the pulse in both cases is determined by the carrier sweep-
out time.
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Operating the two switches in a sequential sample and hold circuit shown in
figure 5.4 with highly oversampled waveform the response in both cases has a
typical exponential characteristic shown in figures 5.5 and 5.6.
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Figure 5.5 GaAs Response in a Sequential Sample and Hold Circuit
Carrier Life Time = 605.9pS

l

Figure 5.6 lnP Response in a Sequential Sample and Hold Circuit
Carrier Life Time = 432pS



95

The laser pulse focused with a selfoc lens to a fast silicon detector is shown
in figure 5.7. The response is mainly that of the detector i.e. 72.24pS. Streak
camera measurements with 2pS resolution performed on similar optical pulses
resulted in values about one third of the detector response.

InP photoconductor switches have been operated in an error sampled feed-
back loop. The signal was dominated by the blow-by distortion.

The photoconductor switch based sampler has been investigated as an
alternative solution for the electrooptic sampler. The overall conclusion is the fol-
lowing: optical pulses of about 2pJ energy generated by semiconductor lasers
and focused with selfoc lenses to illuminate lnP and GaAs photoconductor
switches are limited by their energy and provide unacceptably high series on
resistance. The useful charge transfered through the switch resistance is negligi-
ble in *comparison with the blow-by charge transfered through the capacitance of
the switch. For long optical pulses (>2.6nS for lnP) the resistive component
becomes dominant and the sampler can be used in a calibrated sensitivity error
sampled feedback loop with blow-by compensation.
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Figure 5.7 Laser Pulse Measured on a Fast Silicon Detector.

Assuming (according to the theory) that the photoconductor switch resis-
tance is inversely proportional to the peak power of the optical pulse, two order of
magnitude higher energy i.e. 200pJ is needed to operate the InP switch at 100%
blow-by and 20pS gating time. Radiation damage is mandatory at this switching
speed.
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5.2.3 Impact on Electronic Measurements

First the impact on component characterization is considered.

Recent advances in semiconductor technology have resulted in new classes
of high performance active devices like TEGFET's, MESFET's, HBT's, HEMT's
and PBT's. Characterization of these devices in the time domain is beyond the
capabilities of commercially available measurement systems.

Research and development as well as characterization of passive com-
ponents, like millimeter wave connector systems, distributed microwave filters
require resolution beyond the state of the art time domain reflectometry (TDR).
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Figure 5.8 Electrooptic Spectrum Analyzer

A second impact is expected on the resolution and accuracy of sampling
enhanced time interval measurements. The electrooptic sampler operated as har-
monic mixer provides better isolation between the reference oscillator and the
voltage controlled oscillator in a dual vernier interpolation based subsystem.

The third impact is related to new calibration techniques and capabilities.
Calibration of a state-of-the-art time domain measurement system remains a
challenging problem. Sampling enhanced equivalent time waveform recorders
with built-in high speed stimulus will continue to be the basic calibration reference
in time domain instrumentation. Calibration procedure and setup of a new refer-
ence flat pulse generator, using the electrooptic sampling technique were
described in section 3.4.2.
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5.2.4 Impact on Instrumentation

General purpose instruments should benefit from the large bandwidth of the
electrooptic sampler operated as harmonic mixer. The same class of instruments
developed two decades ago can be increased in performance by using the elec-
trooptic sampling. Some of the suggested sampling enhancements are shown in
figure 5.8, 5.9 and 5.10.
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Figure 5.9 Electrooptic Network Analyzer

The problems solved by the electrooptic sampler in general purpose instru-
ments are similar to those mentioned in the description of sampling oscilloscopes
i.e. sensitivity to electrostatic discharge, strobe radiation, upper limited input
dynamic range.

Other suggested instruments which might also benefit are those described in
the first chapter of this paper i.e. optical sampling vector voltmeters, optical sam-
pling vector impedance meters, optical sampling equivalent time waveform
recorders, millimeter wave frequency counters.

It is too early to conclude this way: As optics conquered slowly but steadyly
the field of communications now it might be the turn for the instrumentation and
measurements. Until then there are plenty of opportunities for innovation.

5.3 PICOSECOND OPTICAL PULSE GENERATION

Although recently reported measurement techniques using compressed
pulses from colliding pulse mode locked lasers are far beyond the capabilties
described in this thesis, the discussions will be limited only to the semiconductor
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There are numerous papers published in recent years on active modelocked,
passive mode locked and gain switched optical pulse generators, including
several review papers by Ho [HPT83] and van der Ziel [ZJP81]. Gain switched
laser generating 4pS pulses have been reported by Bimberg [BD84] and the first
colliding pulse modelocked semiconductor laser pulses of 0.8pS have also been
published [VPP86].
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The present research is limited to topics relevant to an equivalent time elec-
trooptic sampling. As in such a system triggerable light pulses are needed, gain
switched laser configuration has been considered exclusively.

Chirp in pulsed laser has been characterized in order to determine its contri-
bution to the offset of the sampler and to be used as input data for pulse
compression experiments.

A new measurement technique has been developed for characterizing the
phase noise in pulsed and CW semiconductor lasers. Laser phase noise is one of
the dominant parameters that determines the noise performance of the sampling
system.

Finally a novel short, high amplitude electrical pulse generator, suitable for
driving semiconductor laser diodes generating short optical pulses is described.

5.3.1 Frequency Chirp in Pulsed Diode Laser

It is known that gain switched semiconductor laser output pulse has a fre-
quency chirp caused by the index change in the optical cavity. The variation in
the index is due to carrier concentration change induced by the electrical drive
pulse.

For at least two different reasons it is necessary to know the wavelength dis-
tribution as a function of time. One reason is to determine the amount of offset
generated when the strobe repetition rate is changing. The second reason is to
determine the characteristics of the fiber needed in pulse compression experi-
ments starting from the chirp data.

The effect of the chirp is a function of the modulator material crystalline
structure. Crystals with static birefringence, like LiNbO3 and LiTaO3 will have a
more significant sensitivity to the chirp than cubic materials, like GaAs and InP.
The procedure to determine the offset caused by the chirp is the following. The
offset versus wavelength relationship will be determined in CW. Assuming that
the modulator has optical bias (which is true in most practical cases) the DC com-
ponent of the chirp induced offset will be calculated as a function of the duty fac-
tor ( i.e. FWHM of the pulse/ repetition period) (Fig. 5.11). The relation between
the offset voltage and the wavelength change is given by:

Voffset'A"OVIL12(2m+1)

where, AX, = wavelength change in the chirp
X0= center wavelength

(5.2)
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Vic= voltage needed for 180° phase shift
m = number of full 27c radian phase change on the

static birefringence of the crystal
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Figure 5.14 Wavelength versus Time in Chirped Laser Pulse

For a LiTaO3 modulator crystal with dimensions (25.4x1x1.27mm) Vic=163V,
and 2 v=780nm m=270 the offset voltage sensitivity to the wavelength change is:

Voffset/AX=56.5V/nm (5.3)

Typical wavelength sensitivity with temperature is 0.25nmf'C @ 780nm results in
offset of 14.125WC. This component of the offset could not be measured being
negligible with respect to the offset change due to temperature dependence of
the static birefringence. For these two reasons only, LiTaO3 is not a good
material choice in DC coupled, calibrated deflection factor sampling system.

From time resolved spectroscopy presented in the next section results that
the 780nm laser chirps within 40pS between 773nm to 781nm, i.e. 8nm/40pS.
This chirping rate is equivalent with a 452V linear ramp in 40pS. Multiplying this
ramp with the duty factor results in the offset change with pulse repetition rate.
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In order to measure the magnitude of the chirp and its time distribution the
method of time resolved spectroscopy is used and is described in the next sec-
tion.
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5.3.2 Time Resolved Spectroscopy

The instrumentation needed for chirp measurements in semiconductor laser
using the method of time resolved spectroscopy is shown in figure 5.12. and the
measurement results are illustrated in figure 5.13.

The multiple exposures has been recorded from 773nm to 781nm in 1 nm
steps by manually tuning the monochromator. The 780nm laser chirps 8nm within
40pS i.e. 0.2nm/pS average rate of wavelength change. The wavelength change
in time is illustrated in figure 5.14.

The effect of chirp on offset has been examined previously. In the following
section a new laser phase noise measurement technique is described.

5.3.3 Laser Phase Noise Measurements

The laser phase noise measurement setup is shown in figure 5.15.

The basic idea in the phase noise measurement is that the static
birefringence of the LiTaO3 crystal creats the delay between the ordinary and
extraordinary components of the laser light polarized at 45° with respect to the
modulator crystal C axis. Due to this delay the modulator behaves as a phase
discriminator.

Figure 5.17 LiTaO3 Modulator with and without the Crystal
in the Optical Path
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Figure 5.18 GaAs Modulator with and without the Crystal
in the Optical Path

The measured 16% noise modulation (Fig. 5.16) corresponds to 0.147nm
random wavelength fluctuation or phase noise.
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Figure 5.19 LiTa03 Modulator at 1300nm

This result triggered the search for cubic materials which have only induced
birefringence. Similar measurements have been performed on 1300nm laser on
LiTa03 and GaAs using the same laser and detector in the same setup. The
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results are shown in figures 5.17, 5.18, 5.19 and 5.20.

100. L_

Figure 5.20 GaAs Modulator at 1300nm

In conclusion LiTa03 material due to its static birefringence has excesive
amplitude noise when strobed by light pulses from semiconductor laser. The
noise level is determined by the laser phase noise and therefore the phase noise
can be measured. For low noise applications cubic materials has to be used
which have induced birefringence only and being more tolerant on the pulsed
laser phase noise.

5.3.4 Laser Diode Driver Circuits

In order to determine the input parameters for a laser diode driver circuit the
packaged laser diode has been characterized by using a time domain
reflectometry (TDR) setup. The measurement results are shown in figure 5.21.

From the TDR data the equivalent circuit for the laser diode is seen to be a
series R L C circuit with R=12.5 Ohm, L=0.073nH and C=86pF.

For generating short optical pulses a novel circuit configuration (Fig. 5.22)
has been developed, which generates high amplitude short electrical pulses suit-
able for driving a laser diode.

The complementary transistor pair Q1 and Q2 do not conduct current in the
steady state. When a positive pulse is applied to the input of the pulse
transformer TR the output pulses synchronously turn on the two transistors. The
positive feedback accelerates the switching transient response. In steady state
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Figure 5.22 Pulsed Laser Diode Drive Circuit

the bias current through the resistors R1 determines the amount of charge stored
in the step recovery diode SRD. During the switching transient at the moment
when the charge in the step recovery diode is zero the current is switched to the
laser diode LD generating a short high amplitude current through it which in its
turn generates a short optical pulse.
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The switch-off transient starts at the moment the current through the capaci-
tor C reduces to the value which cannot maintain the transistors 01 and Q2 in
conduction. After the two transistors turn off the circuit returns to its steady state
condition.

The output pulse, measured in 50ohm load condition is shown in figure 5.23.

Figure 5.23 Laser Diode Driver Pulse Measurement

A pulse generator module using avalanche transitors has been configured to
generate in 50 ohm bipolar drive pulse shown in figure 5.24.
It is suitable in particular to drive laser diodes with a relatively large parallel capa-
citance. Integrating the applied current drive the voltage on the capacitor, hence
on the laser diode junction is a single monopolar pulse. Using this technique short
pulses of 16-25pS have been routinely generated on 780nm commercial laser
diodes. The measurement of the optical pulses has been performed on a 2pS
resolution streak camera.

5.4 ELECTROOPTIC MODULATOR STRUCTURES

In light wave communication the signal information is ported onto the carrier
by either direct modulation of the laser current or using a bulk/waveguide external
modulator.

For the purpose of this research only bulk modulator structures and their
applications in instrumentation are considered. The objective is to investigate the
behaviour of different electrooptic materials in bulk modulator structures
illuminated by optical strobes, generated by gain switched semiconductor laser.
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Figure 5.24 Bipolar Pulser for High Capacitance Laser Diodes

Finally to incorporate the modulator in an error sampled feedback loop and
demonstrate the feasibility of the first semiconductor laser based electrooptic
sampling system with calibrated deflection factors. Unveil identified problems,
which themselves can constitute further research subjects.

5.4.1 Electrooptic Material Selection

It has been emphasized in the previous sections that chirp and phase noise
in the laser light limit the performance of the most popular electrooptic materials,
like LiTaO3 and LiNbO3 in bulk modulator applications. However this problem is
not present in optical waveguide based interferometer structure which makes
them attractive for sampling applications.

For semiconductor laser driven bulk modulator applications cubic materials,
like GaAs, GaP and InP have to be used in order to minimize the effect of chirp
and phase noise of the laser pulse. These materials have the additional advan-
tage that in traveling wave electrode structures the propagation velocity of the
light strobe and electric signal are the same. On the other hand most of these
materials are available in semiinsulating form from several wafer manufacturers.
This is needed in front-end sampler applications where high input impedance is
desired.

First choice of material would be semiinsulating GaP. Its bandgap
corresponds to a wavelength where inexpensive laser diodes and detectors are
available. GaP modulator characteristics has been described by Nelson [NFD68].
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Figure 5.25 Electrode Structure of the Electrooptic Modulator

Unfortunately GaP is not available in semiinsulating form.

The second choice would be GaAs. Indeed many modulator applications
have been described using GaAs. Namba pioneered the modulator applications
of cubic materials [NS61] and described the theory and measurement of the elec-
trooptic coefficient for three different crystal orientation.

Modulators built with GaAs performed well in CW from DC to over 1GHz,
however when light strobe pulses replaced the CW source, a strange
phenomenon has been observed. Modulators operating in CW from DC to 1GHz
do not operate correctly from DC to about 10Hz range in pulsed mode. At DC the
modulator operates correctly for one polarity step applied but for the other polarity
the step response decays with a time constant around 500mS. It has not been
fully understood what is the mechanism producing this phenomenon. It is
believed that bulk photorefractive effect plays a role in it. There is evidence that
photoconduction occurs while illuminating with subbandgap radiation at 1300nm,
which is due to most of the deep level traps in GaAs material.

The third choice of material is InP. This material has electrooptic properties
close to GaAs. Although the previously described phenomenon has been seen
on a reduced number of samples to a 4-5% droop, instead of 100% as observed
for GaAs.Due to this behaviour it was successfully used in the first semiconductor
laser based electrooptic sampler. In the next section the electrode structure of the
modulator is described.
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5.4.2 Signal Electrode Structure and Mechanical Construction

The electrode structure of the electrooptic modulator is shown in figure 5.25.
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The optical strobes generated by the laser diode are transmitted through the
selfoc lens SFL through the compensator COM to the modulator crystal CR. The
metalized faces of the crystal are rotated 45° with respect to the light polarization.
The electrodes of the crystal slab are pressure contacted by the spring contact
SPR. The springs are making a 135° angle in order to maintain the characteristic
impedance of the connector throughout the contact and crystal electrode struc-
ture. The light pulse transmitted through the crystal is focused by the lens L
through the analyzer cube to the photodetector PD1 and PD2. The compensator
provides the necessary optical biasing for linear transfer characteristics.

5.4.3 Bulk Modulator Characteristics

In this research several electrooptic modulator structures have been built
and characterized at 1300nm (both CW and pulsed mode) using semiinsulating
Crom doped GaAs (Cr:GaAs). The setup to measure the modulator characteris-
tics is shown in figure 5.26.
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The measurement results are shown in figure 5.27.
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Figure 5.27 GaAs Modulator Characteristics in CW at 1300nm

The transfer function of the bulk modulator, known also as Pockels cell
relates the intensity of the transmitted light to the applied voltage IKBH86] and is
given by :

1=l0sin2(1-04-Ar)/2 (5.4)

where, I-0= static phase retardation
r= additional retardation induced by electric field

The source for static retardation may be either built-in stress induced or
intentionally introduced by the compensator to choose the optical operating point
(optical bias I' o/2).

The main characteristic of the modulator is the half wave switching voltage
14. It changes the the intensity of the output from maximum to minimum. This
corresponds to IC radians of phase retardation between the two orthogonal com-
ponents of the light polarization vector. The halfwave voltage is dependent on the
geometry of the electrodes and can be related to reduced half wave voltage tin
as:



Vir=vird/L

vir=2L/(n3r4i)

where, d= thickness of the modulator
L= length of the modulator
r41= electrooptic coefficient
n= index of refraction
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(5.5)

(5.6)

and has been calculated for 1300nm wavelength in transverse electrooptic
configuration for LiTa03, GaAs, InP and is given in Tabel 5.1.

Material LiTa03 GaAs InP

Reduced Halfwave Voltage vic [V] 5731 26250 25930

Table 5.1 Reduced Halfwave Voltage Comparison

For InP modulator of dimensions L=43.2mm and d=0.353mm the computed
half wave voltage is Vic= 212V, which is in good agreement with the measured
value shown in figure 5.28.
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Figure 5.28 Half Wave Voltage of the InP Modulator
L=43.2mm, d=0.353mm
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An InP modulator has been incorporated in an error sampled feedback loop
with calibrated deflection factors. Two problems have been identified during the
research. One is the presence of a strong piezoelectric resonance in the
transverse direction. The acoustic velocity in InP has been measured in the 110
direction and has been found equal to 4.41x105cm/S, which for a crystal width of
w= 2.89mm, it corresponds to 762kHz. The measured resonant frequency was
763kHz. The response of an undamped crystal for 10V input signal is illustrated
in figure 5.29.
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Figure 5.29 Undamped Modulator Response for 10V Input Step

The resonaces has been reduced to acceptable level by acoustic losses created
along the crystal edges.

The second identified problem is a strong temperature dependence of the
sampler offset voltage. This is believed to be due to either strain-optic effect or
bulk photo voltaic/photorefractive effect or a combination of both.

5.4.4 Bulk Photorefractive Effect

Optically induced change in the refractive index is referred to as the pho-
torefractive effect. This effect is not specific for bulk modulator only. Measure-
ments made on Mach Zehnder Interferometer implemented on 77 diffused
LiNb03, with Vic=3V shows that at 3mW CW power at 780nm only 20% change is
needed in the power to switch the device from a fully off to a fully on state (Fig.
5.30).



a)

114

b)
Figure 5.30 Photorefractive Effect in Mach Zehnder Interferometer

at 780nm on Ti:LiNbO3 Substrate
a) Laser Power at 3mW
b) Laser Power at 3mW+20%

It is believed that the phenomenon described in section 5.4.1 is due to the
photorefractive effect in GaAs. This effect can be related to the microscopic
charge displacement in the crystal IGMA781. There is now ample evidence, that
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free carriers are generated at 1300nm, which results in a significant resistance
changes in the slab (from >2MOhm to 700kOhm for GaAs and only 10% change
for InP at 2MOhm).

From deep level transient spectroscopy (DL TS) data it has been found that
the largest concentration of deep level traps in GaAs are ionized at 1300nm
while it is below the ionization in InP. This might explain the difference in
behaviour of the two, otherwise very close materials.
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6. CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY

The sampling enhancements in measurement instrumentation in general and
in sampling oscilloscopes in particular have been reviewed in this dissertation.

The analysis related to the Error Sampled Feedback Loop has been per-
formed in the time and frequency (Z transform) domain and resulted in the
transfer function as well as closed loop system stability criteria in both domain.
The modeling accuracy is acceptable. Based on the transfer function the noise
performance of the loop and its filtering characteristics has been predicted and
verified with reasonably good agreement. Finite memory gating time effects and
associated distortions has been predicted through the appropriate analytical
expressions and compensation methods suggested. Finally a new synthesis
method has been described which provides optimum signal to noise ratio.

High speed sampling gate performance prediction is closely related to the
strobe generator structures. State of the art modeling and simulation programs
allows better performance predictability. Although the sampling efficiency is not a
directly measurable quantity the impulse efficiency shows reasonbly good agree-
ment with the simulated values. In the area of time domain calibration a new
reference flat pulse generator has been developed and solution suggested for
calibration of the composite response. Much work needs to be done in this area
until reference time domain standards will be available.

The two new time base concepts presented, i.e. sequential and predictive
pseudorandom, provide considerable performance enhancements over the
present generation of sampling instrumentation regarding the achievable timing
resolution. Sampling enhanced dual vernier interpolator with picosecond timing
resolution has been demonstrated and described. Elimination of the fast ramp,
staircase and comparator in the trigger to Strobe path and using a new
proprietary stewing technique with window delay stabilization loop privides for the
time base improved short term (jitter) and long term stability and accuracy.

Research results related to the Electrooptic Sampler, as it has been sug-
gested, are applicable for a large variety of general purpose instruments. The
possible impact on instrumentation and measurements is examined. The topics
covered are relevant to the feasibility of the first closed loop electrooptic sampler
with calibrated deflection factors based on semiconductor laser. The phase noise
of the laser has been measured using materials with static birefringence as
phase discriminator. It has been concluded, that in order to reduce the effect of
the laser phase noise, exclusively cubic materials with induced birefringence
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have to be used in bulk electrooptic modulator structures. The magnitude of the
chirp in pulsed semiconductor laser has been measured and its effect on the
input offset predicted. A new modulator structure has been developed and
described. This subject area is plenty of opportunities for innovation and further
development work. Some suggestions have been included in the paper.
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