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The adoption of quality standards, such as I1SO 9000, coupled with the growth in computerized, digital-
storage-oscilloscope-based measuring systems has led to a demand for cost-effective, automated, oscilloscope
calibration. Historically, the calibration of 100 ps pulse response in oscilloscopes has proven to be the
most troublesome area for both the calibrator manufacturer and the end user, primarily due to the technical
difficulties in generating and delivering a traceable, low-distortion pulse. Wavetek Corporation has

introduced an oscilloscope calibrator that delivers 100 ps pulse response in an automated system.

Historically, the calibration of 100
ps pulse response in oscilloscopes has
proven to be the most troublesome
area for both the calibrator manufac-
turer and the end user. This is prima-
rily due to the technical difficulties in
generating and delivering a traceable,
low-distortion pulse. Although the
IEEE standards on pulse measure-
ment have been available since 1977
(IEEE-194-1977 and IEEE-181-1977),
they have not been widely adopted.
This has lead to inconsistencies in ter-
minology and in the definition of dis-
tortion.

To overcome these problems, a
dedicated pulse head has usually
been the favored solution, eliminat-
ing cabling and switches from the
delivery system by injecting the sig-
nal straight into the oscilloscope in-
put. If automation was required, how-
ever, either manual intervention or
the reintroduction of multiplexers
and cabling was needed. The reintro-
duction of routing multiplexers and
cabling increases the errors and un-
certainties of the system. Also, these
wideband routers proved to be cum-
bersome and expensive, resulting in
very few calibration laboratories us-
ing them.

Demand for automated, cost-effec-
tive oscilloscope calibration has led
to the design and introduction of a
new generation of calibrators that ad-
dresses these issues.

Pulse Generator
Topologies

To meet the calibration system re-
quirements, a design target of low
distortion, good matching, variable
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output (1 Vto £3 V ) and compact-
ness was set.

Several technologies were consid-
ered to achieve these design goals
with the following conclusions:

Mercury-Wetted Relay (Fig. 1)

This is one of the earliest fast pulse
generation techniques. The relay is
switched at approximately 100 Hz
and uses a delay line to form the de-
sired flat top pulse. This technique is
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Figure 1. Mercury wetted relay and delay line.

Figure 3. Schottky diode turn-off.
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Figure 2. Bipolar junction transistor turn-off.

capable of producing a pulse with a 250 ps risetime at
50 V. Its main disadvantages are distortion, poor reliabil-
ity (<100 hrs mtbf) and physical size.

Bipolar Transistor Turn-off (Fig. 2)

This is a very effective method of generating 0.5ns to 1
ns risetime pulses (at < 3 V), but is too slow to generate
100 ps risetime pulses. The output stage is a differential
pair driven hard enough for the output transistor to turn
fully off. Once the transistor is off, its collector becomes
reasonably well isolated from the emitter; overshoot is
kept small. This generator can be switched at 100 MHz
plus and produces pulses with low distortion (except
when edge speeds are pushed to the limit). It offers me-
dium-level matching, good reliability and compactness.
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Figure 4. Bipolar junction transfer avalanche breakdown.

Schottky Diode Turn-off (Fig. 3)

In this technique, the high speed edge is generated by a
BJT turn-on followed by reverse biasing of the output di-
ode. As Schottky diodes do not store charge and are avail-
able with low depletion capacitance (GaAs devices have
depletion capacitances as low as 0.05 pF), low distortion
pulses are produced with a good output match. Edge
speeds of 150 ps at 2 V are possible.

Bipolar Junction Avalanche Breakdown (Fig. 4)

The transistor is driven into secondary breakdown by
the simultaneous application of a high voltage and a high
collector current. Once broken down, the transistor shorts
the precharged delay line to ground, producing a flat-
topped pulse on the coax outer. This method can produce
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Figure 5. SRD Simple shunt mode.

Figure 6. SRD Simple series mode.
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a 250 ps pulse at 100 V. Unfortunately, both pulse distor-
tion and reliability are usually poor.

Step Recovery Diode Shunt and Series Mode (Fig. 5, 6)

This technique makes use of the step recover diode
shunt's (SRD) turn-off characteristics. When the SRD is
forward biased, it stores charge. When a reverse bias cur-
rent is applied, the SRD remains in a low impedance state
until all the charge has been removed, then switches rap-
idly (<50 ps) into a high impedance state. A large ampli-
tude pulse (<50 V) can be produced with medium levels
of distortion and matching.

Step Recovery Diode Modified Shunt Mode (Fig.7)

This approach combines the best features of SRD and
Schottky diode turn-off techniques. Pulses with edge
speeds as fast as 40 ps at 4 V are possible with low dis-
tortion and good matching.

Pulse Forming Filters

By producing a generator with edge speeds in the 40
ps region it is possible to filter the output with a quasi-
Gaussian low-pass filter to achieve 100 ps edge speeds.
The filter reduces the sensitivity of the output pulse to
generator variations. It also improves the match at high
frequency (6 to 15 GHz ).

For 100 ps edge speeds, the modified SRD generator
with an output filter provides the best combination of
low distortion, good output matching, generator desen-
sitization and a ground-return edge. This was, therefore,
selected for Wavetek’s new Model 9500 oscilloscope cali-
brator.
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Delivery and
Measurement Problems

Matching Errors

In a transmission line system the
relationship between the source, line
and load impedances determines the
system response. Ideally the source
and load impedances will be identi-
cal to the line impedance (for oscil-
loscopes, typically, Z =50 ohms). If
they are not, then the system is said
to be "mismatched," in which case
signals travelling down the transmis-
sion line will be partly reflected at
the points of mismatch.

Mismatching anywhere in the
I pulse delivery system can lead to dis-

Figure 7. SRD modified shunt mode.
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tortion. If resistive, the waveform
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Figure 8. Source and load mismatch.

will develop steps (Fig 8), if reactive
it will develop spikes, and rounding
and ringing will also be seen (Fig 9).

Taking the mode of the transmis-
sion line system impedance as the ref-
erence, step and spike distortion will
occur only if there are two or more
mismatches (Fig 8 - source and load.
Fig 9 - source and midpoint cap load.)

Rounding will occur with a single
mismatch. The time between aberra-
tions on the waveform is dependent
on line length, propagation velocity
and the positions of the mismatches.
It is important to note that all ele-
ments of the transmission system can
introduce significant mismatches in-
cluding connectors, cables, switches,
substrate transmission lines, source
impedance and load impedance.

To provide switchable input im-
pedance (50 Q and 1 MQ) oscilloscope
designers are usually forced to com-
promise the front-end matching char-
acteristics, especially at frequencies
above the oscilloscope’s 3 dB point.
It is therefore desirable to provide a
good source match and to eliminate
unnecessary interconnections.

AB Mave JUNE 1996

Insertion loss Errors

There are six predominant phe-
nomena that lead to insertion loss:
ohmic loss, skin effect, dielectric loss,
dielectric frequency dependency, di-
electric non-uniformity and waveguide
effects.

Skin effect is the tendency for the
current flowing in the conductor to
be forced to the outer surface by the
self-induced magnetic field (Fig 10)
and occurs in all conductors. It results
in a loss that is proportional to the
square root of the signal frequency
and inversely proportional to the
conductor’s surface area per unit
length. This leads to a pulse response
with increased risetime and a tilting
down of the first 1 ns to 50 ns of the
pulse top —an effect sometimes called
"dribble-up."

In practice, dielectric loss and fre-
quency dependency leads to another
type of dribble-up. Dielectric non-
uniformity tends to introduce both
dribble-up and ringing. Solid or foam
PTFE (Polytetrafluroethylene)  di-
electrics have relatively insignificant
insertion loss contributions whereas
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epoxy-based dielectrics (e.g. FR-4 pcb
material) possess most of these losses
in abundance.

Waveguide effects occur as the di-
mensions of the line approach half
wavelength proportions. For 100 ps
pulses this is generally not a problem.

In practice, solid and foamed PTFE
cables and substrates suffer predomi-
nantly from skin effect losses and oc-
casionally from dielectric non-unifor-
mity effects. Cables and substrates
constructed using poor quality dielec-
trics (e.g. epoxy based dielectrics) are
plagued with most of the dielectric
loss phenomena discussed. Switches
also suffer from most of these phe-
nomena, and in many systems they
are the dominant distortion inducing
components

Measurement and
Traceability Problems

Traceability can be imported from
national laboratories with either a
pulse source or a sampling oscillo-
scope. Unfortunately these transfer
standards have significant risetime
and distortion errors relative to high
performance oscilloscope calibrators.
Full characterization of the transfer
standard is therefore required and
complex correction methods need to
be applied (deconvolution). This can
be simplified if similar pulses are
compared on an oscilloscope. Linear
corrections may be sufficient.

In general, however, automated
correction methods are preferable due
to the large amount of waveform
characterization data required and
the computational complexity. To
avoid additional errors, cables and
switches are eliminated from the mea-
surement system and either a float-
ing pulse or sampling head is typi-
cally used.

It should be noted that most na-
tional laboratories outside the United
States do not at present offer distor-
tion traceability.
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Figure 9. Source and midpoint mismatch.

Oscilloscope Calibrator
100 ps Pulse System
Integration

To meet the conflicting require-
ments of good performance and full
automation, the optimal solution is to
mount the generator in the head,
routed to the output connector via
short microstrip lines and a high qual-
ity wideband switch (Fig 12). To
achieve these goals it was necessary
for the circuitry to be implemented
using proprietary composite hybrid-
circuit technology and to house it in
a lightweight diecast aluminum box.

Also integrated into this active
head are a sine level detector, 0.5 ns
pulse generator, wideband attenuator
bank and additional routing mecha-
nisms. This allows all output signals
to be routed through the same output
connector. The calibrator chassis pro-
vides multiplexing so that the calibra-
tion signal can be output from any
one of five heads attached to the cali-
brator. The trigger signal can be

routed via any one of the unused
heads or via a simple interconnect
cable.

The Model 9500 has two types of
active heads. Both of these are capable
of delivering 3 V, 500 ps rise/ fall time
pulses, and one of them also delivers
100 ps rise/fall time pulses as de-
scribed. A switchable 50 Q termina-
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tion in the head provides matching
when the head is driving high-imped-
ance oscilloscope inputs.

The same active heads that deliver
these fast edges also deliver precision
DC levels up to 200 V, precision am-
plitude squarewaves up to 200 Vpk-
pk from 10 Hz to 100 kHz, leveled
sinewaves from 0.1 Hz to 1.1 GHz and
three different styles of timing marker
from 0.5 ns to 50 s. A single active
head plugged directly into one of the
oscilloscope’s input connectors there-
fore delivers all the calibration wave-
forms required to calibrate an
oscilloscope’s input amplifier gain,
offset, pulse response, bandwidth and
flatness, LF and HF triggering and
timebase accuracy.

The Model 9500 has a basic ampli-
tude accuracy of £0.025% and a basic
timing accuracy of £10 x 10%(10 ppm).
An optional high-stability internal
crystal allows timing accuracy to be
improved to £0.25 x 10°(.25 ppm) in
order to calibrate the latest generation
of high-accuracy digital-storage oscil-
loscopes.

In addition to comprehensively
calibrating an oscilloscope’s deflec-
tion amplifiers and timebases, the
Model 9500 can measure the input
resistance and capacitance of oscillo-
scope inputs. It also outputs DC and
squarewave currents up to 100 mA to
calibrate current probes.

Channel 1
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Overshoot(1) 0.09% +(f1)= Source off 42,744 ns
Risetime(2) Source off x(f1)= Source off 43,460 ns
U emptd(1)  729.803 mU 8 = —mmmmmeean 716 ps
Falltime(1) 1.0003 ns 1/8% = 1.397 GHz
Figure 10. Skin effect - LF switch.
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Conclusion
-—‘Ref ey ]I The Wavetek Model 9500 Oscillo-
[ L scope Calibrator uses modified shunt
Sense SRD generator topology and hybrid
: g \
, Mux circuit construction to provide opti-
] 1GHz >/ ﬁ?ﬁ‘ mal performance in pulse generation
W\ with very low distortion. The elimi-
= t — i f cabling, substrate lines and
) >+ nation o : ;.,.,
> ML . - E ﬁ switches by floating the pulse genera-
i S RCrmeas Signal - tor in an active head eliminates mis-
% Mux > *_/—W matching and insertion loss. Multi-
A A ! - plexing of all functions to all outputs
-N-_/_W using both sine (1.1 Ghz) and pulse
Aux : (100 ps) sourcing, provide a single
Line Trig box solution to fully automated os-
Trig Di Mux >/ ﬁ cilloscope calibration.

Wavetek Test and Measurement
Instruments Division, Hurricane
Way, Norwich, NRé6 6]B, UK, +44
(1603) 404824, fax +44 (1603) 483670.

Figure 11. Model 9500 Oscilloscope Calibrator outline system diagram.
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Conductance: as low as 300 attosiemens

Power line sensitivity: 0.0003 ppm
per 1% change in power line voltage

Dissipation factor: less than 0.000003
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