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ABSTRACT

A model is developed from dimensional and electrical measurements in conjunction with electromagnetic and

electronic theory. Calculations based on the model uredict step resuonse transition durations of 27.5 to 30.5 PS. .
for gate bias vaiues of -1.76 to –1.63 volts.

I. Introduction

Due to sampling-head bandwidth limitations, a time

domain waveform observed by a sampling oscilloscope is
not an exact duplicate of the signal waveform at the

input terminal of the oscilloscope. The observed wave-

form is the convolution of the signal waveform with
that of the oscilloscope’s impulse response. In the
frequency domain, the observed bandwidth (complex spec–

trum) is determined by the product of the complex sig-
nal spectrum and the complex transfer function of the
oscilloscope. In order to determine the true signal

waveform (and its complex spectrum), it is necessary to
determine a model for the transfer properties of the

oscilloscope.
The sampling oscilloscope considered here is used

for observing signals from DC out to 12.4 GHz and tran-
sients with transition durations greater than about

30 ps. The one kind of sampling-head that is most

commonly used in time domain reflectometry measurements
is the feed-through sampling–head because of the

convenience of usage in observing incident and reflected
time domain signals on the same line.

In the present paper, the modeling method is

applied to a typical feed-through sampling-head. The

resultant physically based model is used to predict
the oscilloscope’s time domain response (and frequency

domain response, if desired). The specific sampling-
head to be considered here has a nominal band-width of

12.4 GHz and a nominal 28 picosecond (10% to 90%)
transition duration (rise time). Previous work reported

in the literature was baaed upon mainly mathematical
models which considered in a limited way the physical
structural and network properties of the sampling-

head. ‘]] The modeling principles demonstrated here are

readily adaptable to other sampling–heads.

11. Sampling-Head Construction

Figure 1 shows the balanced two diode feed-through

sampling circuit and its physical structure (not-to-

scale) .
[2,3]

In the figure is is seen that the feed-
through transmission line is tapered or stepped-down

on both the input and output sides of the sampling
gate; this is successively done through a three section
compensated stepped-taper maintaining a 50 ohm impedance
along the line. The sampling diodes are placed trans–

verse to the axis of the transmission line, touching
the inner conductor from both sides. In this region
the inner conductor is a thin curved piece of metal
that joins the two tapered sections together. The
outer conductor forms a biconical cavity, which acts

as a shorted biconical transmission line and as such
shapes the strobe pulse. The biconical cavity is

dielectric filled to mask the packaging capacitance of
the sampling diodes to lessen the effect of the diodes

on the 50 ohm characteristic impedance throughout the
cavity.
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111. Modeling of the Physical Structure

Precise measurements were performed on the physi-

cal dimensions of the disassembled sampling-head.
[3]

The result of this measurement together with the results

of some TDR measurements on the biconical cavity, as
will be described later, were used in forming an equiv-

alent network (a model) for the sampling-head.
In modeling the feed-through transmission line,

each of the step line discontinuities was modeled by

[4*51 TDR measurement per-an equivalent capacitor.
formed on the cavity with and without dielectric fill-

ing
a-

b-

c-

showed that:
the feed-through line in the cavity region is with-
in f 1 Q from the 50 Q characteristic impedance,

there is an inductive effect in the central portion

of the cavity due to the metallic curved strip that
connects the tips of the two inner conductor

tapered sections, and
the dielectric constant of the dielectric filling

the cavity is 2.21, which yields 22.2 ps for the-
biconical cavity travel time Tbc (One Way).

IV. Sampling Diodes

The sampling diodes that are used in the feed-

through sampler are hot carrier (Schottky) type; the
electrical model of such diodes is shown in Figure

2 ‘7’8’9] Static measurements were performed on the.
diodes to evaluate static characteristics. A set of

TDR measurements were performed on the sampling-head
once with both sampling diodes, another time with one
of the diodes removed, and a third time with one open

diode (acting as a packaging capacitance) to evaluate
the diode’s lead inductance and packaging capacitance.

Another set of TDR measurements at various values for
the diode’s biaa was needed to evaluate the voltage

dependent junction capacitance of the diode.

v. The Sampling Pulse

The sampling pulse is formed in the biconical
cavity by waveshaping a step-like strobe pulse trans-
mitted to the cavity by a miniature coaxial line (wire
line), Figure 1. A wideband sampling oscilloscope was
used to observe this step–like strobe vst(t) at its

entry to the wire line. The observed atrobe was
corrected to account for the measuring oscilloscope
transition duration and impedance mismatches at both
ends of the wire line. The distortion of the strobe
pulse by the miniature transmission line was determined
to be negligible ,using response data in [10].

VI. Computation of the Sampling-Head Step Response

The results of sections 11 through V above were

combined with a sample storage feedback loop to form a

complete model for the sampling–head. The total model
waa found to be too large to be handled by a large
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computer; accordingly, the model (network) was divided

into two independent networks, in which case the step

response could then be obtained by two separate calcu-
lations. The two networks are shown in Figures 2 and

3. The structure network in Figure 2 was used in the
first calculation with the applied voltage step at the
input-port, node 1,

v(t) = u(t) = o , t ~ o

=V, t>o.

The resultant quantity in the first calculation
is the voltage at node 8, v8(t), which is called the

structure step response, Figure 4. In the second, and
final, calculation, the voltage waveform of node 8 was

applied together with the strobe pule vst(t) to the

network of Figure 3. The result of this second calcu-

lation is the sampled-data voltage given by the dif–
ference between the voltage drops across the sampling
(storage) capacitors Csl and Cs2. This difference

represents the sampling-head output at a discrete time
due to the applied step at the input port.

VII. Effect of Diode Bias on Sampling-Head Step Response

When the sampling process is scanned over the
structure response function, the step response of the

sampling-head is obtained. For a reverse bias of 1.63
volts applied to the diode sampling gate, the calculated

step response 10% to 90% transition duration (rise time)
was 30.5 ps while 1.76 volts produced a calculated

transition duration of 27.5 ps, Figure 5.
The two bias values were obtained from experimental

data. Using a given tunnel diode generator, experiments
showed that the displayed waveform transition duration
varied with gate bias, Vb, Figure 6. At 100% sampling

efficiency (Vb = -1.63 volts) the measured transition

duration was 33.7 + 2 ps. The minimum transition
duration of 32.4 t 2 ps was observed for a bias of

-1.76 volts.

VIII . Analysis of Results

If the model for the sampling-head is accurate,
then deconvolution (using the model) of either of the

two observed waveforms (in VII) should yield the tunnel

diode transition waveform; i.e., deconvolution of both

observed waveforms should yield an identical result.

To date, this has not been done for two reasons: (1)
the experimental data was acquired from photographs
giving uncertainties of measurement greater than + 2 ps
and (2) the development of a suitable deconvolution
routine has not been completed. However, the experi-

ments are to be repeated using the NBS APMS
[11] to

acquire the data with a relative uncertainty of + 0.1 ps

and to implement the deconvolution routine [1210 *t
present, an estimate of the data consistency can be made
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a. Schematic

using the root-sum of the squares of the transition

durations.

where T T and T are the transition durations for
r’ s’ E

the observed wavefo~m, the sampling-head calculated

response, and the tunnel diode transition waveform,,

respectively. Using i 2 ps uncertainty about the ob-

served transition duration, the estimated range of
values for the tunnel diode transition duration is (a)

1.63 V bias, 8.6 to 18.6 ps and (b) -1.76 V bias, 112.9
to 20.7 PS. Hence, it can be concluded that the re-

sults are at least consistent in that the range of
transition durations overlap. This does not preclude

the possibility of obtaining two different deconvolut-
ion results in future studies which, in turn, would re-

quire further refinement of the model.
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b. Constructional Detail

Figure 1. Balanced Diode Sampling Gate.
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a. Structure Network

Figure 2. Sampling-Head Structure Network

85.22 Q, 22.2 PS (3 42.61 Q m
.W

‘“’se‘“min&

Vb_

G

@

of+w12 IJERT SC = 0.llll12E @ ,OIU HORIZ SC = o 255997E -1 NSDIU

I

-=3Y+Y@
pulse forming line wire line

s

o 42 61 n @

Figure 3. Sampling Diode Network With
Strobe Pulse, Forming Line and Feed-Back
Circuit (Node numbers on this diagram do

not correspond to those in Figure 2)
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I?igure 4. Structure Step Response V8 of Fig. 2

Figure 5. Simulated Sampling-Head Step
Response vs. Bias Voltage.

(A: -1.76 volts, B: -1.63 volts).

T,
ps , ! I 1 r 1 1 1

~ ~
15 16163 1.7 1.76 1.8 19

Vb(REVERSE) VOLTS

Figure 6. Displayed Transition Duration Tr For

a Tunnel Diode Transition Generator vs. Sampling
Gate Bias Vb.
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