196 IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 11, NO. 5, MAY 2001

Effects of Nonlinear Diode Junction Capacitance on

the Nose-to-Nose Calibration
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Abstract—We examine the effects of nonlinear diode junction
capacitance on the fundamental premise of the nose-to-nose cali-
bration, that the kickout pulse is identical in shape and duration
to the impulse response of a sampling circuit. We offer a physical
explanation for the error introduced by the nonlinear junction ca-
pacitance using small-signal diode equations.

Index Terms—Digital sampling oscilloscope, nose-to-nose cali-
bration, phase error, samplers.

|I. INTRODUCTION

N this letter, we show how nonlinear diode junction capaci-

tance generates errors in the “nose-to-nose” calibration tech-
nique [1]-[3]. This calibration provides an estimate of the re-
sponse of a broadband sampling oscilloscope, and can be used
to correct measurements made with the oscilloscope. The funda-
mental premise of the nose-to-nose calibration is that the sam-
pler “kickout” pulse, which is generated at the input port of a
two-diode sampling circuit when a dc offset is applied to the
diode bias, is identical in shape to the sampler’s time-domain
“impulse response” [4].
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While the error of the nose-to-nose calibration magnitude t

response can be estimated from power measurements of a (b)

swept-sine source [5] our options for_ flndlng the phase errgl 1. (a) Impulse response and (b) kickout pulse generation for a simple

are currently restricted to computational methods. [2], [3ko-diode sampler.

develop an analytic model for the sampling circuit which shows

that the fundamental nose-to-nose premise holds for samplers

consisting of diodes with constant junction capacitance em- L .
We describe important aspects of the nose-to-nose calibra-

bedded in a linear network. A recent analytic method extends

these models to include nonlinear diode junction capacitanté%n and describe an intuitive way to understand the fundamental

[6]. premisg of the_ca_libration using an ideal sampler. We then ex-
Here we use numerical methods to efficiently examine maﬁ?ﬁd this description to the realistic case.

aspects of the sampling circuit behavior. We use a realis}&(_:

model of a sampling circuit in SPICE, and derive a small-signal ) ) o

model from the large-signal behavior of the circuit. We show A Simplified representation of the sampling circuit we ana-

that the nonlinear capacitance introduces errors not accour$d is shown in Fig. 1. Itis based on a model for a 20-GHz

for in current practice, and offer a physical explanation fd?scilloscope_[_ﬂ, [8]. The simplified output circuit consists of a
these errors in terms of small-signal diode equations. charge amplifier that sums the charge stored on the hold capac-

itors during each sampling cycle, as shown in Fig. 1(a).
The strobe signal forward biases the diodes during each sam-
pling cycle. Because the strobe appears differentially across the
Manuscript received October 31, 2000; revised February 17, 2001. The edtput amplifier, its effects cancel at the output. When a nonzero
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Il. NOSETO-NOSE CALIBRATION

The Sampling Circuit
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B. Impulse Response 2
' _— . 1 |—— Magnitud i
We define the digitized output of the sampler in response tc 14 ... Pﬁfsr:u © -
periodic excitation by Dirac delta functions as the “impulse re- § - -
sponse” of the sampler. For small-signal inputs, the output o > 0 f——g—w@f@ﬁﬂﬁ—
the sampler can be represented by the convolution of this im% 7 ig:"~'::43.\ r
pulse response and the input signal [4]. Currently, we have n o 1 13. B
way to directly measure this impulse response, in part becaus® 1 U i
we are unable to generate infinitely sharp or perfectly charactel‘.‘é 2 N -4 “a B
ized pulses. However, we can derive an estimate of .the |rnpuls@ 3 [=o= 70 (Constant G J .
response of the sampler using the nose-to-nose calibration. = 1 |t 1205 ! 8, “"al
W = S
, = 4 |- =09 -
C. Kickout Pulse i = al
When we apply a dc offset voltage to the bias lines of the B B B ' L
diodes, the hold capacitors charge when the diodes are revers 0 5 10 15 20
biased. Each time the strobe fires, the discharging hold capac Frequency (GHz)

tors create a pulse that appears at the input port of the sampler.
This “kickout” pulse ideally will be the same duration as the imEig- 2. Increase in the error rati&' of the nose-to-nose calibration for a

. . 0-GH li ircuit with i i li ity in the diode’s juncti
pulse response, but scaled in amplitude by some constant [ljapacitzarigénpmg circuit with increasing nonlinearity in the diode’s junction

D. Nose-to-Nose Premise If K(w) is directly proportional toH(w), and H(w) =

This premise, that the kickout pulse is identical in shape amdB(w), thenH 4(w)** = CH 4(w), where C is a proportion-
duration to the impulse response, can be illustrated clearlyaifty constant.
we imagine replacing the diodes by ideal switches. The impulseBecause no two samplers are identical, in practice the esti-
response of a sampler constructed with ideal switches and Wigfate of the impulse response of sampleis found from a set
small-signal, ideal impulse excitation, is a rectangular pulsepf three measurements of three samplers. However, the calibra-
The duration of the pulse is the same as that of the switch closyg is still based upon the assumption that the kickout is pro-
[Fig. 1(a)]. We generate kickout pulses on a second ideal-switghrtional to the impulse response for each sampler. Therefore,

sampler by replacing the impulse excitation with a dc offset Qe define the error rati& for a sampler response estimate as
the bias lines. Each time the strobe fires, a pulse of the same

duration as the switch closure appears at the input port of the HSYw)  VEp(w)Ha(w) Kp(w)
sampler [Fig. 1(b)] E(w) = = = )
p g. s . . HA(w) HA(w) HA(w)
If we connect the input ports of our two ideal-switch samplers
together (nose-to-nose), the output will be the convolution of the
rectangular kickout and the rectangular impulse response. This [ll. SIMULATION RESULTS

convolution, a triangular waveform of durati@nm, is what we We implemented the 20-GHz sampling circuit described in
would measure at the ogtput of the secpnd sample(. A sm;ﬁ& [8] in SPICE, neglecting any packaging parasitics, input
deconvolution process gives usfrom which we can find the enyorks, o filtering at the input of the sampler in order to con-
impulse response. _ _ centrate on the effect of the nonlinear capacitance. We used a
When the ideal switches are replaced by diodes, the impul$§ymon model for a Schottky-barrier diode [8], [9] in which the
response is no longer a simple rectangular function, but is g ge conductance is in parallel with a time-varying, voltage-de-

tered by both the conductance and the junction capacitance,af,qent junction capacitance. In this model, the diode’s junction
the diodes. Nevertheless, the procedure still works if the ”Q:répacitanceC(Vj) is given by

malized kickout and impulse responses are the same.
We can estimate the frequency-domain representation of the oV;) = G ©)

impulse response of one sampler as the square root of the output / 1=V /du))

response of the second sampler. That is

where
Ha(w)* 2= /Kp(w)H(w) 1) Cjo zero-voltage junction capacitance;
V;  large-signal, time-varying voltage across the diode’s
where junction;

H, frequency-domain representation of the impulse re- ¢y,; junction’s built-in potential;

sponse of sampled; ~ grading coefficient.
Kp frequency-domain representation of the kickout pulsehe grading coefficient sets the amount of nonlinearity in the

emanating from sampleB; junction capacitance, and is typically around= 0.5 for the
w angular frequency. type of Schottky-barrier diodes used in modern samplers [9].

) . . o Fig. 2 shows an increase in the error of the nose-to-nose cal-
IThis pulse is rectangular when the RC time constant of the circuit resmtan&e ti . th l itv in the diode’s i ti
and the hold capacitor is much longer than the duration of the sampling windd@ @l/0N as We increase the nonlinearity in the diode's junction

This condition is true for the sampling circuits we investigated. capacitance in our 20-GHz sampling circuit model. The results
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Fig. 4. Small-signal junction voltage with (solid) and without (dashed)
Fig. 3. Kickout and impulse response waveforms for increasing nonlineartipnlinear capacitance included in the SPICE model. The small-signal diode
in the diode’s junction capacitance. The impulse response has been shiftedonductance (dots) and junction capacitance (dash-dots) are included for
time for clarity. reference. For the case with= 0.0, the junction capacitance (not shown) is a
constant ofC';, = 0.045 pF.

shown in Fig. 2 can be explained by looking at the kickout and

impulse response waveforms in the time domain. Fig. 3 sho@wkwhich is generated over one complete sampling cycle. The

that the kickout waveform rise-times and fall-times are affectewt charge transferred to the hold capacitors through the diode

by the increase in nonlinear capacitance, while we see onlgapacitance over one complete sampling cycle must be zero,

minimal change in the impulse response waveform. since no conduction current path exists through the capacitance.
A new analytic model supports this conclusion [6].

IV. SMALL -SIGNAL MODEL

The broadening of the kickout pulse shown in Fig. 3 can be V. CoNCLUSION

explained by considering the components of the small-signalThe broadening of the kickout pulse due to an increase non-
current in the sampling diodes. For the diode model describkakarity of the sampling diode’s junction capacitance has been
above, the equation for the small-signal current in the diodedgplained using a small-signal model of the diode current. While

[6] this error is not corrected in current nose-to-nose calibration
el e methods, its effects may be correctable by other means and are
it) = g(t)v;(t) + v, () il(t) +et) chlt( )_ (4) the subject of current research.
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