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Voltage Calibration of the Direct Electrooptic

Sampling Technique
Dag R. Hjelme and Alan R. Mickelson

Abstract—A detailed study of various voltage calibration fac-

tors for the direct electrooptic sampling technique is presented,

In reflection mode optical probing, the circuit substrate forms
an etalon for the optical probe beam. Analytical expressions for

the calibration factors due to etalon effects and decaying sur-

face potentials are derived. Depending on the length of the sam-
pling pulse relative to the substrate transit time, the etalon will

affect either the voltage calibration factor or the system band-
width. For pulses long compared to the transit time, interfer-
ence at the surface results in a probe wavelength dependent
storage time effect. The resulting electrooptic signal shows a

resonant behavior as a function of wavelength or substrate

thickness, For pulses short compared to the substrate transit

time, multiple reflections reduce the effective system bandwidth

to a bandwidth less than that given by the single transit time
or the sampling pulse width. Experimental verification of the
theoretical resnlts are presented. Various deembedding proce-

dures for implementing the voltage calibration are discussed.

I. INTRODUCTION

T HE CONTINUED increase in the operating fre-

quency of monolithic microwave integrated circuits

(MMICS) as well as other very high speed electronics de-

vices have necessitated a need for new instrumentation

and measurement techniques. With the objective of high-

frequency, noninvasive probing of internal signals in

MMICS, a number of new measurement techniques, in-

cluding various optical sampling techniques, have been

developed for these applications. In particular the elec-

trooptic sampling technique has shown promising results,

and been the focus of intense development the last few

years [1]-[4].

Although the electrooptic sampling technique has been

successfully used for a variety of circuit characterization

problems [5], [6], little attention has been focused on the

accuracy of the technique. As in conventional (electrical)

contact probing techniques, the probe geometry and sys-

tem hardware can introduce significant measurement er-

rors that must be removed if accurate measurements are

to be made. In conventional probing significant errors are
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introduced due to discontinuities in probes and connec-

tors. In the pa~st, efforts were made to minimize the errors

by designing more perfect hardware items. However, it is

now recognized and accepted that one can correct for these

errors rather than try to eliminate them completely. In

modem network analyzers system error calibration and

corrections provide high accuracy and reduced system

cost. A procedure referred to as deembedding has been

developed to implement the calibration [7].

Direct electrooptic probing relies on the circuit sub-

strate to be a part of the measurement system. Accord-

ingly, the electrooptic interactions in the substrate must

be investigated in detail to design deembedding proce-

dures and implement the calibration of the direct elec-

trooptic sampling technique. To the best of our knowl-

edge, no detailed discussion of these calibration issues

has been presented in the literature. The most important

effects are the multiple reflections of the probe pulse in

the substrate. Li et al. [8] have recently observed inter-

ferometric efl’ects in the electrooptic signal from micro-

strip devices. They pointed out the resulting calibration

difficulties, but did not discuss any possible calibration

procedures. other possible measurement errors of the di-

rect electrooptic sampling technique, that must be cor-

rected for in al calibration procedure, are reduced sensitiv-

ity due to the rapidly decaying surface potential away from

the signal line in microstrip circuits, and cross-talk due to

fringing fields from neighboring lines in coplanar trans-

mission line {circuits. Using numerical techniques to cal-

culate the fringing microwave fields these effects have

been studied by various groups [9], [10], [11], [6]. To

efficiently correct for these effects simple analytical for-

mulas for the correction factors are needed, No such an-

alytical correction factors have been reported. These ef-

fects due to fringing fields are analogous to the cross-talk

due to probe proximity in conventional contact probing

techniques.
In this paper we will present both theoretical and ex-

perimental results on various calibration issues important

for the electrooptic probing technique. Specifically, we

will present calibration factors resulting from the inherent

substrate eta’lon in the direct electrooptic probing tech-

nique. Interferornetric effects in the long pulse limit will

be shown to lead to a strong probe wavelength or substrate

thickness dependent voltage calibration factor, while the

multiple reflection in the short pulse limit will lead to fre-
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quency dependent amplitude and phase calibration fac-

tors. The second issue to be discussed is the geometrical

calibration factor in microstrip circuits. Voltage calibra-

tion factors due to probe beam spot size and location will

be presented. Furthermore, based on the presented

models, we will discuss various possible deembedding

procedures that can be used to remove the measurement

errors introduced by substrate variations.

The paper is organized as follows. In Section II we

present a theoretical analysis of etalon effects in an elec-

trooptic sampling set-up. First, in Section II-A, we pre-

sent a review of the analysis of the electrooptic sampling

set-up ignoring substrate etalon effects. Next, in Section

II-B we present a general analysis of the set-up including

etalon effects. The resulting expression for the receiver

signal is valid for any combination of probe pulse and

substrate etalon. This general result is then analyzed in

detail for two limiting cases. In Section II-C we present

the results for sampling pulses long compared to the sub-

strate transit time, while in Section II-D we discuss the

case of very short pulses. Next, in Section II-E, we derive

expressions for the geometrical calibration factors in mi-

crostrip circuits. In Section III, we present experimental

results of the etalon effect in a GaAs MMIC amplifier us-

ing a Nd: YAG laser and a tunable dye-laser. Next, in

Section IV we discuss possible applications of the theo-

retical model to the development of a deembedding al-

gorithm to remove the measurement errors from the data.

Finally, in Section V, we discuss the results and con-

clude.

II. THEORY

A. The Electrooptic Sampling System

In the direct electrooptic sampling technique the micro-

wave field induced birefringence changes the probe beam

state of polarization, this in turn is converted to amplitude

modulation in a polarizing beam splitter. The resulting

amplitude modulation is directly proportional to the inte-

gral of the field induced phase perturbation along the op-

tical path, and therefore proportional to the circuit volt-

age. Some commonly used probing geometries are shown

in Fig. 1. In Fig. 1(a) and (b), the probe beam is reflected

off the ground plane or signal lines, forming an asym-

metric Fabry-Perot etalon. The geometry shown in Fig.

1(c) forms a symmetric Fabry-Perot etalon for the probe

beam. In all cases the resulting etalon reflection coeffi-

cients will have frequency dependent magnitude and

phase. If the backside reflectivity is one, the resulting eta-

Ion is purely dispersive (Gires-Tournois etalon [12]).

The two standard set-ups used for reflection-mode

probing in GaAs are shown in Fig. 2. With obvious mod-

ifications, the set-ups can be used with substrates with

crystal symmetries different from GaAs. In both set-ups

polarization optics are used to set the static retardation of

the system to z/2 to bias the electrooptic modulator at

the quarter wave point, and to maximize the linear mod-

ulation range. In Fig. 2(a), the linear input polarization is

transformed to an elliptic polarization with major axis ori-

~ ‘-ET -
(a) (b) (c)

Fig. 1. Some commonly used probing geometries. (a) Front-side probing
for a microstrip line. (b) Back-side probing for a coplanar stripline. (c)

Front-side probing for a coplanar stripline.
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Fig. 2. Electrooptic sampling head arrangements for separation of incident
and reflected beams in reflection-mode probing. (a) Arrangement using a
polarizing beam splitter (PBS), a quarter-wave plate (QWP) oriented at
m\ 8, and a half-wave plate (HWP) oriented at 3~ / 16. (b) Arrangement
using a quarter-wave plate (QWP) to generate a circularly polarized probe
beam, and using a non-polarizing beam splitter (BS) to direct the beam

through a polarizing beamsplitter (PBS) oriented at 7r/4.

ented at 450 entering the substrate. On the return, the el-

liptic polarization is transformed to a linear polarization

at 450 entering the polarizing beam splitter. In Fig. 2(b)

the linear input polarization is transformed to a circular

polarization entering the substrate and the output polar-

izing beam splitter is oriented at450. The additional losses

in the non-polarizing beamsplitter can be avoided by us-
ing a slightly angled input beam and a mirror to deflect

the beam to the polarizing beamsplitter. Any electroopti-

cally induced birefringence in the substrate causes the

reflected polarization to deviate from the incident polar-

ization state resulting in an amplitude modulation at the

detector. In this paper we will, for simplicity, restrict our

analysis to the system in Fig. 2(b). Since both set-ups are

biased at the quarter-wave point and use equal intensities

in the x- and y-polarizations incident on the substrate, they

are identical from a system point of view.

To keep the analysis transparent it is convenient to rep-

resent the reflection off the circuit substrate by two reflec-

tion operators, defined through the relations

E~) (t) = ?j (V(t)) Ef) (t), j=x, y (1)

where the superscripts (r) and (i) denotes the reflected and

incideyt fields, x and y represents two crystal axes ([1 10]

and [ 110] direction in GaAs), and F’(t)is the applied

microwave voltage. Using Jones matrices, the output

electric field vectors in the set-up shown in Fig. 2(b) can

then be written as

[ 1[111
Zo(t) = -

1-

?X(v(r)) o 1

211 0 Py( v(t)) w

L–z lJ
(2)
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where El(t) is the input electric field vector. The three

matrices in(2) represent, from left to right, the polarizing

beamsplitter rotated to45°, the circuit substrate, and the

quarter wave plate. Using a slow photodetector, the re-

ceiver signal will be proport@nal to the time averaged

output intensity (10 (t) ) = ( I EO(t) 12), where the angular

brackets denote a time average with the averaging time

long compared to the laser pulse train repetition rate, but

short compared to the IF signal period. Assuming the in-

put field vector is linearly polarized along the x-axis,

Ei (t) = E(t) ~, the output field vector immediately follows

from (2). Performing the matrix multiplication, taking the

magnitude squared, and applying the time averaging we

find

(zO(t)) = (l Eo(t)l’) = <I; {?.r(v(t)) - i?y(v(t)))E(012)

(3)

where E(t) is the input laser pulse train. Equation (3) is

completely general. Once expressions for the reflection

operators are given, the receiver signal can be calculated.

However, before we evaluate the receiver signal includ-

ing substrate etalon effects, it is useful to consider the

standard analysis where surface reflections are neglected.

In the standard analysis of the electrooptic sampling

system the reflection from the front surface is neglected,

and the backside reflectivity is set to one. Furthermore,

the time variation of the microwave field in one substrate

transit time is ignored. For a substrate thickness of h the

reflection operator takes the simple form

~ (V(t)) = e ‘i[o” +‘~ ‘v(t))], j=x, y (4)

where ~. = 2kh is the round trip phase delay of the sub-

strate, and @j(V(t)) is the microwave field induced phase

shift. For small induced phase shifts (I qb~– OXI << m/2),

the time averaged intensity now follows from (3) and (4)

as

(10(0) = ;{(1(0) - ((4, - 0.)1(0)} (5)

where 1([) = IE(I) 12 is the laser pulse train intensity. For

GaAs substrate, we have @Y= – OX = TV/ V., where V.

= ho/(2rz~r11) is the halfwave voltage, and r14 is the elec-

trooptic coefficient. The microwave field induced phase

difference can then be written

(6)

With sufficient short laser pulses Z(t), the sampling signal

will be linearly proportional to the applied voltage V(t)

normalized to Vm. If the assumptions of negligible surface

reflection and unity backside reflecticm coefficient were

true, the only calibration factor would be the half wave

voltage.

For. the case of cw microwave field excitation, V(t) =

Re { V exp (i(co~ t + @v))},it is convenient to express the

laser pulse train as

‘(t) =Re[.:ozein@L’l ‘7)

After time averaging, only the pulse harmonic closest to

the microwave frequency u~ will contribute to the re-

ceiver signal at the IF frequency. Assuming the Nth pulse

harmonic is closest to the microwave frequency, the IF

frequency is defined as A w = u~ – Nw~. If the laser

pulse width is much shorter than the inverse of the applied

microwave frequency we have IN = ZO= (I(t)). The time

averaged intensity can now be written

{ 1
(l.([)) = : (1(r)) 1 – ~ I VI cos (Aut + @v) .

T

(8)

B. Pulse Propagation in a Time Varying Etalon

The probe pulse propagation in the substrate can be de-

scribed by the field envelope equation [13]

[ 1d,–ik + ~ & E(z, t) = iAk(z, t)E(Z, t) (9)
~

where A k(~, t) is the local microwave field induced change

in the wavenumber k. In general A k(~, t) would be given

by the product of a z-dependent part, given by the mode

profile of the transmission line mode, and a time depen-

dent function given by the time waveform

Ak(z, t) = Ak,. (.z)~(O. (lo)

An approximate solution of (9), valid for small micro-

wave field induced phase shifts, can be written as

E(z, t) = etp {–ikz – i+(t – z/u~)}E(O, t – z/z~~)

(11)

where we have defined the microwave field induced phase

shift

!

z

@(t - z/vg) = o d~A k(f, T + ~/ Uf) (12)

and introduced the new coordinates ~ = z and T = ~ –

z/lJg.

Besides a constant factor due to the surface reflection

coefficients, the field after one round trip in the substrate

is given by E(2h, t). It is convenient to write this in the

form

E(2h, t) = eXp { ‘i[eXp (–T 8,) d(t) + &)]} E(O, t)

(13)

where r = 2h / Ug is the substrate transit time, e “a’ is a

time shift operator (e “a’@(t)= f#(t– T)),exp (–ido’) =
exp ( – i(oo – id,)) is an operator operating on E(O, t) (exp

(–ido) E(O, ~) = exp ( –i@o) E(O, t – 7)). It is now

straight forward to write an expression for the etalon re-

flection operator by summing the contributions from the

multiple reflections in the substrate
.

‘J = – ‘f + ‘b $ ~~o (rf ‘b)k

. exp {–i(k + l)[~~~j(~) + do]}, j=x, y

(14)
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where r~ and tfare the front surface amplitude reflection

and transmission coefficients, rb is the back surface re-

flection coefficient. H~ is an operator operating on O(t)

and is defined as

(15)

As will be demonstrated below, ~~ ~(t) describes the mul-

tiple transit time effects, and is a generalization of single

transit time effect discussed in the literature [1], [21.

Using (14) in (3), we can write the time averaged in-

tensity as

m

. {e -t(k+ l)i%$+t _ ie –l(k+ l) HL@y
}

. ~–t(k+hdJO]E(f)lZ). (16)

Generally, dj is caused by either a train of short electrical

pulses as would be the case if the circuit is excited from

a photoconductive switch, or a sum of a few harmonics

of a cw microwave frequency if the circuit is excited from

a cw source. The optical probe field E(t) is a train of short

laser pulses, which also can be represented as a large

number of phaselocked laser modes (see (7)). Therefore,

one could represent both E(t) and @j(t) as a series of fre-

quency harmonics making it trivial to apply the operations

in (16). However, the general expression for the receiver

signal would be in the form of the squared magnitude of

an infinite series. Simple analytical results can be ob-

tained in two important cases to be considered in the next

two sections.

Before we proceed it is useful to consider the case of

sinusoidal excitation (~(t) = exp (itim t)), and study the

effect of fik on the sampling signal. Using (12), (10), and

(15) we can write

{
fi~d(t) = Re g(w,,,)

sin (co~(k + 1) 7/2)

(k + l)ant T/2

. ~ –iwm(k+ l) T/2~m ~wnt

1

where

(17)

(18)

and .&, = Tvg A k. is the induced phase shift with a uni-

form microwave field (A k,,,(z) = A ko). g(~J describes

the variation of the system frequency response due to a

nonuniform microwave field distribution. In reflection

mode probing A km(ZJ~t’ ) is always symmetric around 7/2

resulting in a real g(un,). ~With a uniform field g(uml) = 1

and the magnitude of Hk @ reduces to o~ sine ((k +
1) f. ~). Neglecting multiple reflections (take k = O term

only) this results in a system frequency response identical

to the one given by Kolner et al. [2] due to a single optical

transit time. With nonuniform field it follows that the sin-

gle transit time results in a system frequency response

given by the Fourier transform of the field distribution,

l&@(t) = Re {v~ j; dt’Ak~(o~?’) ei’’m’’Z Um(t(T)})}.

C. Inter ferometric Effects

First, lets look at a case where the laser pulses are long

compared to the substrate transit time. For the case of 100

pm thick GaAs substrate this corresponds to pulses longer

than about 2.3 ps. We can then neglect the operator nature

of $0 operating on the E(t).We can furthermore assume

that the phase perturbation @(t) is slow compared to the

transit time. Any time variation of @(t) that is much faster

than the sampling pulses will be lost in the sampling pro-

cess anyway. With these assumptions we can set

fik = 1, JO = @o (19)

and it immediately follows from (14) that ?j is a function

of (+0 + 4J (0) only

?, = r (d. + @j(?)) (20)

where r(q50) is the amplitude reflection coefficient of the

substrate etalon and is given by

(21)

As expected, the substrate acts as an etalon with the round-

trip phase “slowly” varying with the applied microwave

field. From (3) (or (16)) the time averaged intensity can

now be written as

(10 (t)) = ~ ( lr(@O + h) – ir(@O + @y)12z(0). (22)

To evaluate the time average in the receiver, we expand
r (d. + @j(t)) in powers of @J(t). Usually 0] (0 is very

small, with circuit voltages V(t)of the order of volts and

half-wave voltages V. of typical substrate materials of

several kilovolts. We are then justified in taking only the

first linear term in the expansion. Writing 000r/ r = doo
In Irl – id~,~, we have

(zO(t)) = ~lr(Oo)12{(l(t)) – dOO@((0, – 4.)

“ Z(t)) – ~00 in Irl {(4., + +Y)l(f)) }. (23)

Compared to (5), where we neglected etalon effects, there

is an overall weighting factor Ir (@o)Iz accounting for the

reduced total reflected power, The second term in (23) is
similar to the last term in (5), but with a new proportion-

ality constant dOO@. This is the normalized photon life

time, r,/ ~, of the substrate etalon, accounting for the

changed effective optical transit time. Finally, we have a

new term proportional to d+o In \rl. This term is due to a

direct amplitude modulation in substrate due to interfer-

ence at the top surface [8].
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In GaAs substrates we have @,t + @iY= O, and the last

term in (23) would not contribute to the receiver signal,

However, with a slight change of the set-up the intensity

in the two polarizations would not be equal, and this term

would contribute. Li et al. [8] demonstrated that one could

use this direct amplitude modulation in the substrate to

detect the electrooptic effect in GaAs microstrip lines

without the use of an analyzing polarizer. With both po-

larizations incident on the substrate, the receiver signal

(no polarizing beamsplitter) would be proportional to

(Z.(t)) = lr12{(Zx + [y) – 2 do, h Irl (4111 + dyZy)}

(24)

Clearly if the magnitude of the reflection coefficient has a

round trip phase dependence, the electrooptic signal will

be nonzero. The receiver signal would show a strong in-

put polarization dependence [8].

From (23) it follows that there are two calibration fac-

tors of interest for the direct electrooptic sampling set-up

using long sampling pulses; Irl 2 d@Oin IT-I and Irl 2 d@O0.

The phase derivatives follow from (21) as

a@Or(@O) ‘irb(l – r;)

= (1 – rjr~e
(25)

r (o(j) “00) (FL,– rte’+o)

The resulting calibration factors are shown in Fig. 3(a)

and (b) for GaAs substrates with constant front surface

reflection coefficient and various back. surface reflection

coefficients. The electrooptic signal shows a resonant be-

havior as a function of the round-trip phase delay O.. The

first calibration factor, IV12, d@O@, shown in Fig. 3(a), re-

sults in a large enhancement for the Gtires–Tournois eta-

Ion for round-trip phases of 2n7 (on rwonance). For the

symmetric etalon on the other hand, this calibration factor

goes to zero on resonance. The other calibration factor,

lr12 &$O in \rl, shown in Fig. 3(b), is zero for the Gires-

Tournois etalon. But only small deviations of the backside

reflectivity from one, increases the calibration factor to a

larger value (=0.2) slightly off resonance.

Simple analytical expressions for the calibration factors

can be derived in two special cases of interest. First is the

Gires-Toumois etalon with rb = 1, corresponding to the

sampling geometries shown in Fig. 1(a) and (b). With a

purely dispersive reflection coefficient only the first cali-

bration factor, the normalized photon lifetime, is non-

zero. The maximum and minimum normalized photon

lifetime is given by (1 + rf) /(1 – rf) and (1 – rf)/(l +

rf), resulting in a maximum relative ~electrooptic signal

variation of 7s,*9X/7S ~,. = [(1 + rf)/(l – rf)l’. For GaAs

substrates this facto; is approximately 13, resulting in a

total electrooptic signal variation of 22 dB. The sensitiv-

ity to variations in @ocan be characterized by the finesse

the resonance in Fig. 3(a). With rb = 1 the finesse is given
by F = r~~/(1 – r~) (F = 5.4 for GaAs).

The other case of interest is the symmetric Fabry-Perot

etalon with r~ = rb, corresponding to the sampling ge-

ometry in Fig. 1(c). For this geometry, we will in general

have contributions from both terms in (23) if q5X+ @Y #

o.o L!lllll llllill!lAlxl l,! Irrv,la$nvmj

-1.CI -0.5
Roundt.ri~OPhase &i)

1,0

(a)

k 0.2
$
Q

2

fi
.-
4
cd

Eq

: _o.2

-0.4 1 1 1 I

–1.0 –0.5 1.0
Roundtri~OPhase &i)

(b)

Fig. 3. Calibration factors as function of round trip phase delay for GaAs
substrates with front surface reflection coefficient r, = 0.565 and various

back surface reflection coefficient r,. (a) lr12 ~+,~. rb = 1.0,0.9,0.8,0.7,

and 0.565. The upper trace corresponds to a Gires–Tournois etalon with r-b
= 1.0, and the lower trace corresponds to a symmetric Fabr-yPerot etalon

with rj. = r-b = 0.565. (b) Ir12 a+OIn Irl. rb = 1.0 horizontal solid hne, rh

– 0.9 dotted hne, and r~ = 0.565 solid Iine.—

O or if the intensity in the two polarizations are not equal.

The sensitivity is strongly reduced compared to the en-

hanced sensitivity for the Gires-Tournois etalon. Off res-

onance, the calibration factor shown in Fig. 3(a) is ap-

proximately 2r~(l – r~)/(1 + r~)3 (0.19 or – 14.5 dB
for GaAs). For the set-up considered in this paper (Zx =

ZY), the sensitivity goes to zero on resonance.

The calibration factors considered here are all periodic

functions of the round trip phase O., making them peri-

odic in both lprobe wavelength and substrate thickness.

For a fixed probe wavelength, a substrate thickness vari-

ation of A/2n, or 0.14 pm in GaAs at 1 pm probe wave-

length, is enough to change the signal from maximum to

minimum. To get an idea of how severe this requirement

is, consider a 2 inch GaAs wafer. A maximum thickness

variation of le;ss than h/2n across the wafer would require

the two surfaces to be parallel within about 3 * 10-6 ra-
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dians. Typically a MMIC would not cover the entire

wafer, but even a circuit of dimensions less than a centi-

meter would likely show thickness variations larger than

A/2n.
In the calculation of the interferometric effects above,

we assumed that the laser pulses were coherent or trans-

form limited. For a Nd: YAG laser, this is a reasonable

approximation. For a dye laser, one can have consider-

able wavelength chirp in addition to both amplitude and

phase noise. This would reduce the finesse of the reso-

nance somewhat. However, it would still contribute a

large calibration factor. To avoid any interferometric ef-

fects, the laser line would have to be broader than the free

spectral range of the etalon. For a 100 ~m GaAs sub-

strate, this corresponds to a line broader than 430 GHz or

1.4 nm, which is broader than most modelocked with

pulse widths much larger than the substrate transit time.

D. Multiple Rejection Effects

Now consider probing with very short laser pulses,

pulses shorter than the substrate transit time. Such short

pulses can easily be achieved using commercially avail-

able subpicosecond modelocked laser systems, even for

substrate thicknesses of less than 100 pm. The temporal

response of the sampling system is then usually assumed

to be limited by the substrate transit time [1], [2]. As we

discussed in Section II-B multiple reflections in the sub-

strate would increase the effective transit time, and there-

fore further reduce the system bandwidth.

For the short pulses considered here one can neglect

interference between the reflected pulses at the boundaries

of the substrate. Neglecting interference, (16) can be

written

(26)

where Rf = lr~12,R~ = \r~12, and T~ = lt~lz. Assuming (k

+ l)fl~~j << 7r/2, we can write (26) in the form

[

R~T:
<L(t)) = ; Rf(l(t)) +

1 – R~R~

[
“ (Z(t)) – (1 – RfRb) ~:. (k + 1)

11
“ (RfR~)k (~k(@X – d$ e ‘(~ + l)’a’l(t)) .

(27)

The first term in the curly braces is the direct reflection

from the top surface. Apart from this term and the overall

scaling factor Rb T; /(1 – Rf Rb), the last two terms look

similar to the case neglecting multiple reflections. The

successive reflections sample a filtered version of the mi-

crowave field (~~ 4) each weighted by (1 – R~Rb)(RfRb)~.
To find an expression for the time averaged output in-

tensity for a sinusoidal microwave field excitation, we use

(17) for fi~o(t). Furthermore, we use the approximation

exp (ikA m) = 1. With an IF frequency A o typically very

low compared to the microwave frequency con (from a few

hertz up to about 10 MHz) this approximation should al-

ways be good. With this and (6) we find

1-COS(Ad i- @p + (.I),,t7/2+ eN(&)nz)) .

(28)

where we have defined

M%) = d%)
sin (ti~ 7/2) 1

0+. T/2 (1 – RfRb)

1

J 4RfRh
1+

. ~CIJmT

(1 – RfRb)2 ‘In 2

(29)

[

OJmr Cl)mT
2RfRb

sin ——
2

Cos —
2

eN (cOm)= tan-1
~ – RfRb 2RfRb

1+
~COmr

sin ——
~ – RfRb 2 1

(30)

and g(o,.) is defined in (1 8). The system sensitivity is re-

duced by an amplitude calibration factor IV(coJR~ T; /
(1 – RfRb) as shown in Fig. 4(a). In the figtire we have

assumed a uniform microwave field and set g(ti,J = 1.

Also plotted is the single transit time system frequency

response sin (ti~ 7/2)/ (un 7/2). It is interesting to note

that for the Gires–Tournois etalon (Rb = 1), the reduction

of the sensitivity due to the first front surface reflection is

exactly compensated by the enhancement due to the mul-

tiple reflections in the substrate, resulting in a calibration

factor of one in the low-frequency limit. For higher fre-

quencies, multiple reflections results in a significant re-

duction in sensitivity. For a 100 @ GaAs substrate the 3

dB bandwidth is reduced to about 80 GHz as compared to

190 GHz for the single transit time approximation. We

should note that the multiple reflection effects (bandwidth

limitations) an put quite restrictive bandwidth limitations

in the back-side probing on coplanar strip lines. The thick

substrate often used with these transmission lines could

increase the substrate transit time significantly, to show

significant effects already at 40 GHz. This is, of course,

under the assumption of a good quality surface (which is

by the way desirable for all optical probing experiments).
Tighter focusing of the probe beam would reduce the re-
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Forlowfreq~uencies e~islineara ndt hedifferent slopes

correspond to different time delays, It follows from Fig.

4 that for signals with frequency components such tlhat ~

> 1 /67 would be significantly distorted in the sampling

system. This corresponds to about 70 GHz in a typical

microstrip circuit,

B
\

4 \ E. Geometric Calibration Factors
30,4 y,
# \.A As shown in the previous section the electrooptic si,gnal
z

\

d
\ is directly proportional to the potential difference between

\
~ 0.2 \ the front and back surface of the substrate at the probe

\

\

position. This potential difference will have contribution

.-’ from all surrounding signal lines. Assuming the sensitiv-

I

(a)

~~
0.0 0.5 1.0 1.5 2.0

Phase (Pi)

(b)

Fig. 4. Calibration factors as a function of ~~ r for GaAs substrateswith
front surfacereflection coefficient r, = 0.565 and various back surfacere-
flection coefficients r~ = 1.0, 0.9, 0.8, 0.7, and 10.565. (a) Amplitude cal-
ibration factor. The upper trace (solid line) corresponds to a Gires–Tour-

nois etalon with r~ = 1.0, and the lower trace corresponds to a symmetric

FabryPerot etalon with r~= r~ = 0.565. Dashed line shows single transit

time system frequency response. (b) Phase calibration factor. The Gires-
Tournois (rb = 1) shows the largest phase factor while the symmetric Fa-

bry-Perot etalon show the smallest phase factor.

ceived power of the multiple delayed pulses and therefore

reduce the effect on the measurement system bandwidth.

For the symmetric Fabt--Perot etalor~, the frequency de-

pendence of the amplitude calibration factor is negligible,
but the sensitivity is reduced by a factor Rb (1 – Rf)2 /(1

– R~RJ2, corresponding to a factor of 5 (or 14 dB) in

GaAs.

The linear phase shift UWI-/2 in (28) corresponds to a

time shift and is not important. The other phase factor
e~(cu~) is not linear and would affect the system pulse

response. Fig. 4(b) shows e~ (u,.) for various etalon pa-

rameters. The Gires–Toumois etalon shows the strongest

frequency dependence with a maximum phase deviation

of about 15 degrees. The symmetric Fabry-Perot etalon

shows a maximum phase deviation c)f about 6 degrees.

ity reductio:n/enhancement due to etalon effects are

known, the measured electrooptic signal can be related to

the voltage at the test point by modeling the potential dis-

tributions around the signal lines, Various groups have

used numerieal techniques to calculate the potential dis-

tribution in some typical geometries [9]-[1 1], [6]. How-

ever, to easi [y calibrate these vibrations out of the nnea-

surement simple analytical correction factors are needed.

Usually, the major contribution to the electrooptic signal

will be due to the line closest to the probe beam position,

and all one has to consider is the potential distribution

close to a single conductor. Here we concentrate om the

specific case of a microstrip line, and calculate a voltage

calibration fa~ctor as a function of the transverse position

of the probe beam.

The field on a typical microstrip line is well confined

to the area close to the conducting strip, causing the sur-

face potential to drop off rapidly as we move out from the

conductor ed,ge. Close to the edge, the normal field is rea-

sonably approximated by the field from a semi-infinite

patch. That is, we have an inverse square root singularity

of the normal field at the edge. The approximate surface

potential can be found by integrating the normal field

along the surface

{ — i--\

where V. is the line potential, and c is the substrate rela-

tive dielectric constant. This approximate form for the

surface potential is good for x/h < 1/2 for high ~ sub-

strates, and to even larger x/h for low e substrates. ‘The
exact solution for the static potential drops somewhat

faster than what is indicated by (31) for large x/h [6].

The measured voltage at probe position.0 using an optical

probe beam with transverse intensity variation l(x) is given

by

!
w

Vm(X()) = Cikv(x) z(x)
o

(32)

where we have neglected any proportionality factors due

to the etalon effects discussed in the previous sections.

Furthermore, we neglect the changing beam waist away

from the focus, which have been shown to only slightly
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modify the electrooptic signal [9], The intensity distri-

bution can be approximated by a Gaussian beam with

Gaussian spot size tie, positioned a distance X. from the

conductor edge, l(x) = 210/(uo ~) exp { –2(.x –

XO)2/ w ~}. To keep the probe diameter approximately con-

stant throughout the substrate one should choose the Ray-

leigh range of the probe beam, z~ = w ~n /h, approxi-

mately equal to or longer than the substrate thickness

(corresponding to tio > 3 ~m for a 100 pm GaAs sub-

strate). We then have

[~

lm
v. (Xo) = Vo — d~e ‘(l /2) (S– 2.ZO/WO)2

JZQ

. ~ –(1/2)(s–2xo/wo)2

1

(33)

The calibration factor V~ / P’Ois shown in Fig. 5 for the

case of a microstrip line on a GaAs substrate with ~ =

12.5. It is clear from Fig. 5 that the electrooptic signal is

maximum when X. = W., and it is decreasing to either

side of this “optimum” position. Moving closer to the

electrode blocks part of the beam causing the signal to

drop rapidly. To avoid diffraction from the conductor

edge, one wants X. > Wo, such that (33) can be approxi-

mated as

[

Vm(XJ = t’f 1

For X. > W. the error in this approximation is less than

about 2 % as compared to (33). Typically, to maximize

the signal one would use X. = W., and therefore, the cal-

ibration factor decreases with the square root of the spot

size. For a 100 ~m thick GaAs substrate this leads to a 4

dB signal reductions for a 10 pm spot size and a 8 dB

signal reduction for a 30 pm spot size. It is interesting to

note that even large spot sizes, the measured potential dis-

tribution Vn (xo) is to a good approximation equal to the

actual potential distribution V(xo) for X. > W..

III. EXPERIMENTAL VERIFICATION

To verify some of the theoretical results presented in

the previous sections, we have used an electrooptic sam-

pling set-up to measure the electrooptic signal variation

as a function of both spatial position and of probe wave-

length. A simplified schematic of the experimental set-up

is shown in Fig. 6. The circuit used was a 4-6 GHz GaAs

MMIC amplifier using microstrip lines on 100 pm sub-

strate (courtesy of General Electric). The laser sources

used were a modelocked Nd: YAG laser operating at 1064

nm with nominally 90 ps pulses, and a tunable synchro-

1.0

k

0.8

00.6

>

0.4

2------
“ 0.0 0.1 0.2 0.3 0.4

xo/h

Fig. 5. Voltage calibration factor for a microstnp on a GaAs substrate as
a function of probe position .xOrelative to the microstrlp line edge for probe
beam diameters of O * h, 0.1 * h, 0.2 * h, and 0.3 * h,

Fig, 6. A simplified schematic of the experimental set-up. The sampling

pulses were coupled to the electroopuc sampling head through a polariza-
tion preserving single mode fiber (SMF), The circuit under test is mounted

on a stepper-motor controlled mlcropositioning stage (xyz).

nously pumped modelocked dye laser tunable from 900-

980 nm (Styryl-13 dye) with approximately 8 ps pulses.

The measurements were taken at a fixed microwave fre-

quency of 5 GHz. The probe beam was focused to a 10

pm spot size and the probe position could be scanned

along the microstrip line using stepper motors.

Fig. 7 shows the measured electrooptic signal variation

along the microstrip line. The data shows a resonant be-

havior in agreement with the discussion in Section II-B.

The maximum signal variation is approximately 22 dB in

excellent agreement with the predictions assuming rb = 1

and rf = 0.565. The period of the variations is 80–90 pm,

corresponding to local thickness variations corresponding

to an angle of only slightly more than a milliradian

(0,0017 mrad). The slow decay of the electrooptic signal

as a function of position is due to taking a scan not quite
parallel to the microstrip line, This variation can be ac-

counted for by the position dependent calibration factor

discussed in Section II-C. Similar observations have re-

cently been reported by Li et al. [8] using a 15 ps

Nd: YAG laser pulse on a 320 pm GaAs substrate (ap-

proximately 7 ps round trip time).

In Fig. 8 we show the result using the dye laser at a

wavelength of about 965 nm. Two different probe wave-

lengths were used, separated by about 1 nm. The mea-

surements were performed by adjusting the birefringent

tuner in the laser without touching the circuit or sampling
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Fig. 7. Measured electrooptic signal varlatlon as a function of the spatial

coordinate parallel to the microstrip line on a 100 pm thick GaAs substrate.
The laser source used was a Nd: YAG laser operating at 1.064 pm with 7P

= 90 ps.

.,50~—
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Fig. 8. Same &s in Fig. 7, but measured using two different dye laser
wavelengths separated by about 1 nm at 965 nm. r~ = 8 ps.

head. Therefore, the shift of the fringes in Fig. 8 is solely

due to the probe wavelength shift. Due to the coarse

wavelength tuning of the laser, it was not possible to do

a continuous tuning of the probe wavelength over one eta-

Ion free spectral range ( = 1.4 nm). Even without this con-

tinuous tuning, the half-period shift of the fringe pattern

supports the conjecture that the resonant behavior is due

to interferometric effects. The slightly noisier fringes

measured with the dye laser as compared to the Nd: YAG

laser is due the stronger amplitude noise for the dye laser.

Due to the limitation in microwave equipment, we did

not try to verify the bandwidth limitations due to the mul-

tiple reflection effects discussed in Section II-D.

IV. DEEMBEDDING AND CALIBRATION

It is clear from the previous sections that the direct

electrooptic sampling system can introduce significant

measurement errors that must be removed if accurate

measurements are to be made. Various deembedding pro-

cedures to implement the calibration can be designed us-

ing our model of the sampling system. The most difficult

problem in calibrating the system comes from the inter-

ferometric effects discussed in Section II-C. The mulkiple

reflection ejfects in the short pulse ljmit (Section H-D)

only shows a weak dependence on the substrate thickness

and very small uncertainties woul@ result from the sub-

strate thickness variations. The tqost severe problem in

this case would be reflectivity variations across the cir-

cuit. For well prepared circuits this variation is likely to

be small, only a few percent. The interferometric eflfects,

on the other hand, shows extreme sensitivity to substrate

thickness variations and cannot be controlled or corrected

for without a deembedding algorithm. The geometric fac-

tors discussed in Section II-E can be corrected for if one

has accurate measurement of the position of the probe

beam relative to the conductors.

There are several techniques to deembed the etalem ef-

fects in the long pulse limit. One technique is to make the

measurement at two (or more) different (known) wave-

lengths. This would require a precisely tunable laser

wavelength. It would then be possible to remove the in-

terferometric effects via calibration software using el,alon

theory. This is possible since the average detector power

is affected by the etalon effective reflectivity y only, while

the electrooptic signal is affected by both the etalon stor-

age time and effective reflectivity. An alternative tech-

nique is possible if the effective reflectivities of the sur-

faces of the etalon are both considerably less than one,

(We have found this to be the case for most circuits due

to large absorption in the Ti bonding layer used for Ti/Au

electrodes on standard MMICS. ) Since the variation of the

substrat? thickness as a functiQ~ of spatial position di-
rectly effects the average detector power, this can be used

to infer the total effective round trip phase delays induced

by the etalon. From the spatial variation and overall con-

trast of the xverage detector signal, both the average back-

side reflectivity and the local phase delay can be obtained.

From this the reflectivity/storage time correction folr the

electrooptic signal can be computed and used to deembed

the etalon effects from the electrooptic signal. In prelim-

inary tests, we have used this technique to produce sig-

nificant improvements of one dimensional spatial scam on

microstrip circuits. However, a number of issues have to

be resolved before a general deembedding procedure for

spatial scans can be developed. This includes the effect of

fine scale surface roughness, and the extent of local vari-

ations of the backside reflectivity in typical MMICS.

V. CONCLUSION

In reflection mode optical probing, the ckcuk substrate

forms an etalon for optical probe beam. In this paper we

have presented results showing the effect of this etalon on

the voltage calibration factor of the electrooptic sampling

system. Analytical expressions for the calibration factors

are derived in two limiting cases; long and short optical
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sampling pulses. Depending on the length of the sampling

pulse relative to the substrate transit time, the etalon will

affect either the voltage calibration factor or the system

bandwidth. For pulses long compared to the transit time,

interference at the surface results in a probe wavelength

dependent storage time effect. The resulting electrooptic

signal shows a resonant behavior as a function of wave-

length or substrate thickness. For probing in microstrip

circuits on GaAs substrates this could result in a maxi-

mum signal variation of 22 dB. By using pulses short

compared to the substrate transit time, these interfero-

metric effects can be eliminated. In this case the multiple

reflections reduce the e~ective system bandwidth to a

bandwidth less than that given by the transit time or by

the sampling pulse width. Amplitude and phase calibra-

tion factors are derived. For probing on a microstrip line

on a 100 pm GaAs substrate, the 3 dB bandwidth is re-

duced to about 80 GHz, with even larger bandwidth re-

ductions for thicker substrates.

The decaying surface potential close to a microstrip line

results in a voltage calibration factor that reduces the sen-

sitivity of the sampling system proportional to the square

root of the probe beam spot size, The resulting electroop-

tic signal reduction is 4 dB for a 10 ~m spot and 8 dB for

a 30 pm spot on 100 pm thick GaAs substrates.

Various deembedding procedures to implement the cal-

ibration of the direct electrooptic sampling system can be

designed using our model of the sampling system. Two

possible procedures based on wavelength tuning and spa-

tial scanning were discussed.

Although we have limited our discussion to reflection

mode probing in typical microwave transmission lines, it

should be clear that the effects discussed here would sim-

ilarly be seen in transmission mode sampling, only dif-

fering by the exact form of the calibration factors.
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