IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 43, NO. 5, MAY 1995

1031

MMIC-Calibrated Probing by
CW Electrooptic Modulation

D. Le Quang, Didier. Erasme, and Bernard. Huyart

Abstract— This paper describes an electrooptic probing tech-
nique using a cw semiconductor-laser beam associated with a
fast photodetector. Besides its simplicity, this technique presents
some advantages over the sampling one thanks to the presence of
a Fabry-Perot effect, namely an enhancement of the electrooptic
interaction and a simple solution to the calibration problem. The
good validity of the calibration method allows the application of
this technique to S-parameter measurements. The S-parameter
determination, in modulus and in phase, of an industrial MMIC
by the electrooptic method is reported and compared with direct
network analyzer measurements.

I. INTRODUCTION

ITHIN THE last few years, elctrooptic probing [1],

[2] has been shown to be a powerful test method
in various areas of physics, in particular the test of GaAs
microwave integrated circuits. In this application, the goal is
the measurement of the absolute voltage at various test points
leading to the determination of S-parameters. A technique
using a cw laser probing beam has shown a high measurement
bandwidth and a good sensitivity [3]. Besides its simplicity
and relatively low cost, it overcomes the calibration problem
related to the nonuniformity of the reflections in the sample
by making use of a Fabry-Perot effect within the substrate.
Furthermore, the results are obtained directly in the frequency
domain.

II. EXPERIMENTAL METHOD

The method consists in sending a cw optical beam through
an electrooptic material where an electric field is present.
The electric field induces crystal refractive indices varia-
tions (Pockels effect) which can be converted into a linear
modulation (at the frequency of the electric field) of the
intensity of the optical beam by the use of appropriated optical
elements. In the case of GaAs microwave circuit probing,
the electrooptic material can be the substrate itself and the
electric field consists of the microwave signal. The intensity
modulation at this microwave frequency can be measured,
via a fast photodetector, on a spectrum or network analyzer.
The signal at any node of the circuit can be measured in
modulus and in phase in the frequency domain. The test
frequency is limited only by the bandwidth of the photodiode.
Commercially available photodiodes reach 45 GHz.
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Fig. 1. Experimental setup.

The experimental setup is shown in Fig. 1. After passing
through some polarizing elements, a 1.55-pm continuous laser
beam is focused onto the back surface of the test circuit where
the beam interacts with the fringing field of a microstrip line.
After multiple reflections at the top and back surfaces of the
substrate, the beam is sent to a photodetector via an optical
fiber. The average power I, received on the detector is given
by the Airy function characteristic of the Fabry-Perot effect

Lne 72+ R? + 2rRcos (4mnh/))
2 1+ 72R2 + 2rRcos (4wnh/X)

where I;,. is the incident optical power on the circuit, n the
refractive index of GaAs, h the substrate thickness, A the laser
wavelength, r and R the effective reflection coefficients of the
top and back surfaces respectively ([2 includes the losses in
the substrate), and & a factor denoting the power loss due to
the optical elements and the injection into the fiber.

The electrooptic signal (for a cw signal on the microstrip)
is given by

Ly =k

ey

IPPFP = QIavl sin<I>| (2)
with

¢ =

R(1 — r?)sin[w(4nh/X + Vip/Vz)]
arctg { (1 + B2) + R(1 + 2) cos [r(4nh/A + Vip/Vy)] }
, { R(1 — r2)sin[r(4nh/) — Vip/Vi)] }
TACB T+ B2) + R(1L + r2) cos [n(dnh/ X — Vip[Vy)]
‘ 3)

where Iprp is the peak-to-peak value of the modulated
intensity, V;p the amplitude of the voltage at the test point,
and V. the half-wave voltage of the GaAs substrate defined
by

A

T 2n3r41

“)

where 74 is the electrooptic coefficient of GaAs.
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We have chosen an internal probe configuration where the
electrooptic material is the GaAs substrate itself. This allows
the measurements to be free from perturbations, which is
important for obtaining the absolute measurements. Contrary
to external probe systems where a complicated calibration
technique is required to overcome the perturbation introduced
by the external electrooptic crystal [4], a simple solution for
the calibration is obtained in an internal probe system using
a cw optical beam.

III. CALIBRATION PROCEDURE

In the electrooptic probing of MMIC’s, a calibration method
is necessary in order to determine the absolute voltage at
various points of the circuits.

The calibration requires the determination of the local
reflection coefficients r and R of the top and back substrate
surfaces at the test point. It can be seen from (1)-(3) that,
by using a tunable laser, these reflection coefficients can be
determined from a pair of experimental curves I, /Iin. and
Ipwp/Iinc versus the laser wavelength A. This is obtained
simply from two ratios

* the ratio between the maximum and minimum average

optical powers

realla ]

* the ratio between the corresponding clectrooptic signals,
given by

&)

Iav min

IppM N (7‘ + R)(l - ’I‘R)3 (6)
Lopm (r—=R)(1+4+7R)3

using the fact that the test point voltage V;;, is very small
in comparison with V.

However, in the real system, these equations must be
modified. Indeed, (5) and (6) are correct only when the laser
beam is perfectly parallel when passing through the circuit and
when reaching the photodiode. Now, there are the following
two beam focalization mechanisms:

1) At the circuit (Fig. 2(a)): Since the incident beam must
be focused just beside the microstrip line for a maximum
electrooptic interaction and on the back substrate surface for
obtaining a good spatial resolution, the 2nd, 3rd, . . . reflections
from this surface are partly blocked by the stripline itself.
These optical power losses can be calculated by using the
theory of a Gaussian beam and by supposing that the line is
large enough in comparison with the spot size of the focused
beam.

2) At the entry of the fiber (Fig. 2(b)): In order to obtain
a maximum detected electrooptic signal, the entry of the fiber
must be positioned at the focal image of the first reflection.
Then the following reflections are found to be focused farther
and farther away from the fiber. These supplementary losses
are difficult to determine in view of the small diameter
of the fiber core (about 10 ym) and the geometry of the
optical arrangement. In fact, if the circuit is not perfectly
perpendicular to the incident beam, the conjugate images of
the multiple reflections would not be on a same axis.
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In order to take these losses into account, the multiple
reflection powers have been chosen to be proportional to the
terms of a geometric series whose ratio “a” is lower than 1.
The equations (5) and (6) become

Los _ [0 HL- (00—l
T min (r—R[1—(1-a)?])(1+arR)
Iom  (r+R[1-(1-a)r?)(1—arR)® 9
Ipm (r—R[1—(1- a)r?])(1+ arR)3" ®)

The reflection coefficient » of the top substrate surface
can be easily determined from Fresnel’s law. For industrial
MMIC’s whose top surface is generally covered by a protec-
tion dielectric layer, r can be calculated if the refractive index
and the thickness of this layer are given.

Once the three quantities a, r, and R have been determined,
the absolute voltage V;,, at the test point can be easily deduced
from, for example, the ratio

4rR(1 — r?)V,,

Topm _
" (r+R[L~(1—a)?)(1+ arR)V,

®

Iav max

IV. FABRY-PEROT ENHANCEMENT
OF ELECTROOPTIC INTERACTION

The multiple reflections lead to an accumulation of elec-
trooptic interaction during the multiple passages of the probe
beam in the substrate. It can be seen that, by using a tunable
laser, a wavelength that gives a constructive accumulation can
be chosen, producing thus an enhancement of measurement
sensitivity. This does not exist in any electrooptic sampling
system because of the shortness of optical pulses.
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Fig. 3. - Ratio Iy,rp /Ippsp of the maximum enhanced electrooptic interac-
tion to that of the sampling technique as a function of the reflection coefficient
R of the back substrate surface (i) » = 0.4; (i) » = 0.55; and (iii) r = 0.7.

The electrooptic signal in a sampling system is given by

Ippsp = k%n?’mle(l - TZ)ZIiHCth.
Fig. 3 shows the ratio of the maximum electrooptic interaction
enhanced by the Fabry-Perot effect to that of the sampling
technique as a function of R by supposing that the incident
optical power and the power loss are the same in both systems.
The curves are plotted for several values of r and for a =
0.5. It can be seen that the enhancement becomes important
when the reflectivity of the back surface is poor. This can be
explained by the fact that in a sampling system, the electrooptic
signal is due only to a single optical reflection on the back
surface, whereas in a system using a continuous probe beam,
multiple light passes and Fabry-Perot cavity tuning enhance
the modulation. As shown in Fig. 3, the greater is r, the larger
is the enhancement.

The fact that the optical power reflected by the top surface
does participate to the electrooptic signal via the Fabry-Perot
effect allows us to overcome another calibration problem
encountered in a sampling system, that is the differentiation of
the optical powers reflected by the top and the back surface.

(10)

V. RESULTS AND DISCUSSIONS

A. With a Microstrip Line

Calibrated measurements: The first experiments have been
carried out with a 50-Q microstrip line deposited on a 500-.m-
thick GaAs substrate whose top surface is simply a GaAs-air
interface. The line was driven by a 6-GHz microwave signal
and was terminated by a matched load. Fig. 4(a) represents
the experimental variations of I, and I,prp - 10%, normalized
to Iinc, against the laser wavelength A. From these measure-
ments and after the calibration procedure described above,
we obtained: @ = 045, R = 0.32, and Vi, = 0.56 V. The
theoretical curves using these numerical values show a good
agreement between the theory and the experiment (Fig. 4(b)).
The difference in the vertical axis in both figures is due to
the optical power loss denoted by the factor k£ in (1). The
difference in the horizontal axis is due to the translation
of the curves in wavelength when the substrate thickness
varies. The experimental curves appear to be shifted to the
shorter wavelength side as if the wavelength scale has been
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Fig. 4. Electrooptic effect in presence of Fabry-Perot effect. (a) Ekperimen-
tal. (b) Theoretical.

compressed in this region. This can be due to a bias in the
calibration of the optical spectrum analyzer which was used
to measure the laser wavelength, or to a temperature variation
between the measurements. ;

It can be noted that if the theoretical curves of the non-
modified Fabry-Perot model gives a good qualitative agree-
ment with the experiment 3], the introduction of the corrective
factor “a” makes the agreement quantitatively better, which
allows us to calibrate the measurements.

The calibration method can be justified by the - experi-
mental measurements of well-known voltages. Fig. 5 shows
the voltage distribution as a function of the distance from
the center of the microstrip line. The solid curve represents
the theoretical values calculated by the quasistatic method
using the technique of separation of variables [5]. The points
represent the electrooptic measurements after calibrations. The
line was driven by a 5-GHz signal of 1-V amplitude.

Determination of the half-wave voltage V,.: It can be seen
from (9) that the precision of the absolute voltage Vi, at
the test point depends upon that of the half-wave voltage
V.. The value of this voltage is obtained with accuracy only
when the refractive index n and, in particular, the electrooptic
coefficient r4y of the GaAs are exactly known. There is not
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Fig. 5. Voltage distribution as a function of the distance (normalized to the
substrate thickness &) from the center of a 50-§ microstrip line.

a general agreement on the values of these parameters in the
literature [6], [7]. In our calculations, we have taken n =3.4
and 741 = 1.4 - 1072 m/V, which gives V, =14 kV. The
good agreement between the measurements and the simulation
in Fig. 5 shows that this value for the half-wave voltage is a
good estimation.

Sensitivity: Fig. 5 also shows that the voltage Vi, decreases
rapidly when the laser spot moves away from the line. Only
a good spatial resolution would lead to V;, approaching the
voltage V; on the line, resulting in an improved sensitivity.
This resolution is determined by the spot sizes on the top and
back surfaces of the substrate. The former is related to the
geometry of the focused beam; the latter is limited by the
diffractive nature of a Gaussian beam. It can be noticed that
for a given focused beam, the best spatial resolution will be
obtained when the beam waist is found not at the top substrate
surface but at the back one. The spot size at the top surface
is the smallest when the Rayleigh range of the focused beam
1s equal to the effective thickness h/n of the substrate. Its
minimum diameter is given by

8hA

nmw

min = 2V2wo = an
where wq is the beam radius at the waist.

The minimum spot diameter is about 24.1 um for
h = 500 pm and about 10.8 pm for standard 100-um-thick
MMIC’s.

With an optimal spot size and the Fabry-Perot enhancement
of electrooptic interaction, a good sensitivity can be obtained.
With our 500-pmn-thick sample, a minimum detectable voltage
of 1 mV/\/ Hz (—40 dBm with RB = 10 Hz) for a 15-GHz
measurement is obtained in spite of the modest power of our
laser diode (5 mW). This good sensitivity is also due to the
simplicity of the system which induces less power losses than
many other ones. The optical power loss of the system is 12
dB for a maximum Fabry-Perot effect.

Finally, it must be noticed that the sensitivity depends
strongly on the optical reflectivity of the back substrate surface.
This reflectivity can vary greatly from circuit to circuit and
even within a same substrate. According to the calibrations,
the effective reflectivity R? of our 500-um-thick sample lies
between 0.1 and 0.25.
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B. Six-Port Reflectometer MMIC

The test circuit is a six-port reflectometer designed in ENST
for a 1.5-2 GHz bandwidth [8]. It is built up on a 1.5-
mm?-wide, 100-ym-thick GaAs chip whose top surface is
covered by a 0.3-pm-thick silicon nitride layer. Its parameters
S42 and Sea, measured on a network analyzer, are presented
in Fig. 6(a). The voltages V3, V4, and Vs on the input and
output microstrip lines have been measured and calibrated by
the electrooptic method. The ratios (V3/V2)? and (Vs/V2)?
are presented in dB in Fig. 6(b). It can be noticed that
the curves exhibit the same characteristic as the network
analyzer measurements. The discrepancy lies in the fact that
both measurements are not quite equivalent. The electrooptic
test does not include connexion losses. It does not either
differentiate forward and backward propagating waves but
measures the real local voltage.

The laser diode used is not a tunable laser but a DFB laser
whose tunability is only 1 nm. This small tunability is not large
enough for covering a Fabry-Perot period (in wavelength) of a
100-pm-thick substrate. In this case, the calibration parameters
(¢ and R) are determined from the ratio between I, .5 (Or
1.+ min) and the average optical power at any laser wavelength
A and from the ratio between the corresponding electrooptic
signals.

In this experiment, a signal-to-noise ratio of 23 dB (optical)
has been obtained for a 10-dBm power launched into the
circuit. Thus, the minimum electrical power detected turns out
to be —36 dBm.

As seen in Fig. 1, another interest of an electrooptic probe
system operating in the frequency domain is that the data
acquisitions can be made directly on a network analyzer. The
voltage ratios are obtained by the subtraction of the curves
for two test points as in Fig. 6(c). Differences in the reflection
coefficient at both test points result in an offset of the reference
level that can be easily taken into account.

Contrary to the magnitude measurements, the argument
measurements of S-parameters by the electrooptic method are
free from calibration problems and can be obtained directly on
the network analyzer. Fig. 7(a) and 7(b) represents the phase
of Sy and Sgy measured directly on the network analyzer at
the entry connections and by the electrooptic method at the
test points corresponding to Vs, Vj, and Vg mentioned above.
The difference in slope comes from the difference in reference
planes for both measurements. The agreement is very good.

VI. CONCLUSION

We have shown that an electrooptic test system based
on a cw optical probe beam allows the calibration of the
measurements, and therefore allows S-parameter determina-
tions for microwave integrated circuits. The result reported
shows a good agreement in the frequency behaviour with that
obtained by a network analyzer. The calibration method is
well validated, allowing us to determine experimentally the
half-wave voltage of the GaAs. Finally, thanks to the Fabry-
Perot enhancement of electrooptic effect, a good sensitivity
has been obtained.
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