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Abstract — A method to simultaneously measure electric
and thermal fields with a single probe is presented. The
probe material is gallium arsenide with the Pockels effect
employed to measure electric fields and the effect of photon
absorption due to bandtail states used to determine
temperature. Measured optical power versus temperature is
inversely related and is shown to agree with theory.
Experimental results demonstrate a sensitivity of 0.31 µµµµW/oC
at 25oC and an accuracy of ±±±±0.5oC between 20oC and 60oC.
The magnitude of the electric field is obtained with a
normalized standard deviation of 1.3%. The technique is
applied to the combined electro-thermal examination of an
MMIC in a quasi-optical power-combining array and the
calibration of electric field data that was corrupted by
temperature dependent effects inherent to the electro-optic
probe.

I. INTRODUCTION

The electro-thermal behavior of active microwave and
millimeter wave circuits has received growing attention in
recent years [1]-[3]. The thermal characteristics become
especially important in active antenna arrays and quasi-
optical power combining structures where a multitude of
biased MMICs are in close proximity. The generation of
heat in such configurations mandates a strong
consideration of heat dissipation in the overall design [4]-
[5].

Several methods have been developed to characterize
and diagnose the behavior of such circuits. To examine
the electrical behavior, optical techniques such as those
that use electro-optic probes for the non-contact field-
mapping of electric fields have been employed [6]-[7].
Separate methods exist for observing thermal effects
including the use of thermal cameras, IR microscopes,
thermocouples, and thermistors.

A major factor that has yet to be considered when
applying electro-optic field mapping techniques to the
characterization of active microwave circuits is the
temperature dependence of the probe itself. The electro-
optic coefficients that govern the response of the probe to
RF fields are known to vary with temperature [8].
Additionally, in III-V semiconductor-based probes, the
temperature dependence of the optical absorption edge is
significant. The sensitivity of the absorption edge to
temperature has been used, for example, to monitor the

temperature in indium-phosphide-based semiconductor
substrates where knowledge of the epitaxial growth
temperature is critical [9].

This paper addresses the temperature dependent effects
associated with GaAs electro-optic probes. From this
study, it is shown that both electric and thermal fields can
be measured simultaneously. This allows for the
combined electro-thermal examination of active
microwave and millimeter-wave circuits with a single
probe and the ability to calibrate electric field data that is
corrupted when the probe is placed in areas where
temperature variations are present.

II. THEORY

The physical mechanisms employed to measure
temperature are the temperature dependence of the energy
bandgap in intrinsic semiconductors and its effect on the
absorption of optical power. A well known equation
describing this phenomena has been established by
Varshini [10]

where γ and β are material-specific empirical constants,
Eg(T) is the bandgap energy at temperature T, and Eg(0) is
the bandgap energy at zero kelvin. For photon energies in
the bandgap and near the band-edge, the absorption
coefficient, α, has been found to decay exponentially with
decreasing photon energy, hv, due to the presence of
bandtail states. The dependence on photon energy is
shown to follow [11]

where A, xo, and yo are constant curve fitting parameters at
300 K. For GaAs at room temperature ± 70 K, the
bandgap and absorption coefficient variation with
temperature can be linearized to within 5%. Linearizing
equation (1) and (2) about a nominal temperature, To, and
photon energy (hv)o and noting that
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where ξ is a constant on the order of one for the
temperature range of interest, the flow of optical power, P,
through the semiconductor is found to obey the following
temperature dependence

where κ is a constant that depends on the dimension of the
semiconductor in the direction of propagation. Therefore,
by monitoring the absorption response of an optical beam
that is directed to propagate through a section of
semiconducting material, the change in temperature can be
inferred in a manner that is linear with the inverse of
optical power.

To simultaneously measure electric fields, the
semiconductor must also be electro-optic. Due to the
Pockels effect, an optical beam propagating through an
electro-optic material exhibits a change in polarization-
state when the material is in the presence of an externally
applied electric field. The change in polarization-state can
be made to result in an amplitude modulation of the optical
beam that is proportional to the intensity of the applied
electric field. The optical transmission, T, through an
electro-optic modulator set up for 50% transmission, is
given by [8]

where Erf is the RF electric field magnitude in the probe, d
is the probe thickness in the direction of propagation of the
optical beam, ωrf is the RF frequency, t is time, and Vπ is
the half-wave voltage of the electro-optic material. For
Erfd << Vπ, the intensity modulation is linear with applied
RF electric field.

III. IMPLEMENTATION

The experimental setup is shown in Figure 1. The probe
material is GaAs with a normal-surface area of 500 µm x
500 µm and a vertical thickness of 200µm. A Ti:Sapphire
laser tuned to 895 nm is used to generate a linearly
polarized sampling beam that is coupled to the probe via a
section of single-mode optical fiber and a graded-index
lens [12]. Appropriate phase retarders are placed to
configure a 50% transmission intensity modulator for
electric field measurements.

To alleviate the need for a fast photodetector, and to
provide a method by which the phase of a signal may also
be easily sensed, the device under test is fed via an RF
synthesizer configured for harmonic mixing in order to
down-convert the sampled electric fields to IF frequencies.

This is accomplished by mode locking the laser to produce
a train of 80 fs pulses at a pulse repetition rate of 80 MHz
and setting the RF source frequency to an integer multiple
of the pulse repetition rate, plus an offset that corresponds
to the IF frequency. An IF frequency of 3 MHz is used
and was selected based on a tradeoff consideration
between signal-to-noise degradation due to 1/f noise at
lower IF frequencies and the loss of sensitivity incurred by
selecting higher IF frequencies [6]. Since the 80-MHz
component is not modulated coherently, its amplitude does
not change as it passes through the electro-optic crystal.

A photodiode functions as an envelope detector that
transforms the 3 MHz modulation and the 80 MHz pulse
repetition component to electrical signals for detection.
The 3-MHz signal, denoted V3MHz, is the modulation signal
that provides the electric field information and the 80-
MHz signal, denoted V80MHz, is the spectral component that
is monitored for temperature measurements. A high-pass
filter that filters as an open-circuit couples the 80-MHz
pulse-repetition component to a spectrum analyzer while
the 3-MHz modulation signal is coupled to a lock-in
amplifier with a low pass filter that filters as an open-
circuit for the 80-MHz signal. Such an arrangement
allows for the simultaneous measurement of thermal and
electric fields.

IV. CHARACTERIZATION

To characterize the thermal properties of the probe, it
was mounted in still air approximately four inches above a
hotplate. A precision thermistor with a tolerance of
±0.2oC was positioned adjacent to the probe to monitor the
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temperature variations of the ambient air as the hot plate
was turned on and off. Absorption data from the probe
and temperature data from the thermistor were collected
over a fifty minute period as the temperature was varied
between 20oC and 60oC. The results are shown in Figure 2
and agree with the theory as described in equation (4).

The temperature accuracy and sensitivity of the probe
are determined from a linear regression analysis of the
data shown in Fig. 2. The accuracy, calculated from the
standard deviation of the data set composed of the absolute
value of the deviations from the linear fit, is calculated to
be ±0.5oC. Using the thermistor resistance versus
temperature characteristic and the observed relationship
between the measured optical power and the thermistor
resistance, the sensitivity is calculated to be equal to 0.31
µW/oC at 25oC.

V. APPLICATIONS

To demonstrate the usefulness of the electro-thermal
probe, the thermal and electric fields of a single MMIC
cell within an X-band quasi-optical power-combining
array was examined. A horn antenna fed an RF signal to
an array of patch antennas, which coupled power to a set
of amplifying MMICs via microstrip line. The output of
each MMIC was re-radiated via an array of patch antennas
allowing free-space power-combining to be accomplished.

The probe was mounted near the output of the MMIC
and less than 0.5 mm above the microstrip substrate. For
comparison purposes, a power meter was mounted in the
far-field of the array in order to independently monitor its
output performance. To isolate the MMIC under test, the
input and output patch antennas for all the other MMICs
were covered with copper tape. The bias and RF for the
array was switched on at time zero. Figure 3 clearly shows
that there is a substantial difference between the behavior

of the measured electric field data obtained from the probe
and the measured power from the independent power
meter. The explanation for the discrepancy is shown in
Figure 4 as the absorption data from the probe is seen to
decrease with time along with the electric field data. The
change in the absorption signal is consistent with the
expected increase in temperature in the vicinity of the
biased MMIC due to the dissipation of heat.

Calibration of the temperature effects of the probe on
the electric-field measurements is possible since the
absorption signal is linearly proportional to the electric-
field signal. Knowledge of the deviation of the absorption
signal with time, ∆V80MHz, allows for the compensation of
the modulation signal for temperature effects according to

where the primed notation denotes temperature-calibrated
data. The results of this calibration method are shown in
Figure 5. The calibrated electric-field data is now in
excellent agreement with the independent power-meter
measurements. The calculated standard deviation is 1.3%.
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Figure 6 illustrates the results from the simultaneous data
collected from the probe. Knowledge of the initial room
temperature, the optical-power/temperature relationship,
and the deviation of the 80-MHz component with time
allow for the scaling of the 80-MHz component to degrees
celsius. The region neighboring the output of the MMIC is
seen to increase by 7oC in 11 minutes.

VI. CONCLUSION

An integrated electro-thermal probe capable of
simultaneously measuring thermal and electric fields is
presented. Experimental observations of the response of
the probe to thermal and electric fields is shown to be
consistent with theoretical expectations. This novel
measurement technique can provide new and fundamental
insight into the combined electro-thermal behavior of
complex active microwave and millimeter-wave structures
and allows for the calibration of electric field data that is
corrupted when the probe is used in regions where
temperature gradients exist.
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