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Abstract—A method to simultaneously measure electric and thermal effects including the use of thermal cameras, IR micro-
thermal fields with a single probe is presented in this paper. The scopes, thermocouples, and thermistors.
Pockels effect is employed within a gallium-arsenide probe to A major factor that has yet to be considered when applying
measure electric fields, and the effect of photon absorption due to - - . T
bandtail states in the semiconductor is used to determine tempera- eleptrooptlc fleld-mgpp.lng. techniques to the characterization of
ture. The measured optical power is found to be inversely related to active microwave circuits is the temperature dependence of the
temperature, in agreement with theory, and experimental results probe itself. The electrooptic coefficients that govern the re-
demonstrate a temperature sensitivity of 0.31W/°C at 25 °C  gponse of the probe to RF fields are known to vary with tempera-
and an accuracy 0f£0.5 “C between 20°C-60 "C. The minimum ¢, 18] Additionally, in Il-V semiconductor-based probes, the

detectable electric field is 1.24:0.06 V/m using a 300-ms electrical d d f th ical ab - dae is si
bandwidth. Temporal phase stability of +3%h is achieved through €Mperature dependence of the optical absorption edge Is sig-

the imp|emen[ati0n of a system phage reference channel. The nificant. The SenS|t|V|ty of the absorptlon edge to temperature
invasiveness of the probe is quantified by examining the change in has been used, for example, to monitor the temperature in in-
the characteristic impedance and capacitance per unit length of a dium—phosphide-based semiconductor substrates where knowl-
planar transmission line. Measured and simulated data show that edge of the epitaxial growth temperature is critical [9]
the effect is equivalent to a lumped shunt capacitance on the order . )
of a few femtofarads. The examination of a monolithic microwave Th|§ paper. addresfses the t.emperature-de_pendent effects
integrated circuit in an X -band quasi-optical power-combining associated with gallium—-arsenide electrooptic probes and
array and the calibration of electric-field data that was corrupted  presents a full characterization of a field-mapping system.
by temperature-dependent effects inherent to the electrooptic From this study, it is shown that both electric and thermal
probe demonstrate the capability of this combined electrothermal fields can be measured simultaneously. This allows for the
measurement technique. . S Co .
combined electrothermal examination of active microwave and
Index Terms—Electrooptic effects, electrothermal effects, opto- mjllimeter-wave circuits with a single probe and the ability to
electronic devices, semiconductor materials. calibrate electric field data that is corrupted when the probe
is placed in areas where temperature variations are present.
|. INTRODUCTION Techniques for scaling relative electric-field measurements

HE electroth | behavior of acti . d _}o absolute units and for stabilizing electric-field phase drift
I & electrothermal behavior of active microwave and Mg g 415 presented. Finally, the probe invasiveness on a planar
limeter-wave circuits has received growing attention i

vin iscion line i ” X iqating the ch .
recent years [1]-[3]. The thermal characteristics become gﬁansmssmn ine is quantified by investigating the change in

allv important in active antenna arr nd opti Iécharacteristic impedance and capacitance per unit length as
pecially importa active antenna arrays and quasl-opliGgy, probe is brought into the near field. Sample measurements
power-combining structures where a multitude of biased mong-

lithic mi - ted circuits (MMIC in cl a quasi-optical power-combining array demonstrate the
HIC microwave integrated CIrcults ( s_) are In Close ProX,sqfIness of this novel electrothermal measurement system.
imity. The generation of heat in such configurations mandates

a strong consideration of heat dissipation in the overall design
[4], [5]. Il. THEORY

Several methods have been developed to characterize and d.ll_ . .
. N . .__The physical mechanisms employed to measure temperature
agnose the behavior of such circuits. To examine the electrical

behavior, optical techniques such as those that use electrooﬁff?: the temperature dependence of the energy bandgap in in-

probes for the noncontact field mapping of electric fields havansic semiconductors and its effect on the absorption of optical

: .power. The following is a well-known equation describing this
been employed [6], [7]. Separate methods exist for Observ'ﬁﬁenomena, as established by Varshni [10]:
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to decay exponentially with decreasing photon endrgydue
to the presence of bandtail states. The dependence on phot
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energy is shown to follow [11] > H ﬁ H H Di;:e
o= Aexp [(hl/ — xo)/yo)] (2) /

. . Z 1w | Fiber Polarization|
whereA, =, andy, are constant curve-fitting parameters at 300 / T | Coupler Controller
K. For GaAs at room temperatuse70 K, the bandgap and ab- B:'::ﬁg't‘
sorption coefficient variation with temperature can be linearizec geua-{t" T Fiber —p

. . . A . itter
to within 5%. Linearizing (1) and (2) about a nominal tempera- ? Quartz
ture 7, and photon energgh./), and noting that e A Photer Ferrule
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where{ is a constant on the order of one for the temperaturc | opea High | Low MMIC Microstrip
- - : P P At
range of interest, the flow of optical poyvé’rthrough the semi- Isofator Fitor | Fites oF DUT X
conductor is found to obey the following temperature depen Veomiz Va iz
dence: (Thermal data) (Electric field data)
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Electri
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wherer is a constant that depends on the dimension of the sem —
copductor in the c_ilrectlon of propagaﬂqn. Therefore, py moni- [ o4 Spectrum| Lockin | 3M | Rr
toring the absorption response of an optical beam thatis directe | Laser 10 Mg | ATElvzer | Amp Bxtomal | source

to propagate through a section of semiconducting material, tk

Ref.

change in temperature can be inferred in a manner that is linear

with the inverse of optical power. Fig. 1. Experimental setup for combined electrothermal measurements. By
To simultaneously measure electric fields, the semiconduct@parating the electric field and temperature signals in frequency, both may be

must also be electrooptic. Due to the Pockels effect, an opti@guired withasingle probe. The top beam line is implemented for system phase

. . . ... Stability. The example RF DUT in this figure is a MMIC with a microstrip feed.

beam propagating through an electrooptic material exhibits a

change in polarization state when the material is in the presence

of an externally applied, and relatively low-frequency electric To alleviate the need for a fast photodetector, and to provide

field. The change in polarization state can be made to resultsarmethod by which the phase of a signhal may also be easily

an amplitude modulation of the optical beam that is proportionsénsed, the device under test is fed via an RF synthesizer con-

to the intensity of the applied electric field. The optical trandigured for harmonic mixing in order to down convert the sam-

missionT, through an electrooptic modulator set up for 50%led electric fields to IF frequencies. This is accomplished by

transmission is given by [8] 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 fre-
<7r

2

rf

7I'V7T

- guency to an integer multiple of the pulse repetition rate, plus
2 an offset that corresponds to the IF frequency. An IF frequency
of 3 MHz is used and was selected based on a tradeoff consid-

whereFE,; is the average RF electric-field magnitude induced N ~tion between sianal-to-noise dearadation dué fonoise at
the probeg,; is the RF electric-field phasé s the crystal thick- g g

o . . lower IF frequencies and the loss of sensitivity incurred by se-
ness along the direction of propagation of the optical beam, lecting higher IF frequencies. Since the 80-MHz component is
is the RF frequency,is time, andV; is the half-wave voltage of g g N i P

the electrooptic material. Fdt.sd < V. the intensity modu- not modulated coherently, its _amphtude does not change as it
asses through the electrooptic crystal.

Itatéogr:)sblénear with the average RF electric field induced acrogsA photodiode functiong as an envelope detector that t_rfcms-
' forms the 3-MHz modulation and the 80-MHz pulse-repetition
component to electrical signals for detection. The 3-MHz signal,
denotedVs v, is the modulation signal that provides the elec-
The experimental setup is shown in Fig. 1. The probe matertat-field information and the 80-MHz signal, denot&g, 1.,
is <100> GaAs with a normal-surface area of 200 x 500um isthe spectral component that is monitored for temperature mea-
and a vertical thickness of 2@0n. A Ti: sapphire laser tuned to surements. A high-pass filter that filters as an open-circuit cou-
895 nm is used to generate a linearly polarized sampling beafes the 80-MHz pulse-repetition component to a spectrum ana-
that is coupled to the probe via a section of single-mode optidgter while the 3-MHz modulation signal is coupled to a lock-in
fiber and a graded-index lens [12]. Appropriate phase retardaraplifier with a low-pass filter that filters as an open-circuit for
are placed to configure a 50% transmission intensity modulatbe 80-MHz signal. Such an arrangement allows for the simul-
for electric-field measurements. taneous measurement of thermal and electric fields.

T, = sin® [ sin(wyrt + ¢rf)>:| (5)

I1l. | MPLEMENTATION
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- 20 25 30 35 40 45 580 &5 60 Fig. 3. Cross-sectional view of the configuration used to scale relative
Temperature from Precision Thermistor ['C] electric-field measurements to absolute units (i.e., volts/meter). The probe is

inserted into a rectangular waveguide and analytical expressions are used to

Fig. 2. Temperature response of the GaAs probe relate the electrooptic signal to the RF input power.

V. CHARACTERIZATION known. The region inside of a shorted rectangular waveguide
A Th IR enclosure was selected due to the simplicity of the analytical
- 'hermal Response closed-form field solutions, the confinement of the fields within

To characterize the thermal properties of the electrooptalosed structure, and the direct relationship between the power
sensor, the probe was mounted in still air approximately 4 input into the waveguide and the absolute magnitude of the
above a hotplate. A precision thermistor with a tolerance efectric field. Previous investigators have scaled electrooptic
+0.2 °C was positioned adjacent to the probe to monitor theignals to RF electromagnetic fields associated with open
temperature variations of the ambient air as the hot plate wstuctures such as microstrip and coplanar waveguide lines in
turned on and off. Absorption data from the probe and temperder to determine minimum detectable signal levels [7], [13].
ature data from the thermistor were collected over a 50-niithe method presented here, however, involves a completely
period as the temperature was varied between’@860 °C. enclosed structure. Relating input RF power to expected fields
The results are shown in Fig. 2 and agree with the theory @ger an open structure such as microstrip or coplanar wave-
described in (4). guide (CPW) leads to inaccuracies due to losses associated with

The temperature accuracy and sensitivity of the probe are dadiation, losses associated with the coax-to-microstrip/CPW
termined from a linear regression analysis of the data showansitions, the sensitivity in the positioning of the probe above
in Fig. 2. The accuracy, calculated from the standard deviatitite line (due to exponentially decaying fields), and the need to
of the data set composed of the absolute value of the deuigly on nonclosed-form solutions of the microstrip/CPW fields.
tions from the linear fit, is calculated to He0.5 °C. Using the The approach presented in this paper is also independent of the
thermistor resistance versus temperature characteristic andtbight of the crystal above a device-under-test (DUT) since the
observed relationship between the measured optical power @ndcedure directly scales the amplitude measurement on the
thermistor resistance, the sensitivity is calculated to be equaR# lock-in with the induced optical retardation.

0.31xW/°C at 25 °C. The geometry of the insertion of the probe into the rectangular
o _ waveguide is shown in Fig. 3. In the absence of the probe, the
B. Absolute Electric-Field Magnitude magnitude of the electric field at a standing wave peak..x|

The output of the lock-in amplifier is a dc voltage that is procan be related to the input pow£rvia the wave equation and
portional to the first harmonic rms amplitude of the RF mocthe Poynting vector as
ulation signal. Although this scheme is useful for relative elec-
tric-field measurements, scaling the output to electric field units > _ [16Pwp, R e 6
(i.e., volts/meter) is desirable in order to obtain absolute average | Eiper| = k.AB S B ©
field measurements and to characterize the dynamic range of the
system. A direct determination of the proportionality constamtherew is the radian frequency;, is the free-space perme-
relating the output of the lock-in amplifier aid};d would allow  ability, ¢, is the free-space permittivity;, is the phase con-
the output to be scaled to absolute units. However, this would s#ant along the direction of propagatiof,is the length of the
quire an accurate characterization of the power mismatches mkert edge of the rectangular waveguide, &hid the length of
sented by the fiber coupler, the interface between the fiber ath@ long edge. Since each quantity on the right-hand side of the
the grin lens, the interface between the grin lens and the Gagguation for|E,,..x| is measurable, the expected value for the
probe, and the reflectivity of the Bragg reflector. magnitude of the electric field at a standing-wave peak can be
To circumvent these practical difficulties, an alternativdetermined.
method for scaling the measured data to absolute units has beel complication is the distortion of the electric field due to the
developed. This method involves placing the probe in a regipnesence of the probe in the waveguide. Since the graded-index
where the absolute value of the electric-field distribution iens self-focuses the optical beam to a beam waist of less than
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of B, to E., and the error in the linear fit of the data
extrapolated to the noise floor.

To state a sensitivity for the system, knowledge of the system
bandwidth is required. Since a lock-in amplifier is employed in
the last stage, the system bandwidth is determined by the time
constant on the outpRCecircuit. For the measurements shown
] ] in Fig. 4, the time constant was 300 ms. Therefore, the sensi-
... Naise Floor tivity of the system is 0.6&0.03 V/mA/Hz. This value is useful
as a figure-of-merit, but should be interpreted with caution. In
particular, it is dependent on the intensity of the input optical
beam imposed on the electrooptic crystal. The maximum input
‘ : power of the optical beam that can be coupled into the fiber is

1 10 100 limited to 20 mW in order to avoid two-photon absorption in
[E.| in probe [Vim] the GaAs. The actual optical power that reaches the probe tip is
dependent on the system optical alignment, which is dominated
Fig. 4. Measurement linearity and minimum detectable electric field. Oveng, the coupling of the free-space beam into the optical fiber via
300-ms bandwidth, the electrooptic signal reaches the noise floor at 1.24 V/| e fiber coupler. To date, 0.68 V/RV(HZ is the highest sensi-
tivity that this system has demonstrated.

1E-6

Lock-In Voltage [V]

1.24 [V/im] = Minimum | = Data

1E-8 5
3 Detectable Signal —— Linear Fit

10 pm, the field internal to the probe within a 1fm-diam-
eter cylinder centered between the top and bottom faces of e Temporal Stabilization of Electric-Field Phase
probe is the region of interest. For frequencies such that the

guide wavelength is much larger than the probe dimensions An external 40-MHz crystal oscillator serves as the master

guasi-static approximation bounds the electric field inside ﬂ?@as.e synchronlzatlon §|gnal for the entire ;ystem. This oscil-
probe By to lator is frequency multiplied to 80 MHz to provide external feed-

back to the Ti: sapphire-laser pulse repetition rate and frequency
1 ivi i i -
Eowt < Byt < Eoxs @ d.|V|ded by ten in order to provide acommon 10-MHz reference
rp signal for the external 3-MHz lock-in reference and the RF syn-
thesizer. In principle, the modulation on the 80-MHz pulse train

vv_hereE_ext Is the field in the absence of the prope @p's the will be phase synchronized with the 3-MHz reference oscillator
dielectric constant of the probe [14]. The relation in (7) holds,, ™’ S .
. ) : ' . -allowing phase measurements of the electric field. Observations
because the probe appears as a dielectric object that is neithe, o .
. . . - of the measured phase stability over time, however, have pro-
thin slab, nor a long thin cylinder. A full-wave finite-element- . e
) . L duced results that demonstrate a consistent phase drift in the

method-based simulation based on the geometry in Fig. 3 was

employed to analyze the expected ratioRyf; to F..;.t The system.

L . : In order to correct for the phase drift, a reference electrooptic
average electric-field induced in the probe is found to be 19;/|o nal has been intearated into the svstem. A kev point regardin
of the electric field when the probe is absent. This factor is takgré 9 Y ' yp 9 9

. . . Is method of phase stabilization is that it corrects for phase
into account when scaling relative measurements to volts/me

via (6) riﬁ‘t regardless of the source of phase instability (whether it be
The measured results for the probe in the waveguide drlée 0 a single component of the system or due to a combina-

shoun i Fig 4. For s experment 3 shored WR-101 0| OTEOIES) 10w 1 £, e pite v
waveguide (heightd = 15.8 mm, width B = 34.9 mm) was P o P b

. onsisting of a half-wave plate, an electrooptic probe crystal, a
employed and the operating frequency was set to 6.963 GlE‘ﬁ'arter-wave plate, a polarizer, and a second photodiode. The

;—h;;\)/(?;egsgs asr?gréovgiioﬁsvl;?/lgduggetg%;It:ersy,::]hﬁesl—lzegv\\aatical elements are configured to produce 50% transmission
9 pter. An R P w{ensity modulation of the optical beam in response to an RF

meter was used to measure the input power going into the . . o
waveguide from the coax-to-waveguide adapter. The misma@?dwaﬂng signal, which is coupled off from the RF source
at thg coax-to-waveauide transi?ion was pchéracterized %eding the DUT. An electrical switch is employed to toggle be-
9 \fwlx(een the photodiode that collects data from the DUT and the

time-domain (bandpass) measurements on a vector netwofzotodiode that collects data from the reference crystal.

analyzer. The peak return loss at the coax-to-waveguide tran5i, : .
tion was—29 dB below the peak return loss at the waveguide By using the phase reference channel, the system phase drift

i . can be calibrated out. A demonstration of the effect of the phase
short. Therefore, the transition mismatch can be neglected with., "~ " i .
negligible error. As shown in Fia. 4. the lock-in voltage can b ibration is shown in Fig. 5. The reference electrooptic crystal

99 : 9.4, 9 Was bismuth silicate (BSO), although any electrooptic crystal

scaled to average voIts/met_er_ in a linear fashion. By Stepp'mh a sufficientn3r parameter will suffice, and the modulating
down the input power, the minimum detectable average electric

L : signal was imposed on the crystal via a horn antenna (8.003 GHz
field inside .Of thg probe is 1.24 V{m. A'measurement error ?iF) for simplicity. The probe was kept stationary above the
£0.06 V/m is estimated from consideration of the measureme[glltj_r while phase data was toaaled between photodiode #1 and
error of the power meter, positioning error of the probe within P 99 P

the waveguide, convergence error associated with the r |hOtOdiOOIe #2 every 10 s. Over a 60-min time interval, the un-
9 ’ 9 Calibrated phase data from photodiode #1 happened to drift from

IMaxwell HFSS Release 6, Ansoft, Pittsburgh, PA, 1998. 49°to —8°. This data represents an intermittent system temporal
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0 20 40 60
Time [min]

cies where the imaginary part of the characteristic impedance

Fig. 5. Measured phase drift and demonstration of correction. Any drift i$ relatively small. At higher frequencies, the imaginary part of

the measurement of electric-field phase is stabilized via the implementatiffe characteristic impedance becomes appreciable due to space

of a phase reference channel. The calibrated phase data, taken over 1 h o : :

a standard deviation Gf3°. a _surface wave radiation [21]. Supportmg_ measurements in
the time and frequency domains follow the simulations.

phase instability. The phase data from the reference channe ig—he geometry of the simulation is shown in Fig. 6. Although

seen to drift along with the data from the DUT. Subtracting tht € transve.rse. orthogonal refractive indexes in the glegtroophc
be vary in time with the presence of an RF electric field, an

phase drift in the uncalibrated data results in the calibrated dg{é) 0 . o .
set. which shows a standard deviationds® over the 60-min 'MA€X ellipsoid analysis verifies that the change is much less than

a fraction of a percent at breakdown fields. Therefore, with neg-

time interval. L ) . .
ligible error, the electrooptic probe is modeled with a constant
dielectric permittivity and a linear electromagnetic simulator is
V. INVASIVENESS .
utilized.
A. Simulations Given the electric-field solution in the region of the probe,

The DUT that is selected for the study of probe invasivene@sduasi-static analysis is performed to determine the charge
is a CPW transmission line. The choice of the CPW line as tRE" unit length, capacitance per unit length, and characteristic
DUT allows the invasiveness of the probe to be quantified ifPedance versus distance along the direction of propagation.
terms of the characteristic impedance of the line and the capa#us is valid since the phase in any transversg) (plane is

itance per unit length. When the probe is placed in close prdgssentially constant. The charge per unit len@ihalong the
imity to the DUT, two undesirable effects occur. First, the DUfransmission line can be determined as a function of distance as

is electromagnetically perturbed and, second, the sampled elec- —

tric field present in the probe is distorted. The first effect is ex- Qu(z) = 5% E-df Clm (8)
amined in this paper. The second effect has been examined in «(z)

the time domain where electric fields generated on a CPW linghere the integral is evaluated in the transverse plane and the
due to the propagation of sub-picosecond pulses have beengomtour encloses the center conductor of the transmission line.
alyzed [15], [16]. It was found that, due to strong dispersioAs long as the contour of integration is selected sufficiently
above 0.6 THz, the sampled signal field in the probe can bear the conductor, the longitudinal electric-field component
significantly different from the unprobed field. In the spectralill be sufficiently small compared to the transverse compo-
domain, however, where the fields are mapped spatially ahents allowing a charge per unit length to be evaluated with a
single frequency, measurements of the sampled field insidelipe integral. The capacitance per unit lengthand character-

the probe have demonstrated spatial measurements that aigtio impedance of the transmission lig are obtained from
good agreement with both analytical and simulated field solu-

tions [12], [17]. Colz) = Q2) £m
The invasiveness of dielectric probes over transmission lines, V(=)
in terms ofS;;, was studied via finite-difference-time-domain I,
simulations in [18], by a two-dimensional (2-D) quasi-static Vi(z) :/ E-dlV ©)

field analysis based on a TEM-mode assumption in [19], and '

experimentally in terms of time-delayed pulses in [20]. In this Zo(z) = Ly _ 1\/ 1 (10)
paper, we quantify invasiveness in terms of the spatial pertur- NN C e\ Cpeize () - Cu(2)

bation in the characteristic impedance and capacitance per unit

length of a CPW line with the probe present via a quasi-statichere V() is the voltage between conductors, is the in-
field analysis based on field solutions from three-dimensiondiictance per unit lengtl,is the speed of light in vacuum, and
full-wave finite-element-method simulations. This method i€; ... is the capacitance per unit length for a vacuum-filled
applied at 10 GHz and is applicable at low microwave frequetransmission line.
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Fig. 9. HP 8510 vector-network-analyzer time-domain (low-pass)
Fig. 7. Simulation results of the spatial extent of the perturbation of tHaeasurements of the probe over the CPW. The impulse response verifies the
characteristic impedancg, of the CPW. The presence of the probe changegapacitive loading.
Z, by 19% when the bottom edge of the probe is 25m above the surface
of the transmission line. The full-width at half-maximum of the perturbation is
0.5 mm and is equal to the length of the probe. capacitance per unit length taken over the length of the pertur-

bation provides a value for a lumped-element equivalent-circuit

521 ~—— Characteristic Impedance G Probe & =3 | shunt capacitance. The equivalent circuit is shown in the inset
— — Capacitance Per Unit Length  # Probe £,=129 0.19 . . .
501 of Fig. 8, where the shunt capacitance from the probe is denoted
48) o Chrobe. The magnitude of’}.q1. is on the order of a few femto-
g 46 = 018 .0 farads.
Qa4 — e o
———— _;: 3 .
42 / 0.17 = B. Measurements of Invasiveness
Equivalent Circuit
401 Zo ICprobe 7, 016 The full-wave simulations were experimentally verified via
38 triosded T unloaded : time-domain (low-pass) measurements using an HP 8510C Net-
20 30 40 50 60 70 80 work Analyzer and 15Q:m-pitch on-wafer probes. The mea-
Height of Probe Above DUT [pim] sured data for a GaAs probe over a CPW transmission line

(400-um-thick silicon substrate, m-thick gold metallization,
Fig. 8. Sensitivity analysis of invasiveness simulations. Results show that,&8~:m center conductor, 40m gap) is shown in Fig. 9. The

the height of the probe becomes less thanus, the change irZ, and the center perturbation is the response from the probe and it clearly
capacitance per unit length become significant. In practice, there is a tradeo

between invasiveness and signal-to-noise. The effect of the probe is equivaf¥RP€ars as a shunt capacitance when the probe ig@babove
to a lumped shunt capacitor on the order of femtofarads. the line. The two side peaks represent the response from the

150+:m-pitch on-wafer probes.

Simulation results at 10 GHz are shown in Fig. 7. The CPw The effect of the probe on the return loss in the frequency
center conductor width i&» = 60 xm and the gapwidth is = domain is shown in Fig. 10. The effect of a shunt capacitance
40 pm. The substrate is modeled after silicen,(= 11.7) and is to cause the peaks to alternately shift above and below the
the metal is modeled with perfect-electric-conducting surfacd§sponse from an unperturbed transmission line. Fig. 11 shows
The probe dimensions are 5t x 500:m x 200um and its simulated data of a CPW line with an additional lumped femto-
relative dielectric constant is., = 12.9 (GaAs). The graded- farad shunt capacitérThe same behavior of shifted peaks is ob-
index lens is patterned after bulk borosilicate glass £ 2.5) Served, thereby verifying the order of magnitude of the loading
and has a diameter of 1 mm and a length of 2.5 cm. At a heigiPacitance. The return loss changes by 4 dBm at most where it
of 25.4,m (one full notch on a physical micrometer knol), Shifts from—34 to—31 dBm. Therefore, the effect of the probe
decreases by 19% and the full-width at half-maximum of tHe 511 is essentially negligible.
perturbation is 0.5 mm. Hence, the electromagnetic disturbance
is essentially localized around the probe. Fig. 8 shows that as the VI. APPLICATIONS

height of the probe decreases the peak characteristic impedanG's\0 demonstrate the usefulness of the electrothermal probe,

and the peak capacitance per unit length begin to change sigfjfs thermal and electric fields of a single MMIC cell within an
|can_tly as the probe_comes within W of the CPW. .. .. X-band quasi-optical power-combining array were examined.
Since the probe fills the top region of the transmission Im& horn antenna fed an RF signal to an array of patch antennas,
with a high-dielectric constant material, it capacitively loads i coupled power to a set of amplifying MMICs via mi-
down the transmission line, resulting in a local change of thesyip jine. The output of each MMIC was re-radiated via an

capacitance per un_lt length. Therefo_re, the effect of the progﬁay of patch antennas allowing free-space power combining
can be modeled with a shunt capacitance across an unlo ge accomplished

line. For RF frequencies such that the guide wavelength is much
larger than the width of the probe, the average change in théHp EEsof Series IV Libra 6.1, Hewlett-Packard, Santa Rosa, CA, 1997.
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The probe was mounted near the output of the MMIC and 4 3% 3 _a_ calibrated Probe Data 008 g
less than 0.5 mm above the microstrip substrate. For compar- *g 20x107  —e— Power Meter 2
ison purposes, a power meter was mounted in the far field of the 2 4 gx1¢” e 0.00 =
array in order to independently monitor its output performance. © o 1 2 3 4T. s [6. ]7 8 9 10U
ime [min

To isolate the MMIC under test, the input and output patch an-

tennas for all the other MMICs were covered with copper taPgy 14, Temperature-calibrated electric-field data.

The bias and RF for the array was switched on at time zero.

Fig. 12 clearly shows that there is a substantial difference hgjoys for the compensation of the modulation signal for tem-

tween the behavior of the measured electric-field dgta Obta'nﬁé#ature effects according to

from the probe and the measured power from the independent

power meter. The explanation for the discrepancy is shown in , dVs MHs

Fig. 13 as the absorption data from the probe is seen to de- 3MHZ = AVao MHs

crease with time along with the electric-field data. The change

in the absorption signal is consistent with the expected increageere the primed notation denotes temperature-calibrated data.

in temperature in the vicinity of the biased MMIC due to th&he results of this calibration method are shown in Fig. 14.

dissipation of heat. The calibrated electric-field data is now in excellent agreement
Calibration of the temperature effects of the probe on the elegith the independent power-meter measurements. The calcu-

tric-field measurements is possible since the absorption sigieked standard deviation is 1.3%.

is linearly proportional to the electric-field signal. Knowledge Fig. 15 illustrates the results from the simultaneous data col-

of the deviation of the absorption signal with tim¥/s vy,  lected from the probe. Knowledge of the initial room tempera-

) AVsomuz + Vamm,  (11)
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Fig. 15.
MMIC.
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[13]

ture, the optical-power/temperature relationship, and the devia-

tion of the 80-MHz component with time allow for the scaling 1
of the 80-MHz component to degrees Celsius. The region neigh-
boring the output of the MMIC is seen to increase byQ in

11 min.

. . (17
An integrated electrothermal probe capable of simultane-

(15]

[16]
VII. CONCLUSION

ously measuring thermal and electric fields has been presented.
Experimental observations of the response of the probe tQg

thermal

and electric fields are shown to be consistent with

theoretical expectations. This novel measurement technique
can provide new and fundamental insight into the combined™
electrothermal behavior of complex active microwave and
millimeter-wave structures and allows for the calibration of[20]
electric-field data that is corrupted when the probe is used in

regions where temperature gradients exist.

[21]
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