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Abstract-Bench test studies of .:onventional ter~perature trans
ducers in microwave environments have demonstrated artifacts 
responsible for errors of several degrees centigrade. These findings 
led to a program for foe development of systematic test procedures 
and the design of electrodes with artifact reduced to 0.1 °C. 

I. INTRODUCTION 

HEAT is a prominent effect of microwave radiation 
on bio_logical systems. Thermogenic mechanisms 

include both conductive and diekctric losses. Furthermore, 
the central nervous system (CNS) appears to be a sensi
tive targd organ insofar as micmmwe closes that are lethal 
·when clclivcn:d to the head are not lethal when directed 
to the trunk or extremities. 'l'hc measurement of brain 
tcmperaturc: 1 during moderate to high level exposure would 
figure promin,'.!ntly in a study of microwave-induced CNS 
pathophysiolugy. 

Br;iin temperature is not uniform within the confines 
of th,: meninges. There is a gradient of approximately 
1 /2°C between surf ace and deep brain structures [ 4]. 
Further, the brain regions that are directly sensitive to 
temperature (i.e., c<:ntml tlwrmoddectors) and control 
peripheral therrnorrgulatory mechanisms during heat 
stress arc located in the anterior hypothalamus/preoptic 
area (AH/PO) [5]. In addition, microwave power absorp
tion in the brains of laboratory animals is nonuniform due 
to the nature of electromagnetic (ElVl )/tissue interactions 
and the possibility of resonant absorption via sta,nding 
waves [GJ, [7]. Thus our choice of the AH/PO area for 
temperature measur{;rnent will materially affect the results 
and influence mount design. 

Another consideration is the choice of a transducer. We 
have selected the thermistor class of transducers since they 

· are nonmetallic semiconductors, do not require reference 
baths, and arc insensitive to stray EJ\lF's. 

Lastly, we require a probe that docs not heat more than 
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0.1°C at any point within the ,;kull and is free from artifact 
or error greater than 0.1 °C at the transducer. Tho choi,:c 
of 0.1 °C as a design criterion is perhaps a bit on the 
rigorous side of reality. The rationale for this spc:cification 
is that brain temperature elevations more than about 2°C 
above set-point arc sufficient for pnraduxical thermo
regulatory responses, i.e., beyond this range the hypcr
pyrexia. is likely to become irreversible due to positive 
feedback unless some external countermeasure is em
ployed [8]. Given a critical variate range of approxinrntely 
2°C, the 0.1°C sp0.cification seems reasonable. As for 
specifics, it has been demonstrated that 0.1°C is the 
smallest temperature elevation with physiological signifi
cance. Von Euler has shown that a 0.1 °C elevation in 
AH/PO temperaturr. results in the generation of a 100-mV 
steady potential in that strncturc [9]. Peripheral evidence 
of heat loss mode processing by central thcrrnorcgulators 
occurs with approximately l/2-1°C AH/PO temperature 
elevation [IO]. 

Previous measurements in vivo of rnicro1rnve heating 
have used one of three methods. The first is to use cross 
polarization (wherein the lead wires arc perpendicular to 
the direction of thr) electric field) to minimize probe/ 
]!-'-field interaction [ll]. This method is not applic<\bie 
here, sir.cc the preparation is not fixed in relation to the 
direction of the H field. 

The second 1i1cthod is to leave the probe in place during 
exposure but to make measurements ,Yith the power off. 
This approach is limited in usefulness because a non
decoupled probe "·ill alter power absorption. The last 
method overcomes this objection by placing the probe 
after the po"·er is off [12]. This appr·oach obviously · 
interrupts the time course and adds the problems of tem
perature cliff erc11tial behrcen the probe and tho measurand, 
and medimn mixing. 

II. DIRECT RF COUPLING 

Difficulties with temperature measurement in microwave 
frequency fields have been recognized for about a decade. 
Vogelman [V~] cited greater apparent heating iu RF fidd:., 
when measured by a thermistor enclosed in a low-loss 
dielectric ball than "·hen hanging in air. Tho dielectric 
improved matching and thereby power absorption by the 
transducer; any heating of the dielectric reflected contact 
with the transducer rather than the reverse. This paper 
extends these observations by describing s_vstcmatic test 
procedures for artifact quantification. In addition, we 
describe the development of micrmrnve integrated circuit 
(i\iIC) brain-temperature electrodes "·hich arc inherently 
decoupled from the micrO\rnve field. The tl{corctical basis 
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of the design audits comparison to conventional electrodes 
is the subject of the following paragraphs. 

The thermistor and its lead wires may be treated as an 
antenna [14] with thin-loop and dipole components. It is 
of some interest to compare the power extraction by both 
components for the conventional (glass enclosed) and 
MIC electrodes. We assume 2-µm conductors for the MIC 
and 1-mil conductors for the conventional electrode with 
0.2-mil-thick insulation. 

For either dipole or loop cases, the maximum power 
extracted for an incident field is given by 

Pmax = E2/4Z0 

where E is the equivalent Thevenin generator EiVIF and 
Z0 is tl{e sum of radiation and ohmic resistances. Radiation 
resistance for the loop Rl is given by 

Rl = 320rr4S2 
/;\

4 

where S is the loop area and ;\ is the wavelength of the 
incident radiation. The ohmic resistance Ro can be calcu
lated from 

Ro= pl/A 

where p = 2.4,1 X 10-5 n, cm for gold, l is the length of 
the path, and A. is the cross-sectional area of R0 •. The 
round--trip value with 2-µm-widc and 0.3-µm-thick micro
line for a 17-mm length in one arm is 1380 n. 

E 1 in the thin-loop case with a plane wave is given by 

El= 27r'fS(P/ri) 112 

where f .= 2.5 X 109 Hz, S is the loop area, P is the 
incident power (500 W/m2 or 50 mW/cm2

), and ri is the· 
impedance of free space. (We have not assumed values 
for the interior of the animal.) The Prnax for the loop is 
1.09 ( l0)-10 W for the 2-µm MIC and ,1.1 X 10-5 W for the 
twisted pair, assuming a 90-percent reduction of loop area 
due to twisting. The MIC design provides, therefore, 
approximately 50 dB of decoupling. 

In the short-dipole case, E is given by 

Ea= (4PaR) 112 

where Ar= 'f.X//4rr is the cross-sectional area of a short 
dipole, 0 = 4rr is the gain, and Pr1 is incident power 
density. The dipole radiation resistance Rd is given by 

80rr2l2 

Rd = 
12

/\
2 

= 1.27 n 

. 
for a triangular-current distribution. Thus for the tri-
angular-current case, P max is 

Pmax = 0.0278 W 

for the MIC design, and 

Prnax = 3.2 vV 

for the twisted pair. The difference between the two 
designs is attributable entirely to the lower ohmic resist-

ance of the twisted pair. This represents a decoupling of 
21 dB. 

III. ELECTRODE CONFIGURATIONS TESTED 

The first electrode to be tested was a conventional 
thermistor in a glass mount. It consisted of a 50-mil-OD by 
30-mil-ID glass capillary tube in which a Fenwall IsocurVf! 
( GB 34 JM 25) thermistor network2 was plotted by nwans 
of high thermal conductivity silastic (Eccotherm RTV, 
Eccosil 4852). The network was fitted with 1-mil Ptlr 
leads that were soldered to 2-mil insulated IVfanganin (a 
high thermal impedance alloy). The Manganin ,rns formed 
into a twisted pair and entered into the lumen of the 
capillary tube. After a distance of 17 mm, the capillary 
tube was fused to 1/8-in-OD glass tube onto which a two
conductor subminiature socket and block were attached 
by epoxy. The interior of the mount was filled with glass 
microballoons (250-µm-diameter Eccospheres) in order to 
impede thermal transfer by conduction or convection. 

A variation on this design used only one of the two 
members of the thermistor network in order to reduce 
lead-wire loop area. Another variation substituted a loop 
of 5-mil (diameter) platinum wire in place of the thermi,;
tor netwo~k in order to study effects independent of the 
thermistor. 

The other electrode type was the l\UC design, which 
had several configurations. They all employed the principlo 
of loop-area reduction by means of microcircuit conductors 
to the transducer. The microcircuitry was produced on a 
sapphire needle 0.625 mm square and 20-2.5 mm long by 
means of standard substrate metallization and photo
lithographic techniques. In addition, all designs employnd 
separate series resistance for suppression of dipole currents, 
as well as various methods for the thermal isolation. Bead 
thermistors were attached by means of thermal-compres
sion bonding to contact pads 50 µm square at the end of 
the balanced microline (Figs. 1 and 2). 

The earliest version of the }\UC electrode used microline 
15 µm wide with a L5-µm separation3 and 47-kQ Hip-chip 
series resistors together with . one glass bead from the 
isoeurve network. This was followed by 5-µm and 2-µm 
bafanced microline conductors. Subsequently, the glass 
bead was iepla~ed by a free-standing (20- by 20- by 1-mil) 
thick-film thermistor4 that was connected to the rnicroline 
by conductive epoxy, thereby eliminating all conventional 
wi:ces at the transducer end of the mount. Latest versions 
employed :"i- and 2-µm conductors, thick-film thermistor, 
and GO-kn Nichrome integrated resistors for current limit
ing due to capacitive shunting across the Hip-chip. resistors 
(Fig.3). 

2 The network was a parallel combination of two 7- by 1.5~mil 
glass-encflpsubted beads. It had the advantflge that any specimen 
fit a standard RT curve to 1 percent of the resistflnce value. Cold 
resistance was 4 kn. 

3 This proved to be necessary due to disruption of the smaller 
inicrolinc during substrate cutting. . . 

• These are available from Victory Engineering Co., Springfield, 
N. J. Ro = 100 kn; T, = 4 percent R/°C. 
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CO,~lJUCTORS 

Fig. 1. l\HC conductor layout. l\1icroline is .5 µm wide, 0.2:"i µm 

thick, with G-µm separation. Canta.ct pads are 50 µm square on 

sapphire substrate. 

GOLD CONTACT PAD 
CUF!Rl:NT LIMITH~G 

RESISTORS 

THICK FILM 
THERMISTOR 

Fig. 2. Thermally isolated MIC ,'i-µm microlinc with 47-kn cur

rent-limiting resistors. Contact pads are 37f, µ.m square on ~ap

phire substrate. 
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:Fig. 3. Sapphire needle (62ii µm square by 18 mm long) with 

5-µm mieroline and thick-film thermistor. 

Lastly, the :\!IC mount was connected to subsequent 

instrumentation by high-resistance (15-kQ/ft) monofila

ment.5 This line is carbon-loaded tctrafluoroethylene; it 

6 This material is available from Polymer Corporation, Head

ing, Pa. 

cannot be bonded to without prior etching. 6 After the etch, 

it is connected to contact pads by means of cc:nduct.ive 

epoxy. 

IV. lVLETHODS 

Bench tests of the electrodes were conducted with two 

procedures. 'i'he first procedure consists of a low-power 

2450-l\iHz source that is linearly amplified to a level 

between 0.5 and 10 \V. This is coupled into a c0 oax-to

waveguide adapter, thence into a short p1ece of wav<'guide 

(WR28,1) that serves to propagate only the dominant 

mode. At this point, an EH tuner is intL'.rposed for pur

poses of balancing to zero reflections from the load. The 

load is in the center of another short section of WR284· 

waveguide. It consists of an 11-mm glass test tube filled 

with saline and placed i1rnide the waveguide through a 

close-fitting hole in the top. The electrode is carefully 

positioned inside the test chamber by means of a micro

tnanipulator. It is connected to a balanced Wheatstone 

bridge with ordinary shielded twin lead. The crossarm 

voltage of the bridge is measured by a high input imped

ance detector, consisting of a de amplifier and strip-chart 

recorder (Fig. 4). 
A brief ( <4-s) block pulse of power is applied to tho 

test chamber. The thermal transient that this power 

introduces is such that the medium without the clcetrocle 

,vould heat less than 0.1 °C over a 5-s power application. 

Indeed, this has been confirmed thermographically. Thus 

any change in the apparent temperature of the medium, 

as inferred by the thermistor AR, that takes place in 

< 1 s and exceeds 0.1 °C is due to increased power absorp

tion secondary to the presence of the electrode and does 

not reflect temperature changes in the medium independent 

of the electrode. 
With 1/2 W of transmitted power, the power density is 

approximately 33 mW /cm2 in the ,rnveguide. The test 

chamber is at maximum electric field strength, and the 

probe is parallel to the electric field. The strip-chart 

record is examined for a sudden ( < 1-s) apparent increase 

in temperature ( drop in thermistor resistance) that is 

coiricident with power onset. (The latter is measured by 

a crystal detector.) The probe is then oriented circularly 

about the line through the center of the test chamber until 

maximum fast artifact is recorded. Between each po\\·er 

application (which lasts less than ;'j s), the bridge is 

balanced, tuning is checked, and the saline is exchanged. 

The fast artifact is quantified by measuring height from 

the baseline of an easily observable change in the sl0pe 

of the record. This is related to resistance changes by 

known amounts of bridge imbalance introduced with a 

decade box, which is, in turn; related to temperature 

changes by a separate calibration of AU/ !:iT for the same 

electrode and bridge in a constant-temperature bath. 

In addition, coupling is evidenced by progressive pene

tration of the probe into the waveguide. The zero point 

consists of the transducer in the saline but not inside the 

6 The recommended etch is Tetraetch. It is available from Gore 

Chemical, Trenton, Del. 

i. 
l 

t 
I 
I 

I 

I 

I 

l 

I 
I 
f 

j 
t 
f 
f 
~ 
I 
i 
i • ! 

' . l 



LAllSEN ct (I,/.: BlU!N-'1%\ll'f·:1cAT[Jl\E 'fltANSJJUCEH 

0 0 0 0 

t 
HPS690B 

Sweep Osei llotor 

-
Alhed 5020 

JOW Microwave 

Amplifier 

t 

-

~ .~-B 

Power Mr-lcr R i 
v, 

1 
R

1
, I Mn 

rish1ge Rz, R3 ,6 2 Kn 

,
t_;_/ croma111puJ01or 
~ v,,13, 

~ Motched Terminator 

EH Tuner 

Fig. 4. Waveguide thermal transient test block diagram. 

wa.veguide. Tiie probe is then introduced systematically 
inside the waveguide by means of the micromanipulator, 
which holds all other aspects of the geometry constant. 
To the extent that decoupling is successful, the fast artifact 
is suppressed, and its magnitude is independent of depth 
of penetration. An electrode that is not decoupled (i.e., 
where not all effects are due to radiation incident on the 
transducer) will evidence fast artifact as a monotonic 
function of mount penetration. 

The second major method of electrode evaluation is 
based on comparative pyrometric dosimetry. It has been 
established that heat is produced in proportion to the 
square of the induced electric-field magnitude. Thus heat 
prodnct.ion can be used to map the electric field in a target 
and thereby infer power absorption. The measurement of 
incremental heating with high spatial resolution is difficult 
if physical contact with the medium is necessary. One 
method that does not -require such contact is radiation 
(infrared) pyrometry. Comparative or gradiant tempera
ture measurements are especially convenient, since they 
depend only on constant emissivity and differential flux 
measurements. The application of this technology to micro
. wave research was pioneered by Guy and his co-workers 
[15]. This group has extensively cross-validated thermo-
graphically measured absorption patterns with theoretical 
predictions for simple geometrics with dielectric-filled 
phanton1S [lG]. 

Our [17] use of thermography compares power absorp
tion with and ,vithout an electrode in head phantoms 
(3-cm racl.ius) filled with a dielectric material that approxi
mates b1:ain in terms of conductivity, dielectric constant, 
thermal conductivit:Y, and specific ),cat. Power density at 
the target (10-200 m\V/cm2

), uniform initial target tem
perature, horn geometry, and duration of exposure (30-
120 s) arc constant across the two exposures. The two 
patterns (phantom with and without electrode) of power 
absorptions as measured by their emitted IR are then 
compared. A difference of less than 0.l°C between the 
two incremental heatings at the electrode tip is taken as 
evidence of minimal perturbation due to the presence of 
the electrode. 

The thennography is conducted in an anechoic chamber 

of 3-ft.3 volume formed by absorber (Eccosorb AN-77). 
Early thermograms were made with a Philco-Sierra 
Thermograph (indium-antimony detector) and a 2450-
MHz diathermy source using a "C" director.7 Later 
thermograms were made with a Dynarad model 802 infra., 
red system (mercury-cadmium-teluride detector) and a 
2450-MHz diathermy source (Burdick MW /200), using 
an open-ended waveguide with flange as the radiating 
antenna. This thcrmograph has a noise-equivalent tern~ 
perature (resolution) of 0.05°C and a spatial resolution 
of 40 mrad at 20 in. 

· The radiometric method compares target heating with 
and without the electrode, whereas the fast-artifact method 
essentially assumes that the medium does not heat in the 
absence of the electrode. The fast-artifact method has an 
advantage in sensitivity, but it does not provide spatial 
information.- Further, it is useful only for brief (non
equilibrium) periods of power application in order to 
validate the assumptions. Lastly, the radiometric method, 
by virtue of the exposure chamber, can tr.st the effect of 
lead wires going from the mount to the detector or bridge/ 
detect.or combination. In fact, this is an essential attribute 
in order to study thermal conduction from the lead wires 
to the mount and from the mount to the transducer. 

V. RESULTS 

When tested in the waveguide, the gla$s electrode 
showed a fast artifact of approximately 1 l/2°C with a 
penetration of 19.5 mm from the outside edge of the ,rnve
guide. The artifact showed a nonlinear increase with 
increasing depths of pcnctation. Further, when the trans
ducer was just past the inside edge of the waveguide 
(incident radiation limited to the transducer), the magni
tude of the fast artifact was only about 0.1°C (Fig. ;°5). 

In addition, a control series was run with the Pt loop 
in place of the thermistor. At full penetration, no change 
in the detector output ,ms noted with power density up 

7 These were performed at the Department of Phy~ical 1'-Iedicine 
and Rehabilitation, University of Washington, Seattle, Wash. It 
is a plea.wre to acknowledge the generous collaboration of Dr. 
A. W. Guy'. . 

. I 



. ! 
t· 
! 
f 

l 

j 
' . : 

44.2 IEEE THANSAC'rIONS ON J\HCHOWAVE TJ-H}OIW AND T1"CHNIQUES1 AP!UL l\:)74 

.. : 5mm 2mm 

j 19.5mm 15mm 

• ...... _ -

OUTSIDE EDGC: 
()F ',';;'.'.V~GUIO~ 

M
r 
100 
Q 
1 

10mm 

•lsec .. 

Fig. 5. Fast-artifact test results for glass electrode. U ushielded 
thermistor response 33 mW/cm2

• 

Fig. 6. Thermogram of glass electrode in head phantom with 
10.5-m W /cm2 power density for .'j s. 

to and including 100 mW /cm2• A test for rectification at 
33 mW /cm2 was found to account for, at most, 0.05°C 
error. No rectification was noted in similar tests "·ith the 
Pt loop . 

Thermographic testing of the mount with no external 
conductors revealed marked heating, about Lj°C, at the 
electrode t.ip with a power density of only 7 mW /cm2 

applied for .5 s (Fig. 6). 
v..,r aveguicle te~ting of the NIIC electrode and bead 

thermistor with 15-µm and i'i-µm rnicroline is shown in 
Fig. 7. The fast artifact at maximum penetration and 
maximum coupling by rotation was about 0.1 °C. The 
5-1:'m l\HC with thick-f-ilni thermistor was tested in a 
330-m W / cm2 field (Fig. 8). This configuration provided 
virtually complete suppression of fast artifact. 

Thcrmographic testing of the G-µm MIC with bead 
thermistor showed this part of the system to be undetect
able by comparative radiometry. However, when metallic 
conductors were connected to the upper substrate, sub
fltantial heating was produced. Thermographic tests \Yit):i. 
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Fig. 7. Fast-artifact testing with glass and l\HC electrodes. Power 
de11sity was 26.4 mW/ cm' in· the case of glass and 15-µm i\UC. 
Power density was 3:3 mW /cm2 with 5-µm i\UC. 

the 5-µm MIC complete ,Yith two 3-ft lengths of mono
filament produced much better performance than the 
previous version. However, the rnonof-ilament heated to 
a temperature of approximately 10° above that of the rest 
of the mount with a 2-min exposure at 50 mW /cm2

• This 
heat \\·as conducted to the upper substrate square, where 
additional heat was generatecl clue to power dissipation 
by the series resistors. 

Thermal isolation of the needle provided by meaus of 
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Fig. 8. Fast-artifact test of 5-µm MIC and thick-film thermistor in a 330-m W /cm' field. 

the Teflon "chassis," which was interposed between the 
needle and the upper substrate square, in combination 
with the monofilament was tested thermogmphically in a 
50-m W / cm2 field for 60 s. There was no detectable dif
ference in power absorption at the electrode tip [Fig. 9(a) 
·and (b)]. 

VI. DISCUSSION 

The glass-electrode testing implicated lead-wire coupling 
as the major factor in artifact production. The transducer 
and lead wires can be viewed as an antenna with two 
components: a thin loop formed by the lead wires in series 
with the thermistor and a short dipole with parallel arms. 
The dipole component depends on length, ohmic resistance, 
and radiative resistance for power extraction. The loop 
component depends on loop area and the two above 
resistances for power extraction. These considerations 
suggested that decoupling would be accomplished by 
means of microcircuit conductors in the form of balanced 
microline. Photoresist technology can easily produce con
ductors 2 µm wide with a 2-µm separation, which would 
reduce loop area by 10". The S-band dipole currents would 
be limited by the higher ohmic resistance of microline, 8 

and they could be further suppressed by resistors in series 
with the microline: 

Lastly, there is the question of the temperature coeffi
cient of the. conductive monofilament. Although the heat 
generated in it may be prevented from reaching the needle 
when the Teflon chassis is used, the heating will change 
the resistivity of the line. Since the line is between the 

8 The higher ohmic:; resistance of the microline is a t.wo-sided 
nffair. It reduces power delivery, but it tllso causes the line to heat 
due to internal losses. The ideal antenna would be superconducti11g 
for 110 internal losses with current limiting outside as it becomes 
necessary. 

(a) 

(b) 

Fig. 9. (a) Thermogrnph line scan of dielectric-filled head phantom 
without electrode. Power de11;:;ity of 1:3\) mW /c:;m2 applied for :ms. 
(b) Same phantom and power application with thermally isolated 
:"i-µm MIC in place. 

thermistor and detector, changes in line resistance will be 
confounded with changes in thermistor resistance. In fact, 
their 'l'c arc of opposite sign. A solution to this problem has 
been pursued in two forms: a) higher resistance in the line 
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(indeed/ we have e~;ployed line with resistances as high 

as 100 kQ/ft) ;9 and b) microcircuit implementation of the 

Wlu;atstone bridge on the upper substrate. The latter 

alternative requires four lines to the :MIC (two for power 

and two to the detector), but it has the enormous advan

tage of placing the high-resistance line between the bridge 

and detectpr rather than between the thermistor and the 

bridge. Thus the Tc of the line becomes unimportant when 

lumped with the input impedance ( > 108 Q) of the detector. 

The detailed description and test results for this system 

will be the subject of subsequent reports. 

VII. CONCLUSIONS 

The MIC design with 5-µm conductors and thick-film 

thermistor has virtual immunity from fast and slow arti

fact. When the needle is thermally isolated from external 

conductive monofilament, temperature rise due to the 

presence of the electrode is below the limit of resolution 

of the thermograph (Philco-Sierra) for line scans taken 

at the position of the electrode tip in a compars,tive 

pyrometric design with an incident power of 50 mW /cm2, 

CW, at 2450 and 918 J\'[Hz. 
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Microwave Oscillator Noise Mea;:;uring System 

Employing a YIG Discriminator 

KENZO WATANABE AND IWAO TA.KAO, MEMBER, rnEE 

Abstract-A microwave oscillator noise measuring system em

ploying a YIG discriminator has been developed. The resonant 

frequency of the YIG discriminator is automatically tuned to follow 

the drift of the carrier frequency of the oscillator under test. This 
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arrangement permits an accurate measurement of FM noise spectra 

near the carrier-frequency as close as several tens of Hz off the 

carrier. The drift of the carrier frequency is measured over a wide 

range by monitoring fluctuations of the feedback current in the 

compensation coil that supports a part of the biasing magnetic 

field for the YIG discriminator. 

I. INTRODUCTION 

The direct-detection systems developed by Ashley ct al. [1 J a,id 

Ondria [2] have been widely used for measurements of microwave 

oscillator noise. FM noise measurements using these systems re

quire elaborate adjustments of the discriminator in order to [l.VOid 
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