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Abstract

A three-band radiometer operating at
1.5, 2.5 and 3.5 GHz with a 1-GHz band-
width has been developed for noninvasive
measurement of body temperature. An ex-
periment using a water-bath filled with
tap water showed that the instrument
could measure the temperature (15 ‘C) of
a subjacent layer (depth > 2 cm), differ-
entiating it from that (22 *C) of the
surface layer (depth < 2 cm).

Introduction

The microwave radiometry has been ap-
plied to cancer detection (1,2,3) and to
temperature measurement during hyper-
thermia treatments of cancer (4,5). Ra-
diometers used in these and other studies
reported so far are based on the single
frequency measurement and, consequently,
can measure only a weighted average of
temperature over a region from the sur -
face to a certain depth. A desired im-
provement of this technique is to make it
possible to measure the temperature in-
side a body, differentiating it from the
surface temperature, by taking measurements
at several frequencies.

This paper presents results of such an
attempt involving a three-band microwave
radiometer and a water-bath experiment.

Radiometer

Fig.1 is a photograph of the three-
band radiometer we have built. The radio-
meter comprises 1-2-GHz and 2-4-GHz Dicke
receivers (6) with PIN-diode Dicke
switches and a lock-in amplifier. A micro-
computer is connected to the radiometer
for balancing control and data analysis.
The system can be operated either in the
conventional Dicke-receiver mode or in the
radiation-balance mode (7,8). A single
wideband antenna, contact-type dielectric
filled waveguide antenna, is used to cover
all bands. Measured brightness tempera-

Fig.1. Three-band microwave radiometer.

ture resolution was 0.05-0.06 ‘C for a
3-second integration time.

Water-Bath Experiment

A water-bath arrangement illustrated in
Fig.2 was used to test the instrument.
First, the instrument was calibrated by
recording the instrument output with the
antenna placed at a position as shown in
the figure while raising the bath water
temperature from 10 *C to 40 ‘C. Second,

with the antenna positioned above the
plastic container in which cold or hot
water was flowing, the electromagnetic-
wave-power penetration depth, 6-(i=l,2,3) ,
was measured by plotting bright?iess tem-
perature change, ATBi (i=l,2,3), versus d

for each band. Measured values for the
tap water that we used were: 61(1-2 GHz)=

40.6 mm, 62(2-3 GHz)=18.6 mm and 63(3-4

GHZ)=1O.6 mm. From theses values, we
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obtain

. . . (1)

With these preparations, the brightness
temperature change, ATBi, was measured and

recorded for
antenna back
positions as

each band by shifting
and forth between the
illustrated in Fig.2.
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Fig.2. Water-bath arrangement used for
calibration and test of the radiometer.

Data Interpretation

‘TBi
readings thus collected were in-

terpreted with the aid of a simplified
temperature distribution model shown in
Fig.3. This model enables one to differ-
entiate the temperature inside from that
of surface, and can be regarded as a
crude model for a certain cases of sub-
cutaneous temperature distributions of
practical interest. For this model, one
can write

ATBi=a[ATsf{l-exp(-d/6i) }+ATsbexp(-d\6i) ]

. . . . (2)

where the thickness of the subjacent layer
was assumed sufficiently large. ATsf and

ATsb are the temperature elevations in the

surface layer and in the subjacent layer,
respectively, above the background tem-
perature T. In equ.(2), a = 1 effectively
for our water-bath experiment, since the
effect of antenna mismatch entered both
calibration and measurement. For actual
measurements on biological objects, the
radiation-balance measurement ensures
a=l. In addition,

d/6i = (d/61)(fi/fl)n . ...(3)
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Fig.3. A simplified temperature distri-
bution model used for data interpretation.

with n = 1.60 in view of equ.(1) . The
value of n will probably vary for differ-
ent objects, depending on their material
and structure.

Hence, ATsf, ATsb and dj~l are unknown

parameters of the model that can be deter-
mined uniquely from three independent
measurements of ATBi (i=l,2,3) , This gave

us a prime motivation to study capability
of three-band radiometer.

Using a least-square-fitting method, we
estimated the model parameters from sets
of ATBi (i=l,2,3) collected through a

number of measurement runs. Typical re-
sults are summarized in Table 1. Runs 1
through 4 are measurements on cold ob -
jects and runs 5 through 11 on hot ob-
jects . Runs 1 and 2 as well as runs 7
through 10 are intended to represent re -
peated measurements on almost identical
temperature distributions. Agreement be-
tween the estimated temperatures and the
corresponding thermistor readings is fair.
The thermistor readings of ATsb were taken

at the outlet of the plastic container and
probably had errors of ?0.5 ‘c. The
depth do in Table 1 is the distance from

the antenna aperture to the top of plastic
container wheras the estimated d the dis-
tance to the boundary between two layers
of different temperatures, which tends to
come closer to do for higher flow rate of

water in the container.
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Conclusion

A three-band microwave radiometer tech-
nique based on temperature distribution
model parameter estimation has been de-
scribed. Results of water-bath experi-
ment showed that it was possible to meas-
ure surface layer temperature, subjacent
layer temperature and depth of boundary
between the layers with a reasonable accu-
racy using this technique. Preliminary
measurements taken on the pork meat were
promising, and we are planning animal ex-
periments simulating hyperthermia condi-
tions .

Acknowledgment

A part of this work was supported by
Aloka Co. and New Japan Radio Co.

(1)

(2)

—

References

A.H.Barrett,P.C.Myers,and M.L.Sadowsky,
“Detection of Breast Cancer by Micro-
wave Radiometry, ’’Radio Sci. ,vo1.lZ,NO.

6(S),p.167,1977.
K.L.Carr,A.M.El-Mahdi, and J.Shaeffer,
“Dual-Mode Microwave System to En-
hance Early Detection of Cancer,’’IEEE
Trans.Microwave Theory Tech. ,vol.MTT-
29,pp.256-260,Narch 19S1.

(3)

(4)

(5)

(6)

(7)

(8)

Y.Leroy,M.Chive ,A.Mamouni,M.Hochedez-
Robillard,and J.C.Van de Velde,
“Present Results and Trends in Micro-
wave Thermography, ’’IEEE MTT-S Int.
Microwave Symposium Digest,pp .186-188,
May-June 1983.
M.~hive,M.Plancot ,Y.Leroy,G.Giaux ,and
B.Prevost,’’Microwave(l and 2.45 GHz)
and Radiofrequency(13 .56 MHz) Hyper-
thermia monitered by Microwave Thermo-
graphy,’’Proc. l2th European Microwave
Conf. ,pp.547-552,1982.
F. Sterzer,R.Paglione, and F.Wozniak,
“Self-Bdancing Microwave Radiometer
for Non-invasively Measuring the Tem-
perature of Subcutaneous Tissue during
Localized Hyperthernia Treatments of
Cancer, “IEEE MTT-S Int.Microwave Symp.
Digest,pp .438-440,June 1982.
R.H.Dicke,’’The Measurement of Thermal
Radiation at Microwave Frequencies,”

Review of Sci.Instr. ,vol.17,pp .268-275,
July 1946.
A.M&mouni,F .Bliot,Y.Leroy, and
Y,Moshetto,”A Modified Radiometer for
Temperature and Microwave Properties
Measurements of Biological Substances,”
IEEEfAP-S Symp. and USNC/URSI Meeting
Records,pp.703-707,1975.
K.M.Ludeke,B .Schiek,and J.Kohler,
“Radiation Balance Microwave Thermo-
graph for Industrial and Medical Ap-
plications, “Electronic Letters,vol.14,
pp.194-196,March 1978.

Table 1. Summary of Water-Bath Experiment

RUN
No .

5
6

7
8
9

10

11

>:
DEPTH THERMISTOR;’*
do (mm) T ATsf ATsb

10 ?2.3 O -8.8
10 22.5 0 -8.8
20 21.7 0 -8.0
30 33.0 0 -23.0

10 22.9 0 6.0
15 23.1 0 6.2

15 23.1 0 8.7
15 23.1 0
15 23.X O ::;
15 23.1 0 8.6

20 23.0 0 8.8

RADIOMETER’”Y:
$<>’r

ESTIMATION
ATBl

‘TB2 ‘TB3 ‘Tsf ‘Tsb
dldl d (mm)

-3.25 -0.93 -0.34 -0.1 -8.7
-3.30 -0.96 -0.34 -0.2 -8.7 ::: %
-2.30 -0.61 -0.21 -0.1 -6.7 1.1 44>k+,,\

-10.35 -3.30 -1.45 -0.5 -24.7 0.9 37

2.03 0.63 0.30 0.1 4.8 0.9 37
2,50 0.55 0.21 0.1 8.1 1.2 [+9

2.95 0.73 0.37 0.2 8.5 1,1 45
3.07 0.77 0.34 0.2 1.1 45
3.00 0.62 0.29 0.1 1::: 1.3 53
3.05 0.71 0.34 0.2 9.7 1.2 49

2.89 0.48 0.09 0.0 11.7 1.4 57

>? Distance from antenna aperture to the top of container in “Fig.2.
‘~>~ Temperatures are given in ‘C.
‘“’$<’? High flow rate of cold water in the container.
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