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for the Calibration of

Miniature Implantable Electric-Field Probes
for Use in Microwave-Bioeffects Studies

DOUGLAS A. HILL

Abstract —A new S-band waveguide technique has been developed for
the calibration of miniature probes used in determining electric fields in
biological tissues at 2.45 GHz. A section of waveguide is filled with
tissue-equivalent liquid separated from the air-filled waveguide by a very
thin (0.25-mm) planar dielectric spacer. The probe response is measured as
a function of position on each side of the spacer and extrapolated to the
interface. The ratio of probe response in air to that in test liquid is then
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determined assuming continuity of tangential E-field across the spacer. In
the water—glycerol solution modelling wet tissue; the probes are 3.0=0.6
times more sensitive to E° than in air. A wide variety of both wet and dry
tissues may be simulated using liquids of different dielectric properties—a
check on the properties is provided by comparing the measured depth of
penetration of the wave in the liquid with the calculated value. Problems
using the probes in biological tissues are also discussed.

I. INTRODUCTION

OR MICROWAVE bioeffects research it is desirable
to know the local rate of energy deposition at the site
of action of the microwave radiation. The rate of energy
deposition is usually expressed as a specific absorption rate
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Fig. 1.

Photo of a miniature electric-field probe in the probe holder

used for both waveguide and anechoic-chamber calibration measure-
‘ments. The slotted waveguide assembly, used for determining probe
response in liquids, is filled with air to the left of the center flange and

test liquid to the right.

(SAR) (watts/kilogram), and is known from the basic
physics to be given by

SAR=(0/p)E} (1)

where o is the electrical conductivity, in siemens/meter, p
is the density (kilograms /cubic meter) of the medium, and
E; is the total electric field strength (rms V/m) in the
medium. When o and p are known quantities, a measure of
EZ in the medium gives the SAR.

Three different groups (led by Bassen [1], [2], Chen [3],
[4], and Smith [5], [6]) have fabricated miniature probes
which measure E? in microwave-exposed tissues or tissue-
equivalent materials. In addition, some of them [4]-[6]
have calculated the response of bare and insulated anten-
nas in tissue-equivalent media at radio or microwave fre-
quencies. Two methods of calibrating these probes have
been reported where tissue-equivalent material, in the form
of a semi-infinite slab [7] or sphere [1], [2], is exposed in an
-anechoic chamber. This paper reports a new waveguide
technique for the calibration of these probes for use both
in air and in tissue at 2.45 GHz. '

i PrROBES

A. Design

The probes used were produced in 1978 as Narda Micro-
wave Corporation Model #25256 (prototype) following
Bassen’s “BRH model 10” design [2). One of the probes is
. shown in Fig. 1 and details of the miniature dipole antenna
design in the tip are given in Fig. 2. The antenna is encased
in a 1,2-mm-thick 2.3-mm-wide planar dielectric substrate
of dielectric constant ~2. The high-resistance lines carry
the rectified dipole voltage to a digital dc voltmeter without
any microwave pickup. The 55° offset angle of dipole with
respect to the long probe axis allows the single dipole to be
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Fig. 2. Design details for the miniature dipole antenna structure in the
probe tip (from Bassen er al. [2], with permission).

oriented in three mutually perpendicular directions by
successive rotations of the probe about its axis by 120°.

The evaluation of the performance and utility of this
particular prototype probe design has been reported in
detail by Hill and Hartsgrove [8]. Briefly, we encountered
two .problems with the probes.

1) Several of them open-circuited after a few days of use
with a solid-state electrometer, of very. high input imped-
ance, but the problem did not occur with a battery-oper-
ated digital voltmeter of 10'°-Q input impedance. The
latter was therefore used in all tests reported here.

2) The problem of a mechanical weakness at the joint
near the tip was reduced by strengthening the joint with
epoxy glue and using the probes with care. Nevertheless,
several probes broke during use so the data in the two
tables are not quite complete. A new version of the probe,
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incorporating an epoxy-fiberglass tip, has eliminated the
breakage problem [9].

B. Definition of Response Coefficients

The probe output voltage V, for probe orientation num-
ber i (i =1,2,3) is proportional to the square of the electric
field-strength E, along the dipole axis for that orientation

V,=ByE’ @

where B,, is an empirical constant depending on the
medium and also slightly on E, (or ¥;). The value of B,, for
air is designated B,.

Summing the three perpendicular components of (2)
gives the relationship between the total voltage ¥ and the
total electric field E-

Ve=V,+V,+V;= By Er. 3)

Since the probe is also used to measure the power
density in free space P, related to E, by

P,=EZ2/377 4)
(3) may also be written as
Ve=C,Pp (5)

where C, depends slightly on the value of P, (or V). The
air response will be discussed primarily in terms of C,
while B,, will be used for measurements in other media.

II1. PrROBE CALIBRATION IN AIR

A. Waveguide Technique

To calibrate the probe response in air, the measurement
system of Fig. 3 is used with the matched load as the final
component. The probe tip is put into the center of the
slotted waveguide and the probe voltage V- is measured as
a function of net forward power in the waveguide P,. The
latter is then related to E2 by the equation developed in the
Appendix, and B, or C, is determined from (3) or (5),
respectively.

The microwave frequency is determined with a calibrated
coaxial transmission wavemeter. The VSWR of either test
cell or matched load (VSWR<1.04) is measured with the
commercial slotted line. The probe under test is shown in
its holder in Figs. 1 and 3. The 55° angle built into the
holder allows the rotation of the probe to the position of
maximum response where the dipole is parallel, within
+5°, to the (vertical) electric field in the waveguide. The
voltage reading in this one position V; must be corrected
slightly for the other two components, ¥, and V;, which are
nonzero because of possible probe misalignment and /or
anisotropic response. Thus V. is measured to be (1.07=
0.02)V;. P, is determined from the forward and reflected
power measurements in the coaxial part of the system,
neglecting any loss in the coax-to-waveguide adapter. The
total error in the determination of C, is estimated to be +9
percent.

A typical calibration curve of V. versus P, is shown in
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Fig. 4. Calibration curve for the use of probe 8B in air.

Fig. 4. The value of C, (=1 mV/mW-cm™2) in (5) can be
read off the curve at different values of P,,. On the log—log
plot shown, the points lic on a straight line from about 0.5
to 15 mW-cm ™2 with a slope of 0.96:0.02, which is close
to unity.

B. Comparison with Other Techniques

Most of the probes were supplied from Narda Micro-
wave with a C, value determined at power densities of 1
and 10 mW-cm ™2 Their method involved inserting the
probe through a small hole in the narrow side of S-band
waveguide and positioning it so that the dipole sensed the
full electric field at the center of the waveguide.

In addition, two probes were also calibrated in our
anechoic chamber [10]. It was found convenient to use the
probe in the same holder on a large block of polystyrene
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TABLEI
SUMMARY OF PROBE CALIBRATION DATA FOR AIR
Pover Cy (aV/mi+cn?) at a -
Power Density of: (mWecm ™)
Probe ~Law T 3647 50
Serial Slope
Number (n) (a) (a) (b) L) (a (b)
5 0.95 1.20 1.07 1.06
6 0.94 1.17 1.01 1.04
7B 0.92 1,31 1.10 1.27 0.88 0.87
+0.23 t 0.16
8B 0.96 1.10 1.00 0.91 1.29 }0.80 0.78
* 0.16 + 0.14
9 0.96 0.89 0.82 0.96
mean 0.95 1.13 1.00 1.09 1.09 ]0.84 0.83
+ SE +0.02 |+ 0.07 ] % 0.05 + 0.07

(a) our waveguide data; (b) our anechoic-chamber data;

(c) Narda Microwave waweguide data.

foam, although this caused a small (= 6-percent) error due
to the measured interference of the lucite probe holder [8].
The exposure power density was determined using either of
two Narda Microwave model 8305 radiation monitors or a
Holaday Industries model HI 1500 microwave survey me-
ter, which all agreed within 5 percent. Allowing for the
+ 12-percent (+0.5-dB) error in power-density probes and
the +6-percent error above, the total uncertainty in de-
termining C, from anechoic-chamber measurements was
about =18 percent.

The data from the three different air-calibration proce-
dures are summarized in Table I, where they can be. seen to
be in excellent agreement within the estimated uncertain-
ties.

IV. PRrOBE CALIBRATION IN TISSUE-EQUIVALENT
LiQuiDs

A. Introduction

The probes produce a larger output voltage for the same
E? exposure in any medium of dielectric constant €'>1,
than for air, i.e., B,,(¢/)> B,. To evaluate B,,(¢’), the end
section of waveguide shown in Fig. 3 is filled with different
test liquids having a range of €’ values chosen to span those
of both wet and dry biological tissues. The liquid-filled
waveguide is separated from the air-filled waveguide by a
thin plastic planar spacer inserted between the waveguide
flanges. In the air-filled waveguide the electric field of the
TE,, mode is tangential to the surface of the spacer. This
tangential field is denoted as E,(air). For our standard
probe orientation, the sensing dipole is parallel to E, and
the output voltage ¥, is given by (2), i.e.,

V,(air) = B E?(air). (6)

Similarly, the response in the liquid is given by

V,(liquid) = B,;(¢’) EZ(liquid). (7

Using the boundary condition that the tangential com-
ponent of E is continuous across any interface, and ignor-
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ing (for the moment) any change in E, within the thin
spacer, we have

E,(liquid) = E,(air).
Using (8) to eliminate E, in (6) and (7) we get
B, (¢) _ W(liquid, at interface)
B, V,(air, at interface)

(8)

©)

By measuring ¥, as a function of position on each side of
the spacer and extrapolating the curves up to the interface,
the ratio of probe response coefficients, B,,/B,, can be
determined using (9). Care must be taken in determining
the distance of the probe dipole from the spacer and in
assuring that the test cell (and a bit of the slot) is com-
pletely filled with liquid.

It is well known that the electric field inside a lossy test
liquid decays exponentially. The squared electric field,
proportional to power, also decays exponentially with the
form

E*(x)=E*(0)exp(—x/3,) (10)
where x is the distance into the liquid from the interface
and 8, is the characteristic penetration depth for power.
Since V,(x) is a measure of E%(x), §, can be determined
directly from the graph of V(x) in the liquid.

B. Measurements

Typical results for ¥;(x) measured on both sides of the
interface are shown in Fig. 5. To account for the effect of
the spacer and minimize the error due to probe-position
uncertainty, the curves (a) for air were shifted (by no more
than 0.4 mm) along the position axis to give the best-fit
single curve through all the data points on both sides of the
interface. This procedure reduced the position uncertainty
to =0.2 mm on each side of the interface.

The pairs of curves (b), (¢), and (d) show clearly the
increased probe response in test liquids. They also demon-
strate the exponential decay of the voltages in the test
liquids, which are straight lines on the semilogarithmic
plot. The sample length in the test cell, 15 cm, is essentially
infinite. The curved lines on the air side of the interface
show the standing-wave pattern created by the reflection
from the liquid.

The ratio B,,/B,, typically 2.2 to 3.0, is taken from the
curves extrapolated to the line representing the center of
the thin spacer. There are two main sources of error in this
procedure: one due to the =0.2-mm residual uncertainty in
probe position and the other due to the curve-extrapolation
process on the air side. The combined uncertainty in the
determination of B,, /B, resulting from these two errors is
estimated to range from 0.2 to 0.6 (8 to 25 percent).
Approximately 2 /3 of the error comes from curve extrapo-
lation which in turn depends on curve shape and slope.
The worst case, 0.6, applies to the water—glycerol solu-
tion which simulates wet tissue.

8, is determined directly from the curves in liquid and
has an estimated uncertainty of =10 percent for a single
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Fig. 5. Probe voltage versus position on both sides of a thin (0.25 mm)
spacer separating air from four different test fluids. Each pair of
corresponding curves has been shifted somewhat along the arbitrary
voltage scale to clearly separate them from the other curves.

TABLE II
PROBE RESPONSE RATIO AND POWER PENETRATION DEPTH AT
2.45 GHz 1N FOUR DIFFERENT LIQUID DIELECTRICS

Dielectric Properties Probe Response Ratio, BM/BA [Penetration Depth,Gz(mm)
?es? g et o8 Ref. Probe Number Mean Measured |Calculated
Liquid o) (S/m) | No. 5 6 7B 8B + SE |(mean * SE) (TE10 mode)
glycerol 23 6.3 0.49 11 2.9 3.0 2.6 2.2 2,68 12.9 13.4
* 0,31 0.05 + 0.18] + 1.4 + 1.2
water:glycerol 23 58.5 2.66 11 3.0 3.9 2.8 2.5 3.00 7.7 7.7
(70:30 v/v solution) * 1.0{ % 0.20 2.9 3.3 2.6 + 0.18 t 0.4 + 0.6
0.9% (w/w) saline 23 74.3 2.79 12 % 2.5 2.5 2.3 2.0 2.22 8.3 8.2
1.8 + 0.14 + 0.2
water 20 78.4 1.47 13 3.0 2,2 1.9 1.8 2,30 14.3 16.0
2.6 +0.22] 0.9
25 77.2 1.29 13 18.1
Probe Average 2.85 2.85 2.58 2.15 2.59 |« Grand Average
all probes and liquids)
(mean * SE) + 0,124+ 0,24 | 0.24 Jx 0.14] £ 0.11 (N = 21)

§ €'' =7.34 ¢ at 2.45 GHz
1 The dielectric properties from this reference are for mammalian Ringer solution.

The dielectric properties of wet and dry biological tissues are:
1

e' =47, 0 = 2.21 S/m and €' = 5.5, 0 = 0.1- 0.2 $/m, respectively [14].

determination. The effect of spacer thickness on the mea- 0.25 mm thick and those using a 1.37-mm-thick spacer. A
sured quantities B,, /B, and 8, was tested. There was no spacer thickness of 3.0 mm altered the results. The thinnest
detectable difference between the results using a spacer spacer (0.25 mm) was used for all data reported here.
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The results of all measurements performed on four probes
using four test liquids are presented in Table II. All tests
were done at room temperature, 19°-22°C.

C. Discussion

The dielectric properties of the four test liquids used are
given in Table II along with those of wet and dry tissue for
comparison. Glycerol can be seen to approximate dry
tissue while the water—glycerol solution is closest to wet
tissue. The 0.9-percent saline solution represents body fluids
such as blood plasma and cerebro-spinal fluid. Water was
also used for comparison since its dielectric properties are
precisely known.

The B,, /B, ratios are reproducible within the estimated
uncertainty of 0.2 to 0.6 for individual determinations.
The average response ratio has been tabulated for each test
liquid and each probe. It can be seen that there are real
differences between the liquids. In addition, probe 8B, used
by Cairnie et al. [15] for mouse-tissue measurements, has a
response different from the other three probes. For that
probe, the response ratio in wet tissue is taken to be
2.5%0.5, based on the water—glycerol results and the esti-
mated measurement uncertainties.

The dependence of the probe response ratio on dielectric
constant and conductivity can be seen in Table II. The
probes have a slightly lower response in the high-dielectric-
constant liquids than in the lower two. This is contrary to
the published curves of Smith [5], which were calculated
for a small cylindrical dipole surrounded by a cylinder of
insulator, and of Mousavinezhad eral. [4] for a dual-
hemisphere dipole surrounded by a sphere of insulator.
This probe’s design differs from theirs, being a small
planar gold-foil dipole surrounded by a rectangular planar
insulator.

My results are almost in agreement with their results for
“sufficiently thick” insulation, which show that for all
¢’ >6 to 10 the response is nearly independent of €. I
found a slightly larger (20-35-percent=15-percent) re-
sponse in the two liquids of lower €. In view of the
moderate increase involved and the difference in probe
geometries, the disagreement between my results and the
two calculations is not considered important. The fact that
the response ratio is nearly independent of € permits a
probe calibrated in one wet material to be used in other
types of soft wet or dry tissue as long as €’ is known to be
greater than 6. '

Bassen et al. [2] recently found a probe response ratio of
3.5 for simulated brain material and 5.4 for simulated
muscle material for a similar probe used at 2.45 GHz. They
also reported a lower response ratio for materials with a
lower €’ value. As the probe construction was not identical
and the dielectric properties have not yet been published,
no exact comparison can be made.

The average measured value of 8, for each liquid is also
presented in Table II. Only the average for all probes is
shown since 8, was found to be independent of probe
number. The propagating mode in the liquid is assumed to
be primarily the TE,, mode since only that mode can
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match the boundary conditions at the interface. Table II
also gives the value of &, calculated for the TE,, mode
using the listed dielectric properties and equations (7-38)
and (11-1) of Moreno [16]. The comparison of calculated
and measured 8, values provides a useful check on the
measured (or assumed) dielectric properties. For example,
this comparison resulted in Brady ef al. [11] remeasuring
the glycerol and water—glycerol solutions for the present
author.

The calculated values agree with the measured for all

liquids except possibly water. The water was used at room

temperature, 20.5+1.5°C, so that temperature variations
may account for some of the difference. It can be seen in
Table II that 8, changes at a rate of 0.4 mm/C°. Another
explanation for the discrepancy would be the possible
presence of propagating higher order modes. The first
higher order mode likely to propagate, based on some
similarity to the TE, pattern, is the TE,, mode. For water
at 20°C, 8,(TE,;) is calculated to be 15.4 mm, in better
agreement with the measured value. For the other three
solutions the calculated 6,(TE;;) values are: 7.1 mm for
glycerol; 7.3 mm for the water—glycerol solution; and 7.9
mm for the saline. These are further from the measured
values, especially for glycerol, where the TE,, mode can
definitely be ruled out. For the other three liquids, the
propagating mode cannot be proven to be the TE,; mode
from 8, measurements alone, since the calculated values of
the different modes are so closely spaced, and depend so
much on temperature. Note, however, that the determina-
tion of B,, /B, does not depend on identifying the propa-
gating mode in the liquid.

Finally, it is interesting to note that the curves in solu-
tion show no alteration in probe response when the in-
sulated dipole approaches as close as [.7 mm to the air-
solution interface. This is in agreement with Smith’s [6]
calculations for an insulated cylindrical probe. Using his
notation and the worst case—the liquid of lowest €', i.e.,
glycerol—we have S/A(in medium)=1.7 mm/49 mm=
0.035. Using [6, fig. 12] to estimate our probe error we get a
value of only *2 percent, which would be undetectable in
our measurements.

V. MEASUREMENTS IN TISSUE

A. Theory

With the probe immersed in tissue the voltages from
each of the three probe orientations are measured and
summed to give ¥V, E? is then determined from the
measured V. and the known calibration constants C, and

(B,s/B,) using
3770\ [ By, | "
2 M
ET—( c, )(_BA) Vy (11)

derived from (3) to (5). The factor of 3770 results from the
use of the practical units: mV,/mW-cm™2 for C,; milli-
volts for V,.; and volts /meter for E;.

If the SAR is desired it is determined from (1). The total
uncertainty in SAR is about %30 to 40 percent, based on
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TABLE III
COMPARISON OF THREE TECHNIQUES FOR CALIBRATING PROBE
RESPONSE IN TISSUE-EQUIVALENT MATERIALS AT 2.45 GHz

Method: 1

11 111

lAuthor [Reference] Bassen et al. [2]
Exposure facility

Test object sphere in styrofoam

Tissue-equivalent material
Tissue types simulated
Dielectric properties

- range of €'

- checked in method?
Electric fields

- pattern in material complex multipeak
- determination of

calibration
field-strength

average fit of several
peaks to computer-
calculated pattern*

Cheung [7]

anechoic chamber

ii-thick matching plate
semi-soft mixture

wet (e.g. brain or muscle)
only higher values (e.g. 50)

no (measured separately)| yes (from comparing measured & calc. 62 values)

calculated from incident
& reflected waves in air

Hill [This paper]
WR-284 waveguide
semi-infinite slab behind a:

thin dielectric spacer
1jquid

wet/dry (e.g. fat)

6 to 79

simple exponential decay

from continuity of extrapolated
Et curves in air & medium

#*The calculation of the sphere pattern is very sensitive to small changes in €' & ©.

the estimated errors of *20 percent in (B, /B,), =9
percent in C,, =10 percent in 6, and =5 percent in p. This
assumes perfect contact between probe and tissue.

B. Practice

In another paper {15] we reported the results of a com-
plete dosimetry study of mice exposed to 2.45-GHz radia-
tion under -far-field conditions in an anechoic chamber.
That study included internal electric-field measurements in
the testis and abdomen of 13 mice in 5 different orienta-
tions. The scatter in the measurements was large. Two
possible reasons for this were: 1) the tissue was found to
move and change shape as the planar probe tip was rotated,
causing the degree of contact between probe and tissue to
vary; small air pockets near the probe were hard to
eliminate; 2) the 2.6-mm-diameter probe tip was too large
for use in a 4X4X6-mm testicle. The repeated insertion
and rotation of the probe tended to destroy the tissue.

VI. SUMMARY AND DISCUSSION

A. Technique

The waveguide method for probe calibration in air is
more convenient than an anechoic-chamber technique. The
relationship of the electric field at the center of the wave-
guide to the forward power has been developed in the
Appendix. The derivation takes into account the difference
in wave impedance between the TE,, mode in the guide
and a plane wave in free space. The results of probe
calibrations in air performed in three different ways by two
groups agreed within the experimental errors.

The technique for probe calibration in tissue-equivalent
liquids determines the probe response ratio B,, /B, by a
method based on the continuity of tangential electric field
at an interface. Spacer thickness, if less than 1 mm, has no

effect on the results. The method is well-suited to studying
probe response as a function of the dielectric properties of
the tissue-equivalent liquids. Both wet and dry tissues may
be simulated.

Two other probe-calibration techniques have been re-
ported ([2], [7]). Both involved the exposure of a test object
of tissue-equivalent material in an anechoic chamber. All
three procedures are compared in Table III. It can be seen
that method IT has some features of each of the other two.
The uncertainty in the tissue-calibration constant (B,,) has
been carefully estimated at =30 percent for method IIL
The accuracy is likely similar for method II and poorer for
method 1. Method III is limited to the frequency range of
the waveguide used. Overall, methods II and III seem
comparable to each other and superior to method I in
terms of simplicity, utility, and reliability.

B. Results

The probe response in air is about 1 mV/mW-cm™ 2. In
glycerol (¢’=6.3), the liquid simulating dry tissue, the
probe response is increased by a factor of 2.7+0.5 (average
of four probes). For the water—glycerol solution (e¢'=58.5)
simulating wet tissue, the increase is 3.02=0.6. The fact that
the enhanced sensitivity is nearly independent of dielectric
constant is very convenient for its use in tissue.

There was no change in probe response when the probe
was brought as close as 1.7 mm to an air-liquid interface,
in agreement with the calculations.

Cairnie et al. [15] have used the probes for tissue electric-
field measurements in mouse abdomen and testis. Al-
though useful results were obtained, there was a large
scatter in the data and difficulties were encountered in
using the probes. They concluded that the 2.6-mm-diameter
planar probe tip is the wrong shape for rotation in tissue
and is too large for use in a small-diameter organ such as a



HILL: IMPLANTABLE ELECTRIC-FIELD PROBES

mouse testicle. Bassen ez al. [1] used a similar probe for in
vivo field-strength measurements in a larger organ, a cat’s
brain, and did not report any ‘pre‘ablems.

APPENDIX

Waveguide Power Density and Electric Field

At the center of an air-filled rectangular waveguide
propagating the usual TE , mode the electric field only has
one component, parallel to the short face of the guide and

_perpendicular to the broad face. This one component will
be denoted E; since it is the total field. The magnetic field
also has only one component H;. By definition, the power
density Pj, is E;- Hy; the wave impedance, Z, is E; /H;
and so E2= P’ Z. Expressions for Pj, and Z have been
developed by Larsen [17] and by H111 and Hartsgrove [8]
using standard waveguide equations (e.g., [16, egs. (3-3),
(7-1)-(7-4), and (7-44)]. The expressions are (1) P,=
(2P, /ab), where P, is the net forward power in the wave-
guide, of dimensions a X b; (2) Z=Z(A, /\), where Z, is
the characteristic wave impedance of free space (377 )
and A and A ¢ are the free-space and guide wavelengths,
respectively. From the above, one has

2 [ 2%\ (s
ET_( ab )( A )PO'

The probe is also used to measure the power density in
free space, P, = E}/377, which differs from P,g by the
ratio (A, /A). .

As an example for the case of a forward power of Py =1
W, at a frequency of 2.45 GHz, in S-band waveguide
(WR-284), we have a=7.214 cm, b=3.40 cm, A =12.24
cm, A, =23.09 cm, Z=713 @, E; =762 V/m (rms) Pp=
81.6 mW-cm™2, and P, =154 mW-cm™2
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