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Abstract—In this paper, dielectric characteristics of female breast
tissues were measured. Breast Tissues were mainly composed of fat,
fibro-glandular and tumor. Measured tissues were directly extracted
from mice and a rat just before the measurements to maintain the
tissues as fresh as living ones before degeneration. This makes the
measured results more accurate. Because the extracted tissues were
very thin, they were measured by two methods using HP probe and a
newly designed two-port sample holder. Numerical results for the twoport sample holder were obtained for both the forward and inverse
problems. Dielectric properties of breast tissues were measured in
the frequency range between 50 MHz and 5 GHz. We calculated the
electrical constant with the measured data from the two-port sample
holder. As a result of the measurement, the dispersion characteristics
of the female breast tissues were fitted into the first Cole-Cole model.
1. INTRODUCTION
Breast cancer is one of the most common cancers in women. One of
the feasible methods to reduce breast cancer mortality is to detect
tumors in their early stages, but computer tomography (CT) or
magnetic resonance imaging (MRI) is very expensive. So X-ray
mammography is currently the most effective imaging method for
clinically detecting breast cancer. In X-ray tomography, a tissue
is differentiated based on density. However, in most cases, tissue
density does not depend on tissue physiological state. Important tissue
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characteristics such as temperature, blood content, blood oxygenation
and ischemia cannot be differentiated by X-ray tomography. So,
the high false positive rate and high false negative rate are the
limitations of the method. Also, X-ray mammography has drawbacks
such as uncomfortable or painful breast compression and exposure to
ionizing radiation. These drawbacks augment the search for techniques
that image other physical tissue properties. Microwave imaging is
one method that has been proposed to complement mammography.
Tumor detection at microwave frequency is based on the significant
contrast in dielectric properties between malignant tumors and normal
fatty breast tissues. The dispersive characteristics of biological
tissues depend on water content [1, 2]. A tumor’s permittivity and
conductivity are larger than those of a fatty tissue owing to more
water content [3–5]. When exposed to microwaves, the high water
content of malignant breast tumors cause significantly larger microwave
scattering than normal fatty breast tissues with low water content.
Active microwave imaging includes a radar using pulse signal and
tomography using continuous wave or broadband signals. Radar type
has the advantage of fast detection and simple measurement [6, 7].
Microwave tomography type has the advantage of dielectric property
detection and identification [8, 9].
The purpose of this paper is to measure electrical characteristics
of female human breast tissues — fatty, malignant and fibro-glandular,
which will be used for the development of a detector for breast cancer.
To measure the dielectric properties of female human breast tissues, we
used a commercially available probe (Agilent co., HP85070B dielectric
probe) [10] and a newly designed two-port sample holder. Dielectric
properties of female human breast tissues — fatty, malignant and fibroglandular tissues were measured in the frequency range from 50 MHz to
5 GHz using the open-ended coaxial probe and two-port sample holder
system.
2. MEASUREMENT METHODS OF BROADBAND
COMPLEX PERMITTIVITY
There are several methods for measuring the complex permittivity.
Some of these methods for microwave frequency band need to measure
reflection or transmission or both. The reflection method entails the
measurement of reflection coefficients on the interface between two
materials, on the open end of the coaxial line and the material being
tested shown in Figure 1.
To calculate the complex permittivity from the measured
reflection coefficient, it is useful to use an equivalent circuit of an open-
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Figure 1. Open coaxial probe
use for measuring complex permittivity of material.

Figure 2. The structure of the
open-ended coaxial probe.

ended coaxial line. The principle of the 1-port probe is as follows.
Figure 2 shows the cross-section of the open-ended coaxial probe.
The structure is composed of a center conductor with “a” radius and
dielectric with “b” radius shown in Figure 2.
Open-ended coaxial transmission line probes are widely used
as microwave sensors for industrial processes and quality control
applications. In addition, they are used for measurement of the
dielectric properties of materials. The admittance of the open-ended
coaxial probe depends on the permittivity of the material under test,
the radius of the probe, and the operating frequency [11, 12]. [13] has
proved that flangeless cases provide adequate accuracy as long as the
ratio of the outer conductor to the annular dielectric radius is at least
2 times the radius of the inner conductor. To estimate the complex
permittivity of materials, we calculate the inverse scattering by using
values of admittance of the open-ended coaxial line. Three different
integral equations were compared by Xu et al. [14]. The equation by
Levine et al. [15] is deemed appropriate for lossy dielectrics, which is
of most interest:
Z∞
jkεY0
dζ
p
Y =
[J0 (ζa) − J0 (ζb)]2
(1)
√
2
2
log(b/a) εi
ζ ζ −k ε
0

where Y0 is the characteristic impedance of the coaxial line, ε = ε0r −jε00r
the complex dielectric permittivity of the material, εi the permittivity
of the coaxial line’s filling material, ζ the integral variable, k the wave
number, and J0 a first-type Bessel function of zero order.
Admittance Y is related to the measured reflection coefficient
1−Γ
Y = Y0
(2)
1+Γ
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where Γ and Y0 are the measured reflection coefficient and
characteristic admittance of the probe.
The advantage of the open-ended coaxial probe is broad-band
measurement and no necessity to prepare a sample of a specific size, as
long as the sample meets the minimum size requirements. But it has
limitations in the requirement of sample shape, size, consistency, and
placement. As for shape, the sample needs to be thick enough so that
all the available fields in the vicinity of the probe are located inside
the material. For the best accuracy, having the material thickness four
times the aperture diameter is recommended [10].
Figure 3 shows the commercial probe for dielectric measurement.
Table 1 and Figure 3 shows the general characteristics of the HP
85070B dielectric probe.
2b
2a

z
ρ
sample

region 3

εr2

region 2
region 1

conductor

Figure 3.
probe.

HP 85070B dielectric

Figure 4. Structure of twoport sample holder.

Table 1. The characteristics of the HP 85070B dielectric probe.

Frequency range

Characteristics
µ
200 MHz ∼ 20 GHz fmax =

Temperature range

−40◦ C ∼ 200◦ C

Temperature rate

< 10◦ C per minute

accuracy

Dielectric constant
loss tangent

maximum dielectric constant

±5%
±0.05%
<100

minimum lose tangent

>0.05

permeability

µr = 1

flatness

< 25 mm

diameter

>20 mm

thickness

q
> 20mm
|ε∗r |

¶
110
q GHz
|ε∗r |
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If the material is very thin, the measurement of the open-ended
coaxial probe is less accurate. So, the two-port measurement method
using both the transmission and reflection coefficients is needed.
Figure 4 shows a sectional drawing of the two-port coaxial sample
holder. The sample holder allows a measurement of the insertion and
return losses of a thin material as a function of frequency. It will be
assumed that the coaxial line operates at a frequency so that only
the fundamental TEM mode is propagating. Evanescent TM0n modes
are also assumed to exist in the coaxial line near the probe ends [16].
The azimuthally symmetric Hφ mode in the coaxial line induces a Hφ
magnetic field in the homogeneous and isotropic material under test.
Equation (3) is the Helmholtz’ equation.
· 2
¸
∂
1 ∂
∂2
1
2
+
+
+ ki Hφi (ρ, z) = 0
(3)
−
∂ρ2 ρ ∂ρ ρ2 ∂z 2
For an incident wave travelling in the lower coaxial line, the radial
component of the normalized solution in the coaxial line is a linear
combination of TEM and TM0n modes of Equations (4)–(6).
∞
X
Eρ1 (ρ, z) = R0 (ρ)e−γ0 z +
S11(m) Rm (ρ)eγm(c) z , ρ ∈ [a, b]
(4)
Z
Eρ2 (ρ, z) =

Eρ3 (ρ, z) =

m=0
∞

0

X

γ2
ζJ1 (ζρ)
{A(ζ)e−γ2 (z−d) −B(ζ)eγ2 (z−d) }dζ,
jωε∗2
ρ ∈ [0, ∞]
(5)

S21(m) Rm (ρ)e−γm(c) (z−d) ,

ρ ∈ [a, b]

(6)

m

The scattering parameters may be constructed if we match
at interfaces the Hankel transforms of the Equations (4)–(6) and
analogous equations for the magnetic field, solve for coefficients, and
then take inverse transforms. The result is given in the following two
independent vector relations:
−→
−→
−
→
Q1 S11 + Q2 S21 = P1
(7)
−→
−→
−
→
Q2 S11 + Q1 S21 = P2
(8)
where the components of the matrices are given by
Z
δmn
ε∗2 ∞ ζDn Dm [exp(2γ2 d) + 1]
Q1mn =
dζ
(9)
+
γn(c) ε∗c 0
γ2 [exp(2γ2 d) − 1]
Z
ε∗2 ∞ ζDn Dm exp(2γ2 d)
Q2mn = −2 ∗
dζ
(10)
εc 0 γ2 [exp(2γ2 d) − 1]
Z
δm0
ε∗ ∞ ζDm D0 [exp(2γ2 d) + 1]
P1m =
− 2∗
dζ
(11)
γn(c) εc 0
γ2 [exp(2γ2 d) − 1]
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P2m =

ε∗2
ε∗c

Z
0

∞

ζD0 Dm ζ exp(γ2 d)
dζ
γ2 [exp(2γ2 d) − 1]

(12)

Straightforward matrix manipulation of Equations (7) and (8),
assuming that no singular matrix inverses are encountered, yields the
following solution for the forward problem.
−→
−1 ~
−1 ~
S21 = [Q1 − Q2 Q−1
(13)
1 Q2 ] (P2 − Q2 Q1 P1 )
−→
−1 ~
~21 )
(14)
S11 = Q (P1 − Q2 S
1

Figure 5 shows the flowchart for calculating complex permittivity using
a two-port sample holder. To solve the inverse problem, we used a
direct search algorithm as the optimization algorithm.
3. MEASUREMENT AND FITTING OF FEMALE
BREAST TISSUES
In this paper, dispersive characteristics for fatty, malignant and fibroglandular biological tissues of were measured. Fat and fibro-glandular
tissues were extracted from a pregnant rat and breast-feeding mice,

Figure 5. Flowchart for calculating complex permittivity using twoport measurement.
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Figure 6. Picture extracting the
tumor from a mouse.

Figure 7. Measurement of the
breast cancer tissue using the HP
probe.

Figure 8.
holder.

Figure 9. Breast tissue in twoport sample holder.

Fabricated sample

respectively. And the tumor for the breast cancer was cultivated using
the xenograft method and extracted. Tissues were extracted from the
mice and rat just before the measurements to maintain freshness. This
makes the measured values more accurate. Figure 6 shows a picture of
extracting the tumor from a mouse.
We measured the extracted tissues by two methods. First, the
complex permittivities of tissues are calculated from the reflection
signals measured by the vector network analyzer (VNA) and HP probe.
The probe is connected to the VNA through a high-quality flexible
cable. Figure 7 shows the measurement of the complex permittivities
using the HP open-coaxial probe. The extracted tissues are very thin
and not enough to be measured by the HP probe.
Secondly, we measured the reflection and transmission of those
using the newly designed two-port sample holder and VNA. Figure 8
shows the newly fabricated sample holder. The specimen has a size
with 30 mm diameter and 1.5 mm thickness.
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Figure 10. Measurement of the breast cancer tissue using two-port
sample holder.

(a)

(b)

(c)

Figure 11. Comparisons of the measured results. (a) Fat. (b) Fibroglandular. (c) Tumor.
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Figure 9 shows the extracted cancerous tissue from the mouse,
and Figure 10 represents the measurement using sample holder and
VNA.
The measured complex permittivities of fat, fibro-glandular, and
breast cancer samples are shown in Figure 11. We measured with the
HP probe from 200 MHz to 5 GHz and two-port sample holder from
50 MHz to 5 GHz in the frequency band.
The two measured results of HP probe and two-port sample holder
are quite similar in the high frequency band. As the measured tissues
are thin, there are differences in the low frequency band and in the fat
tissue. Due to metal losses of the coaxial line itself, the open-ended
coaxial probe is not accurate for the characterization of the dielectric
loss factor for very low loss dielectric sample such as fat tissue. So, we
made the fitting by the first Cole-Cole model of Equation (15) with
measured results from the two-port sample holder.
εs − ε∞
σ
(15)
ε(ω) = ε∞ +
1−α + jωε
1 + (jωτ )
0
where ω is the angular frequency, ε(ω) the complex permittivity, ε∞ the
high frequency permittivity, εs the static permittivity, τ the relaxation
time constant, α the parameter that allows for the broadening of the
dispersion, and σ the static conductivity.
Table 2. The 1st Cole-Cole parameters of the female
Tissue Type
εs
ε∞
τ [ps]
α
Tumor
4 91.68 23.42 0.6106
Fibro-glandular 2.5 76.31 35.10 0.6087
Fat
2.5 8.74 99.73 0.2055

breast tissues.
σ
0.8985
0.8825
0.0879

Figure 12. Comparison of the fitted results with the 1st Cole-Cole
model
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Figure 12 represents dispersive characteristics of breast tissues
using the first Cole-Cole model. Breast cancer tissue showed quite
different dispersion characteristics from normal tissue. But malignant
tissue showed little difference from fibro-glandular tissue.
4. CONCLUSIONS
Dispersive characteristics of fatty, malignant and fibro-glandular
tissues for female breast were measured and analyzed in this paper,
which will be used for the development of a detector for breast
cancer. Since the tissues were extracted from the mouse just before
the measurements, they were maintained as fresh as living tissues in
the measurements. Dielectric properties of fatty, malignant and fibroglandular tissues were measured using a one-port open-ended coaxial
probe and a two-port sample holder. Because extracted tissues were
very thin, they were measured by two methods using the HP probe
and the newly designed two-port sample holder. Dielectric properties
of breast tissues were measured in the frequency range between 50 MHz
and 5 GHz. Numerical results for the two-port sample holder are
obtained for both the forward and inverse problems. We calculated the
electrical constant with the measured data from the two-port sample
holder. As a result of the measurement, the dispersion characteristics
of the female breast tissues were fitted into the first Cole-Cole model.
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