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Abstract—Determination of the thickness, permittivity, and
conductivity of tissue layers in the microwave region of the
electromagnetic spectrum is relevant to a number of applications,
such as breast-cancer imaging and non-invasive subcutaneous
tissue thermometry. Many current characterization approaches
are limited to one or two layers, often required to be aqueous.
This paper presents simplified modeling of a stack of tissue layers
as a series of complex impedance transmission lines in the 2 —
20 GHz decade. A near-field, broadband interrogation antenna
designed for this frequency range and placed on the skin is
validated with complex reflection coefficient measurements on
seventeen different stacks of materials. Initial measurements are
used to build a lookup table of features that are then used to
classify three independent sets of follow-up measurements on
the same stacks. After processing and consideration of very thin
and very low loss materials, the error rates for classification
are found to be between 5.9% and 14.7%. This confirms that
features extracted from a simple, calibrated one-port broadband
reflection coefficient measurement provide sufficient information
to identify the composition of a layered stack, modeling tissue
layers.

Index Terms—dielectric measurement, microwave radiometry

I. INTRODUCTION

HARACTERIZING the properties of a stack of lossy,
planar, dielectric layers, such as human tissues, is a
topic of interest. Not only does in vivo characterization of
tissues offer stand-alone diagnostic potential, for instance in
measuring hydration [1] or impacts of hyperthermia therapy
[2], it also provides crucial information for tissue stack mod-
eling, which is needed, e.g., for wearable sensors including
microwave thermometry [3], [4] or glucose monitoring [5].
Current techniques for measuring the electromagnetic (EM)
properties of a sample (i.e., permittivity €, and conductivity o)
include open-ended coaxial probes [6], [7], various resonators
such as parallel plates [8] or microstrip [9], among others. In
general all these techniques are limited to only one or two
layers and in the case of the resonators, require the sample to
be excised prior to measurement.
Here, we demonstrate a technique for characterizing both
the EM properties and layer thicknesses of a multi-layered
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Fig. 1. High-level block diagram of the measurement system for tissue

characterization. An interrogation antenna is placed on a stack to be measured.
Then, a calibrated single-port complex reflection coefficient measurement is
made using a vector network analyzer. The incident wave from the analyzer is
‘a,” and corresponding reflected wave is ‘b.” The complex reflection coefficient,
%, is measured. This data is then processed, either to become part of a lookup
table or compared to a lookup table for classification.

stack of lossy dielectrics as illustrated in Fig.1. A broad-
band interrogation near-field antenna (NFA) is placed directly
against the stack. Connected to the antenna is a calibrated
VNA, which is used to take a one-port reflection coefficient
measurement. Data from this complex measurement are im-
ported into MATLAB and either added to a lookup table or
compared to an existing lookup table for classification. The
resulting knowledge of tissue properties allows computation
of the near-field sensitivity region [10], which is necessary
for accurate microwave thermometry measurements of deep
tissue layers. For example, physiologically reasonable changes
in tissue thicknesses of the forehead, based on the literature
[11], can result in changes to measured temperature of the
brain. Tissue thickness is also important for microwave breast
imaging and cancer detection [12] as well as during hyper-
thermia therapy [2].

This paper is organized as follows. In Sec.II a stack of
tissue layers is modeled as cascaded transmission lines with
complex characteristic impedances and complex propagation
coefficients. This model can be used to determine a stack’s
unique “signature” in the frequency domain. Next, the design
of a broadband, NFA is detailed in Sec.IIl. Lastly, in Sec.IV,
measurements using this antenna against a number of stack
configurations are provided and the viability of this approach
is illustrated. Conclusions and avenues for future work are
mentioned in Sec.VIL.

II. TRANSMISSION LINE APPROXIMATION

During the VNA measurement, a sweep of time-harmonic
waves in the microwave region of the EM spectrum are emitted
into the stack under test. These signals are represented by the
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Fig. 2. Dispersive tissue properties of skin, fat, and muscle. Gabriel et al.
utilized the Cole-Cole curve-fitting model to fit measurements of these tissues
in their 1996 work [13].
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Fig. 3. Modeling a stack of layers as a cascade of complex impedance
transmission lines. The permittivity, €, and conductivity, o, of each layer
are mapped into the complex characteristic impedance, Zp, and complex
propagation coefficient, -y, of each line segment of length d;. The muscle
is treated as being infinitely thick and is thus a complex load at the end of
the line cascade.

‘a’ waves in Fig.1, with corresponding reflected waves shown
as ‘b’ waves. The resulting near field under the NFA in a
multi-layer stack of dispersive, lossy tissues is complicated,
and modeling is required to inform design of the NFA. To
reduce complexity and simulation time, a stack of skin, fat,
and muscle, with dispersive properties shown in Fig.2, is
modeled as a cascade of transmission lines with complex
characteristic impedances. This models a single plane-wave at
normal incidence from a transmitting antenna in the far field,
at each frequency in the sweep.

Fig. 3 illustrates how the properties of a stack of three layers
are mapped to the complex characteristic impedance, Z;,
and complex propagation coefficient, v;, of a cascaded set
of transmission lines. The innermost muscle layer is assumed
to be sufficiently thick so as to appear infinite and thus
represented as a complex load, Z;. First, the characteristic
impedance of each layer is computed as

Jwiio
0 + jwegeri’

Zoi = (1

where w=2nf is the angular frequency, o and ¢y the per-
meability and permittivity of free-space, respectively (the ma-
terials considered here are assumed sufficiently non-magnetic
that p,- = 1), and o; and €,; are the conductivity (in S/m) and
relative permittivity of layer ¢ accordingly. Next, the complex

propagation coefficient, ;, for each layer can be determined

using
. . . O;
Vi = a+jf = juy/locoeriy |1 — j——. 2)
WEQEr;

The equivalent input impedance can then be recursively
computed for each layer using
Zin,i+1 + Zotanh(y;d;)
Zoi + Zin i+1tanh(v;d;)’

Zin,i = 20i 3)
where Zj; is the characteristic impedance of the current layer,
Zini+1 1s the equivalent input impedance of all the layers
below the current layer, and ~; and d; are the complex propa-
gation constant and thickness of the current layer, respectively.
For the innermost layer, Z;, n = Zo N, where N = 3
in Fig.3. Layers are then considered in sequence until the
outermost layer is reached, resulting in an equivalent input
impedance of the entire stack. The resulting input reflection
coefficient, I';,, can then be computed from

Zin2 — Zo1 .
Zin2 + Zo1

which is the reflection coefficient at the boundary between
the first and second outer layers (the skin and fat in this case),
phase shifted across the outermost layer. It is important to bear
in mind that the input impedance is generally complex and thus
Eqn. (4) represents a complex ratio with an additional phase
term. Furthermore, this assumes a frequency independent
interrogation antenna that is perfectly matched to the skin
layer.

This T';, is referred to as the “frequency domain signature.”
For the three-layer stack of in Fig.3, the above approach,
implemented in MATLAB, produces the complex signature
shown in Fig.4, with both magnitude as well as real and
imaginary components plotted. Of note is the shaded region
from about 2GHz to 20 GHz. Within that range, as the
component plots illustrate, there are high derivatives with
respect to frequency. These rapid changes in the real and
imaginary components of I';,, suggest meaningful information
may be extracted from that range. In this figure, the complex
characteristic impedance of just the deeply buried muscle
layer, represented by a complex load, is swept +10% from
nominal. This simulation illustrates that changes in tissue
properties can be expected to produce corresponding changes
in the reflection coefficient measured at the outermost layer.
Therefore, this approach is pursued and 2 GHz to 20 GHz is
selected as the frequency range of interest for the remainder
of this paper.
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III. INTERROGATION ANTENNA DESIGN

In order to perform measurements of assembled layer
stacks, a broadband, planar near-field interrogation antenna
is designed through simulation in Ansys HFSS from 1 GHz
to 20 GHz. A bow-tie architecture is selected as it is simple
and fast to manufacture as well as sufficiently broadband. A
schematic of the interrogation antenna is shown in Fig. 5, with
simulated surface current magnitude plotted on the metaliza-
tion. As expected, the current maintains a similar shape across
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Fig. 4. The frequency domain signature of a three-layer stack of skin, fat,
and muscle modeled as a cascade of transmission lines. The shaded region
from about 2 GHz to 20 GHz contains rapidly changing complex components
and is thus identified as the region of interest. The complex characteristic
impedance of the deepest layer is swept +10% from nominal. This illustrates
that changes in deeply buried layer properties result in representative shifts
in simulated T';,.
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Fig. 5. Near-field interrogation antenna manufactured on Rogers 6010.2 (e, ~
12.3). The simulated total surface current magnitude, Js,rf, is shown at
1 GHz. During measurement, the VNA is calibrated to the connector of the
NFA, which is 28 mm from the edge of the substrate. Inset at bottom right is
a photograph of the assembled feed point in the center of the NFA.

the frequency range and is concentrated closer to the feed point
at higher frequencies. For all measurements, the calibration
plane is the connector at the end of the coaxial feed of this
NFA, which is 28 mm from the edge of 1.27 mm thick Rogers
6010.2 substrate. A photograph of the assembled antenna feed-
point is inset in the figure. The coaxial line diameter is about
2.3 mm. Measurements made with this NFA are discussed in
the following section.

IV. FREQUENCY DOMAIN MEASUREMENTS AND LOOKUP
TABLE ASSEMBLY

To validate the interrogation antenna design, measurement
and simulation in freespace are compared over the 2-20 GHz
decade. The resulting complex Sp; traces are shown in Fig. 6.
Once validated, measurements against stacked materials are
made. The materials used to build seventeen different stacks
are shown in Fig.7, alongside the interrogation antenna. The
properties of each material are given in Table I, including
thickness, d;, as well as dispersive permittivity and conduc-
tivity, €, and o. The seventeen stack combinations are listed
in TableII, where “Layer 17 is the innermost layer.
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Fig. 6. Simulated and measured complex S11 of the interrogation antenna in
freespace. The phase is unwrapped and the high values are due to the wide
bandwidth of the antenna.

Speag Skin Phantom ‘

Fig. 7. A photograph of the materials used for the dispersive stack mea-
surements and classifications discussed in this paper. The EPS handle is used
to ensure the interrogation antenna is firmly held against the stacks being
measured.

TABLE I
MATERIALS USED FOR LAYER STACKS, 2 GHZ 1O 20 GHZ
[ Material | d; [mm] | €r \ o [S/m] \
EPS Foam 12 1.03 0.315e=1°
Playdoh 16 30 to 17 5to 12
Speag Skin 2 28.4 to 21.1 1.03 to 4.1
Rogers 6010 0.635 12.3 0.4e=3 to 4.0e—3

Each of the seventeen stacks is measured using the interro-
gation antenna four separate times. These four measurements
are represented in two ways: as averaged magnitude and
absolute value of the frequency-derivative of phase. Features
extracted from each averaged representation are added to a
lookup table. Then, all 68 measurements are repeated again
three times by different people to create three independent
trials. Features from these “follow-up” measurements are
compared to those in the lookup table to classify the data
as corresponding to a particular stack. Actual measurement
results for Stack #14 (Al, skin phantom) are shown in Fig.8
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Fig. 8. The magnitude and absolute value of the frequency-derivative of the phase of the S11 measurements of Stack #14. The circular features, extracted
from the traces shown, are stored in a lookup table. The triangular features are extracted from a follow-up measurement for classification. For comparison,

the signatures from Stack #4 are shown in gray.

TABLE II
MEASUREMENT LAYER COMBINATIONS
Stack Num. | Layer 1 Layer 2 Layer 3 Layer 4

1 Al Playdoh - -

2 Al Playdoh Rogers 6010 -

3 Al Playdoh Rogers 6010 Skin

4 Al Playdoh Skin -

5 Al Rogers 6010 - -

6 Al Rogers 6010 EPS -

7 Al Rogers 6010 EPS Skin

8 Al Rogers 6010 Skin -

9 Al EPS - -

10 Al EPS Rogers 6010 -

11 Al EPS Rogers 6010 Skin

12 Al EPS Skin -

13 Al EPS Skin Rogers 6010
14 Al Skin - -

15 Al Skin Rogers 6010 -

16 Al Skin EPS -

17 Al Skin EPS Rogers 6010

as an illustrative example. Here, the |S1;| and the \%ZSM
used to build the lookup table are plotted. The circular markers
indicate the features extracted for inclusion in the lookup table
while the triangular markers correspond to features extracted
from one of the follow-up measurements of the same stack.

V. STACK CLASSIFICATION VIA LOOKUP TABLE

The followup measurements mentioned in the previous
section are classified against the lookup table using an error
metric. This is repeated for each measurement from each of
three different trials. This error metric, a scaled Euclidean
distance, is computed as

N
1
€1 = N ngl \/(-Tm,n - xLT,n)z + a(ym,n - yLT,n)27 (5)

where x,, and y,, are the frequency and magnitude, respec-
tively, for each extracted measurement feature (in dB for
S11| and $5& for |{k2S11)). Similarly, 217 and yor are
the frequency and magnitude for each feature in the lookup

table. «, which is between 0 and 1, is used to de-emphasize
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Fig. 9. The resulting error distances, plotted on a log scale, for [Si1|
features from the first trial. Lighter values indicate smaller errors, and the
diagonal represents correctly classified stacks. Each column is normalized to
the maximum value in that column. Note that for each number on the x-axis,
there are four columns, representing each independent measurement of that
stack.

the impact of magnitude differences and was empirically set
to 0.002 for the measurements. All three are summations of
the error metric computed for all features compared and are
normalized by the number of features, NV, to avoid penalizing
feature-rich datasets. The threshold is iteratively adjusted until
the measurement and lookup table feature sets contain the
same number of features. Results for all three trials are given
in TableIII.

Data for one trial set of measurements are shown in Fig.9.
The x-axis represents the stack being measured, while the y-
axis is each possible stack classification. For each number
on the x-axis, there are four columns, corresponding to each
individual measurement, for a total of 68 measurements. Each
column is normalized to the maximum error in that column
and the values are on a log scale to enhance dynamic range.
Lighter values represent lower computed error values and
correct classifications are along the diagonal.

VI. DISCUSSION AND CONCLUSIONS

In addition to the error metric, e, two alternative metrics
were considered. The first alternative error metric is an average
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TABLE III
RAW STACK CLASSIFICATION ERROR RATES
Overator Error Err. Mag. Err. | d¢/df Err.
perato Metric Rate Rate Rate
1 e1 47.1% 41.2% 60.3%
1 eo 48.5% 47.1% 57.4%
1 es 47.1% 48.5% 55.9%
2 e1 33.8% 29.4% 54.4%
2 e2 33.8% 30.9% 54.4%
2 e3 35.3% 30.9% 54.4%
3 e1 27.9% 27.9% 41.2%
3 e2 23.5% 26.5% 41.2%
3 e3 23.5% 26.5% 41.2%
relative distance:
-Tm n J:LT n
ey = Z ©6)
N Tm,n + TLTn

which places equal emphasis on the features in the lookup ta-
ble and the measurement. Lastly, a fractional relative distance
is computed as

N

63:%2

n=1

Tm,;n — TLTn

)

TLTn

which emphasizes the validity of the lookup table over the
measurement. Overall, e; performs the best.

As Fig.9 and Table III illustrate, an error rate of about
35% is average. However, there are several layer combinations
that are commonly swapped. These include Stacks 3&4, 6&9,
7&12, 10&17, and 13&15. As evident in Table II, these stacks
differ in only a single layer, which might be low-loss or deeply
buried. For instance, three of these five stack pairs differ only
in the presence (or absence) of the 0.635mm thick Rogers
6010 layer, which is roughly two orders of magnitude less
lossy than fat, which is the least lossy actual tissue layer. Thus,
while the Rogers 6010 material works well to characterize the
limits of this approach, it is not representative of a layer that
would appear during in vivo measurements. If these swapped
stacks are not considered strictly misclassified, than the error
rate for averaged measurements drops to 6%. In fact, if the
follow-up measurements are not averaged (e.g., in Fig.9), then
the error rates fall to 13.2%, 14.7%, and 14.2% for error
metrics #1, #2, and #3, respectively.

While this preliminary effort does not directly result in
knowledge of properties of stacked media, it does illustrate
the viability of the approach for stack composition classifica-
tion. There are inter-operator variabilities as well as feature
extraction issues that can be mitigated in further work. For
instance, sparse feature sets, which might include a feature
at only one or two frequency locations, can actually lead
to artificially invisible layers, if that layer is A/2 thick at
that frequency. This could be fixed by splitting the 2 GHz to
20 GHz decade into frequency bins and forcing extraction of at
least one feature in each bin. Further future work may involve
use of advanced non-linear regression schemes for not only
classification, but determination of salient layer properties, as
done for ultrasound measurements in [14].
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