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Abstract

The amount of millimeter-wave radiation which is absorbed or transmitted through pig skin is
investigated. Millimeter waves are currently used in a range of technologies, including
communication systems, fog-penetrating radar, and the detection of hidden weapons or drugs. They
have also been proposed for use in non-lethal weaponry and, more recently, in targeted cancer
therapies. Since pigs are often used as biological models for humans, determining how deeply
millimeter waves penetrate a pig’s skin and influence the underlying tissues is essential for
understanding their potential effects on humans. This experimental study aims to quantify that
penetration and associated energy loss.

Keywords: millimeter waves; cancer therapy; non-ionizing radiation; physical properties of
biological tissue

1. Introduction

Cancer remains one of the deadliest diseases known to humanity, with lung cancer being the
leading cause of cancer-related deaths. It is often diagnosed at an advanced and untreatable stage
[1,2]. While standard chemotherapy can be effective against certain cancers, its success is limited for
many types, offering only modest improvements in survival [3]. Lung cancer mortality is mainly due
to metastasis, a complex multi-step process, and the survival rate without treatment is extremely
poor—about 98% [3]. Despite extensive research, effective methods for early detection and treatment
of lung cancer are still lacking.

The interaction between electromagnetic (EM) waves and biological cells has been studied for
several decades [4,5]. Non-thermal effects of EM radiation have been examined in various biological
systems, including bacteria, mammalian cell cultures, and living organisms [6-8]. Although much
research has been devoted to this topic, and several reviews have attempted to clarify the mechanisms
behind non-thermal interactions, a consistent theoretical and experimental framework has yet to be
achieved [9,10].

In vitro studies have shown that millimeter waves in the 75-110 GHz frequency range
(wavelengths of 2.73-4 mm) can selectively destroy H1299 lung cancer cells while leaving healthy
cells (MCF-10A breast epithelial cells) unharmed, even at very low power levels. This selectivity has
been confirmed to be non-thermal in nature [11,12,19-21]. The next logical step is to determine
whether this selective effect also occurs in living organisms.

Animals such as pigs and mice are commonly used as biological models for humans. Many
medical treatments and drugs, including cancer therapies, are first tested on pigs and mice to evaluate
their safety and effectiveness. In such experiments, human tumors are implanted under the mouse or
pig’s skin and monitored over time. A thermal treatment of mice using millimeter waves was
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described in [4], where a gyrotron was employed to heat malignant tumors with sub-terahertz
radiation. The results showed a gradual reduction in tumor volume leading to complete
disappearance.

More advanced studies have combined hyperthermia with photodynamic therapy (PDT), using
specialized photosensitizers, yielding even better outcomes. While hyperthermia alone sometimes
allows tumor regrowth, the combined therapy prevents it entirely. Another variation involves
preheating the tumor below hyperthermic levels (below 43 °C) with millimeter waves before
applying PDT, which significantly enhances treatment efficiency.

Regardless of whether the underlying therapeutic mechanism is thermal or non-thermal,
understanding how deeply millimeter-wave energy penetrates tissue is crucial, as this determines
the actual energy delivered to the tumor. Therefore, measuring the power loss as millimeter waves
pass through mouse skin is essential.

Mouse and Pig models will also be used in our future experiments, repeating and extending the
studies in [11,12]. However, these models are only meaningful if the extent of wave penetration
through the skin is well understood. The goal of the present work is thus to provide accurate
experimental measurements of millimeter-wave transmission loss through a pig’s skin. Although our
primary motivation is related to lung cancer treatment, the results are broadly relevant to modeling
other human cancers or tissues grown in immunodeficient mice, as well as to studies involving non-
lethal directed-energy applications [13].

The paper is organized as follows: first the experimental setup is described, followed by the
results and their interpretation, and finally present the conclusions and implications for future
studies.

2. Materials and Methods

The experimental plan

The purpose of the experiment is to investigate the degree of attenuation of electromagnetic
radiation at microwave frequencies in animal skin. Figures 1 and 2 below describe the experimental
setup.

Figure 1. The experimental setup.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Connection diagram of the experimental setup.

The measurements were performed using a network analyzer at frequencies of 75-110 GHz.

The range between the receiving and transmitting antennas and the position of the sample is
controllable and was placed on a dedicated rail for measurements at different distances. In addition,
in the constructed setup the sample can be moved in a plane perpendicular to the rail for
measurements at different points on the skin.

The sample is mounted inside a circular Petri dish with a diameter of 85 mm. The sample can be
rotated 360 degrees inside the fixture in a plane perpendicular to the rail.

Preliminary preparations

The samples were prepared prior to the measurements. They were cut from a large skin sample.
The round samples were cut with scissors and kept refrigerated at 0 degrees in bags until the day of

the measurements, for about a week.

The samples were placed in separate Petri dishes, so that the sample would cover the entire
surface of the dish. Each dish was marked with a marker for rotation position 0 - defined by the
biologists in our group, according to the structure of the skin, that is with the direction of hair growth.

On a Petri dish, three measurement points in the near field were marked so that they would be
aligned with the "0" angle axis (see Figure 3).

H=85m

Figure 3. Skin alignment.

Array for near-field measurements
The sample (Petri dish) was placed in the radiation near-field domain. This domain is defined to
be in the range between the Reactive near field and the Far field. According to Fraunhofer distance:

D3 o . , 2D?
0.62 T < Radiative Near Field Region < T

where D is the largest dimension of the antenna (for a rectangular antenna this is the diagonal):
According to the dimensions described in Figures 4 and 5, the required size can be calculated:

D = /A% + B2
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D =+/24.6132 + 18.6942

D =30.907 mm
A is the wavelength. Therefore, the data presented in Table 1 follows:

Table 1. Summary of distances for measurements for each frequency.

Frequency (GHz) Wavelength (mm)  Far field limit (mm) Reactive near field

limit (mm)

75 4 477.6 53.27

95 3.158 605 59.95

110 2.727 700 64.51

Pyramidal Horns
A C '
B D
Figure 4. Antenna structure diagram and the distances which must be considered.
Rectangular Waveguide Output — Pyramidal Horns
Model Number A (in/mm) B (in/mm) C (in/mm) Flange MIL.F-3922

SGH-42 4.068/103.327 3.093/78.562 7.480/189.992 /54-001*
SGH-28 2.712/68.885 2.062/52.375 5.087/129.210 /54-003*
SGH-22 2.170/55.118 1.650/41.910 4.0701103.378 /67B-006
SGH-19 1.821/46.253 1.385/35.179 3.480/88.392 1678-007
SGH-15 1.434/36.424 1.090/27.686 2.775/70.485 1678-008
SGH-12 1.182/30.023 0.898/22.809 2.348/59.639 /67B-009
SGH-10 0.969/24.613 0.736/18.694 1.938/49.225 /67B-010
SGH-08 0.775/19.685 0.589/14.961 1.561/39.649 /67B-M08
SGH-06 0.630/16.002 0.479/12.167 1.265/32..131 /67B-M06
SGH-05 0.494/12.548 0.376/9.550 1.036/26.314 /67B-M0S
SGH-04 0.417/10.592 0.317/8.052 0.855/21.717 /678-M04
SGH-03 0.329/8.357 0.250/6.350 0.707/17.958

Figure 5. Antenna dimensions breakdown - the highlighted line highlights the antenna used in the experiment.

Therefore, it was decided to place the samples at a distance of approximately 200 mm from the
antenna.
Design of the array for far-field measurements

For far-field measurements, it is necessary to ensure that the calculated beam cross-section
covers the Petri dish area. For a horn antenna with two different dimensions, one can calculate the
approximate angular beam width based on the relevant diameter:

BW_80-/1
D

For example, for {=75GHz:

BW = = 10.35°

30.907
Therefore, the size of the spot reaching the sample in the far field will be calculated based on the
distance at the far field boundary:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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— — Far-field distance — —

Figure 6. Calculation of spot size on the sample at the far field boundary.

The size of the spot will be calculated according to:
) . BW
2h = 2 - far field distance - tan (T)

Thus:

6.47
2h=2-477.6 - tan (T) = 86.5mm

Table 2. Beam cross-section at different frequencies versus sample size — 85 mm.

Far field limit  Reactive near field
Frequency (GHz) Wavelength (mm)

(mm) limit (mm)
75 4 477.6 53.27
95 3.158 605 59.95
110 2.727 700 64.51

According to the above data, it can be said that the size of the spot always covers the sample,
assuming concentric centering of the sample.

Therefore, the samples can be placed 700 mm away from the antenna.

Due to the constraints of the experimental setup, the lengths of the cables to connect the network,
measurements were performed for the near field only.

Main points of the experiment:

The experiment was carried out in two stages — preparation of the samples and measurement of
basic parameters, electromagnetic measurements of S parameters, concentration, and analysis of
results.

As part of the preparations for the experiment, 4 days were spent building the measurement
system and placing the samples (the track and the device), 2 days of coordinating the antenna array
and the network analysis, and another 3 days of preparing the samples, placing them in the Petri
dish, and making measurements.

Below is the experimental plan on the day of the measurements:

Near field calibration for S21.

Calibration and measurement of S11.

Placing the fixture with the sample at the relevant location for the measurement in the antennas
near field. The center of the Petri dish corresponds to the center of the beam.

Perform the measurement for each Petri dish. It is required to perform measurements for three
distinct locations on the sample (which require horizontal displacement) and rotation in 90° the
central position (around the axis).

511 measurements should be performed in the near field. When measuring at each point on the
Petri dish, including a 90-degree rotation. The measurements were recorded accordingly. The
experiment was carried out during one day of measurements, and the results were subsequently
sampled and analyzed for the purpose of compiling this report over a period of 4 weeks.

Preparation of the samples

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Seven samples of pig’s skin were prepared in a round shape to fit into a Petri dish with a
diameter of 85 mm. The samples were cut from a single section of skin. The separation of the skin
was done in a rough manner and therefore the thickness of the skin and fat is unique to each sample.
The same applies to the texture and color of the skin as depicted in Figure 7. Fourteen samples were
prepared, which is twice as many as needed for the experiment (as seen in Figure 7). Of these, the
seven best were selected for the measurements (based on quality of the Petri dish, level of sample
retention, etc.). The samples were kept refrigerated at 0 degrees until mounted in standard Petri
dishes.

Figure 7. The skin samples after cutting before embedding them in Petri dishes.

On each plate with the skin specimen placed inside, a reference point 0 was defined, so that the
direction of the hair in the skin (visually checked by a biologist) would correspond with the 0-180
degrees direction. In addition, a 90-degree point and three points on the horizontal axis were defined
that correspond to the center and two lateral displacements of 2/3 of the diameter. These
measurement points were used as a reference during the experiment — see Figure 8.

Figure 8. Reference points on a Petri dish in two different samples.

After placing the specimen on the plate, skin thickness and fat thickness were estimated at
reference points for all samples. Skin thickness was similar, in the range of 1.5-3.0 mm. Fat thickness
varied between samples, ranging from 3-9.5 mm. Skin color and texture differed between the different
samples. It should also be noted that due to the measurement method as described in Figure 9, skin
thickness was estimated only at the perimeter of the sample, so that a representative skin thickness
was determined for each specimen. In practice, it is reasonable to assume that skin thickness can also
vary slightly within the sample.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(A) (B)

Figure 9. Measurements of skin thickness and fat thickness. A - Measuring the thickness of the sample in a Petri
dish, B - Estimating the skin thickness of the sample, C - Auxiliary device for measuring the height of the skin

surface using a caliper.

For the measurements, the seven samples were prepared in Petri dishes — labeled A, B, C, D, S,
M, O, see Figure 10 below.

(A) Samples in the side petri dish of fat (B) Samples in the side petri of skin

Figure 10. Samples ready for measurement.

For the sake of measuring S- parameters, a dedicated measurement setup was established based
on a network analyzer, associated equipment, and a pair of antennas. The setup is calibrated and
coordinated to measure skin samples in a Petri dish. A dedicated mechanical device was also built
that fixes the measurement geometry - including a rail on which columns with antenna fixtures were
installed (in order to reduce reflections from nearby surfaces, and a column with the sample device

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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including a screen to limit the projection area to the sample. The measurement distances and
adjustment to the axes were coordinated according to the experimental plan as described at the
beginning of the document (precisely controlled by the rail). In Figure 11, you can see the
measurement setup, the signal generator, antenna calibration, and associated equipment.

The measurements were performed in the 70-110 GHz range, spanning 401 discrete frequencies.
The array was calibrated to a baseline to eliminate the influence of the measurement array, including
placing an empty Petri dish (see Figures 12 and 13).

) N
Sampling \ ! = =
Monitor - L \/ 4 :‘:‘q 8 G‘ﬂw

Frequency
transformer

4

Couplers 4

Rx Detectors

Tx Antenna

Network ] [
Analyser

. ’ B e — —
Signal B

Generator - = S

Blocking
Screen

Tx Detector

Sample
Fixture

Rx Antenna

Antennae
Rods

Sample Rod

Setup Rail

Figure 11. Structure of the measurement setup built for the experiment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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) | (B)

Figure 12. Resetting the measurement array. Image A shows the adjustment in the position of the receiving and
transmitting antennas. When the antenna posts and platforms were attached to the rail. Image B shows the
complete array including an empty Petri dish. Inside the fixture on the sample column, the isolation screen
(which blocks transmission around the sample) is installed around the sample and was used to calibrate the

measurements.

0.1

0.05

70 0 10 110 120

calibration [dB]
o

Frequenty [GHz]

Figure 13. Array calibration measurement for 521.

Performing measurements

During the measurement session, approximately thirty sets of measurements were performed
for each sample. 521 measurements were performed at several reference points, by measuring
transmission between two identical antennas, placed at various distances within a radiation field
relative to the sample in the setup:

1. 0-degree central position
2. 90-degree central position (by rotating the Petri dish around the 0 point)
3. Two laterally displaced positions by two-thirds diameter as depicted in Figure 14

S11 measurements were performed at several reference points, by attaching an antenna to the
sample to obtain maximum return. The antenna is calibrated against an aluminum plate to define
(reset) the baseline:

1. 0-degree central position
2. 90-degree central position (by rotating the Petri dish around the 0 point)

The reflection measurements (S11) were only performed at a reference point in the center.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Gyrotror
Experimet

(@) (b) (c)
Figure 14. Example of lateral displacement of the sample relative to the antenna axis. The right image (a) shows
the array when the antenna axis passes through the center of the sample, and the left images (b, c) show the
situation in which the sample has been moved to the right relative to the antenna axis (the central image from

the transmitting antenna side and the left image from the receiving antenna side).

(@ (b)

Figure 15. Example of rotation in S11 measurement. In the right image (a) the sample can be seen in a 90-degree

orientation while in the left image (b) the same sample can be seen in a 0-degree orientation.

3. Results

Summary of results and initial data analysis

The measurement results were compiled in an Excel file that includes sheets with raw
measurements of attenuation and reflection parameters (511, S21) for each measurement. Attenuation
segmentation (S21) is according to the sample thickness (for all samples are derived from a single
animal skin). The results were analyzed for several representative frequencies in the studied
spectrum (80, 85, 85, 90, 95, 100, 105 GHz). Absorption in animal skin was calculated for all samples
across the studied spectrum. A comparative analysis of absorption in concentric measurement (the
central point) was performed for all samples in 0 vs. 90 degrees orientation.

Raw S21 measurements

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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$21 0° Orientation Center For All Samples
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Figure 16. Raw measurement 521: Measurements at the center of the sample. A — 0-degree orientation, B — 90-

degree orientation. The burgundy line shows the average over the measurements along the frequency axis.

$21 0° Orientation Right For All Samples
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$21 0° Orientation Left For All Samples
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Figure 17. Raw measurement 521: 0-degree orientation. A - Measurements shifted to the right. B - Measurements

shifted to the left. The burgundy line shows the average over the measurements along the frequency axis.

Raw S11 measurements

Attenuation segmentation by sample thickness at the measurement frequency

In order to characterize the dependence between the sample thickness, the irradiation frequency
and the absorption, the measurements were averaged for several working frequencies. For each
frequency, an average is performed in the spectral range of +0.5 GHz. As part of the analysis, the
average of the transmission coefficient 521 in this range and the standard deviation (measure of
dispersion) of the results were calculated (see Table 3).

Table 3. Analysis of the dispersion of 521 values for representative frequency bands segmented by samples
thickness at the measurement point.

Skin Width [mm] 1 2 2125 2 2.5 25 2.5 2 2.5] 275 2.5 3.25
Fat Width [mm] 2 1.5 1.875 3 3 4.5 5.5 6.5 6.5 7.25 8.5 9.75
Skin + Fat Width [mm] 3| 3.5 4 5 5.5 7 8| 8.5 9 10 " 13|
Name Reference D 00 L |DO00C A 00 C |JAOOR |AOOL B 00 C
avg 79.9875| -22.1747) -28.276| -31.0645| -22.529| -24.342| -27.1534| -30.081| -22.659| -32.2763| -29.0415| -31.0957| -31.7965|
Sta.Dev 0.008781| 0.097355| 1.978763| 0.030562| 0.121631| 0.050321 1.522] 0.016552| 0.209644|  1.0005| 0.994682|  0.1065]
avg 85.01875| -22.3951| -26.3852| -31.6589| -22.5711| -23.0407| -27.0748| -28.8472| -24.2915| -32.6589| -28.9598| -32.0457| -32.5457
Sta.Dev 0.04456| 0.126031| 1.328056| 0.042236| 0.026641| 0.116605| 2.67875| 0.164847| 0.333321| 0.676625| 0.218167| 0.049959)
avg 90.00625| -23.2108| -25.5261| -31.9343| -24.1018| -24.2677| -25.055| -28.2772| -28.6467| -32.468| -28.8337| -32.3852| -33.0343
Sta.Dev 0.041117| 0.027849| 1.080243| 0.150699| 0.06435| 0.118559| 2.723625| 0.317816] 0.463712| 0.018583| 0.477917| 0.035292
avg 94.99375| -23.1879| -27.158| -32.4878| -28.0114| -25.2484| -25.1173| -29.5778| -32.4866| -33.1114| -30.5144| -33.9292| -33.8231
Sta.Dev 0.075072 0.13045| 1.894544| 0.310019| 0.034917[ 0.092615| 2.803333[ 0.063422| 0.712573[ 0.541042| 0.012833[ 0.046709
avg 99.98125| -21.2931| -30.0778| -32.8443| -31.5379| -25.1091| -27.4912| -30.214| -31.2936| -33.8437| -32.9173| -34.1725| -34.1025
Sta.Dev 0.155266| 0.130373| 1.537078| 0.143385| 0.073167| 0.165069| 3.304708| 0.187466| 0.496947| 0.975292| 0.390458| 0.149417}
avg 105.0125] -18.364] -30.4016] -31.6562] -31.785] -23.7257| -28.647| -28.2631| -28.9891| -32.0896] -31.2461| -31.9343] -32.375|
Sta.Dev 0.178975| 0.178212] 0.766724] 0.054166] 0.092877| 0.03937] 3.127136] 0.164462] 0.147141] 0.297091] 0.117273 0.033

The results are summarized in the following graphs. For each frequency, the appropriate linear
approximation was examined. For each graph, the values furthest from the trend line were examined.
Values in the 80th percentile and below were omitted from the trend line. The graphs in Figures 18-
23 depict the trends, with a series of circles with a dashed linear approximation depicting an analysis
of the entire population, and a series of diamonds with a continuous linear approximation depicting
an analysis of the partial population.

). Distributed under a Creative Commons CC BY license.
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Figure 18. Raw measurement S11: Measurements at the center of the sample. A — 0-degree orientation, B — 90-

degree orientation. The light blue line shows the average over the measurements along the frequency axis.
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Figure 19. 521 measurement around 80 GHz frequency vs. sample thickness.
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Figure 20. 521 measurement around 85 GHz frequency vs. sample thickness.
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Figure 21. 521 measurement around 90 GHz frequency vs. sample thickness.
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Figure 22. 521 measurement around 95 GHz frequency vs. sample thickness.
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Figure 23. 521 measurement around 100 GHz frequency vs. sample thickness.
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Figure 24. 521 measurement around 105 GHz frequency vs. sample thickness.

Attenuation as function of sample thickness
Calculation of absorption - Based on the results of reflection and attenuation, the absorption of
radiation in the various samples can be calculated according to the relationship:
Absorption[%] =100+ (1— $21jinear) + Sll[linear])
521 value measurements were averaged across the three measurement points in each sample
separately for 0-degrees orientation. For 90-degrees orientation, the center point was considered.
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Figure 25. Calculation of absorption in all samples tested. A — 0-degree orientation, B — 90-degree orientation.
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Figure 26. Comparison between the two orientations. The lines are an average of the absorption values between

all samples according to the measurement frequency.

4. Discussion

521 parameter representing attenuation in the passage through the medium indicates a high
attenuation of -30 dB on average without significant dependence on reference points on the sample.
The spectral behavior of the attenuation indicates monotonicity with slightly higher attenuation at
high frequencies at 0-degree orientation (parallel to the direction of hair growth).

For a 90-degree orientation (horizontal polarization), higher variation can be seen between
models, but on average the attenuation at high frequencies is lower than that in the 80-90 GHz range.

S11 parameter representing surface reflections indicates similar behavior in both polarizations.
The values are between -10 and -20 dB, without significant frequency dependence for most samples,
except for sample A in 0 orientation, and sample O in 90 orientation.

From the absorption calculations, it can be concluded that for the samples tested, absorption is
significant in the skin and fat layer. The values for all samples range from 91% to 98% depending on
the sample thickness. It should be noted that no significant dependence on frequency was observed.
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To analyze the effect of orientation/polarization on absorption, a comparison of average
absorption (between samples) in orientation 0 versus orientation 90 was performed. It can be seen
that a consistent gap of between 0.8% to 1.2% is maintained at all frequencies in favor of absorption
in an orientation perpendicular to the hair direction (orientation 90).

In order to assess the dependence of radiation transfer as a function of the sample thickness, an
521 parametric analysis was performed at the reference points while mapping over the skin and fat
thickness at the measurement point. The graphs in the figure show the distribution of average values
of radiation transfer (parameter 521) around different frequencies in the examined spectrum. The
linear approximations calculated for the different samples show similar behavior at different
frequencies when the radiation losses increases (from — -20 dB to -35 dB) with the thickness of the
sample at a rate of 15 dB per 1 cm, comparable to what is obtained in our previous mice skin studies
[23], and what is known about a water dominant volume [18].

5. Conclusions

Recommendations for further action

It is important to note the significant absorption rate in the skin and fat layer. It is not possible
to calculate (based on the measurements performed) the contribution of each layer separately, but
attenuation of over three orders of magnitude can be expected in penetration through the layer with
a thickness of about 12 mm (-30dB).

The reflectance from the skin is similar at all frequencies. The values range from -10 to -20 dB
probably depends on the texture of the skin. Therefore, most skin transfer loss is caused by
absorption.

We plan to continue this study in order to analyze how long it takes to irradiate the cells to
produce the expected clinical effect using the residual radiation (after attenuation and reflection) from
a high-power gyrotron [13,16,17,22,24,25] or the FEL device [14,15].

At the same time, the temperature increase in the skin including epidermis as a result of
radiation absorption during irradiation should be examined. We speculate that using short pulses
can mitigate the problem to a significant extent.

Based on the analysis, it will become clear what clinical results can be achieved in external
irradiation cancer treatment. Alternatively, implications for developing a transmission line that
penetrates the skin can be examined.
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