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Abstract—This paper presents a study of the impact of tissue
layer thicknesses on subcutaneous temperature measurements
using microwave radiometry. A near-field antenna (NFA) is
designed to receive black-body radiation from the brain when
placed on top of six tissue layers of a human forehead. Each
layer has a weighted contribution to the thermal noise power
received by the NFA. In this paper, reciprocity is applied to
computationally determine the weights of each layer which are
needed to estimate the temperature. These weights depend on
the tissue layer conductivities and thicknesses. The variation of
tissue thicknesses between different body types result in different
weights which affect the temperature measurement. It is found in
simulations that for example maximizing skull thickness, results
in an estimated temperature error of 0.82%.

Index Terms—radiometry, core-body temperature, sensitivity
analysis, bioelectromagnetics, weighting factors

I. INTRODUCTION

Thermal regulation is a key physiological ability for human
survival as a ±3.5◦C deviation in internal temperature from the
resting 37◦C can lead to severe physiological impairments and
even fatalities [1]. The ability to measure internal temperature
is useful, e.g. during aortic repair surgery when the brain
is in hypothermic hibernation at 15 − 20◦C for 30 minutes
before it is gradually brought back to normal temperature
[2], [3]. Throughout the procedure, the brain temperature is
tracked through nasal catheters, however they lag compared
to the true temperature. Other applications that benefit from
the knowledge of internal temperature include hyperthermia
treatment of cancers [4], diagnosis of sleep disorders, in-
fections, etc. A variety of techniques have been used to
monitor internal body temperature, such as thermometer pills
[5], however, they are invasive and hard to track. Magnetic
Resonance Imaging (MRI) [6] is expensive and non-wearable
and heat-flux devices only measure about 1 cm of depth [7].
In this paper, microwave radiometry is used for internal body
temperature measurements as it is a passive, compact and non-
invasive measurement technique, illustrated in Fig. 1(a).

Microwave thermometry measures thermal black-body radi-
ation emitted by any body above 0 K, to estimate temperature.
It measures thermal noise power, emitted by the black body,
across the electromagnetic spectrum. For humans, the spectral
radiance peaks in the infrared range, however infrared frequen-
cies penetrates only a few millimeters below the skin surface,
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Fig. 1. (a) Microwave thermometry for measuring brain temperature with a
near-field antenna (NFA) mounted on the skin on the forehead. (b) Example
of a simulated electric field magnitude distribution within the tissue stack on
the forehead.

limiting the sensing depth to the top skin layers only. In the
microwave region of the spectrum, where penetration depth in
tissues can be a few centimeters, the spectral power density
of thermal radiation is directly proportional to temperature.
For example, the penetration depth of a plane wave (classical
skin depth) is 16.78 mm and 1.78 mm for skin conductivity at
1 and 10 GHz, respectively. For the case of fat and muscle,
these values are (68.81,6.58) and (16.09,1.54), respectively.

In this work, we are using a radiometer, which is a sensitive
receiver designed to have peaked responsitivity at 1.4 GHz to



measure thermal noise power emitted by sub-cutaneous tissue
layers of a human forehead, illustrated in. Fig. 1(a), similar
technique used in works such as [8], [9]. The temperature
of the brain is then estimated from the total thermal power
received by the near-field antenna (NFA) mounted on the skin.
Fig. 1(b) shows the simulated E-field distribution at 1.4 GHz
of the NFA within the six tissue layer stack of the forehead.
A sensitivity analysis is carried out using Ansys HFSS to
explore how the thicknesses of the tissues affect the estimated
measured temperature of the brain. For a set of tissue thickness
variations, the error in the temperature retrieval algorithm is
computed for a healthy individual.

II. NFA DESIGN AND WEIGHT DETERMINATION

From a radiometric measurement of the thermal noise
power under the antenna in Fig. 1, the individual tissue layer
temperatures can be found as a weighted sum from:

Ttot =
N∑
i=1

Wi(ti, σi, ϵr, f) · Ti, (1)

where Ti is the temperature of the i-th layer, and the weight
Wi depends on the thickness ti and electrical parameters of
the layer. The thermal radiation can in principle be found
using the fluctuation-dissipation theorem [10], but a more
straightforward approach is to apply reciprocity and determine
the absorption in each layer. The weights of the layers are
defined as the percentage of volume Joule losses in a layer
relative to losses in the entire tissue stack volume [8]:

Wi =
Pi∑N
i=1 Pi

(2)

where Pi is the power dissipated in the ith layer and the
sum represents the total power dissipated in all the tissue
layers in a finite volume under the NFA. The volume is
truncated so that for 1 W of input power, only points where
the power loss density values are larger than 10 W/m3 are
taken into account. Thus, the weights can be found numerically
from full-wave simulations using Ansys HFSS, assuming the
NFA is transmitting. It is also clear that the weights vary
between different people, and this variation introduces errors
in temperature estimation. To quantify the error, the antenna
from Fig. 1 is modeled in the near field, placed on top of
layered tissues tabulated in Table I, with thickness ranges
encountered in male and female subjects found in the literature
[11], [12], [13].

Fig.+- 2 shows the patch antenna topology and its measured
and simulated reflection coefficient. The antenna is designed
on Rogers 3010, chosen because of its high relative permit-
tivity (10.2), allowing for reduced size. The patch is 16 mm
by 29.43 mm on a 38 mm by 38 mm substrate. A superstrate
helps match the NFA to the skin. The measured reflection
coefficient agrees well with the simulated one for average
tissue parameters of the forehead, and the measurement is
repeatable. The measurement is done with a SOLT calibration
to the reference plane of the SMA connector. Also shown in

TABLE I
FOREHEAD TISSUE LAYERS WITH ELECTRICAL PROPERTIES AT 1.4 GHZ

AND THICKNESS RANGE

Tissues (Relative
permittivity ϵr ,
Conductivity
σ( S/m))

Female
Thickness
Range (mm)

Male
Thickness
Range (mm)

Skin (39.7,1.04) 1.09-2.49 1.31-3.32

Fat (5.4,0.06) 0.91-2.33 1.4-2.01

Muscle (54.15,1.22) 0.5-3.45 0.71-2.93

Skull (15.99,0.34) 5-11 5.5-9

CSF (67.81,2.67) 1.73-2.6 1.73-2.6

Brain (44.4,0.97) 90 90
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Fig. 2. (a) The near-field antenna is a metal patch on 38 mm×38 mm Rogers
3010 substrate and superstrate (ϵr =10.2, tanδ = 0.0022). All dimensions are
given in mm. (b) Simulated and measured reflection coefficient of the NFA
placed on the skin. The thicknesses of the tissues in the simulated case are
2, 1.7, 2, 7, 1.73 mm for skin, fat, muscle, skull and CSF respectively. The
minimum and maximum thicknesses curves represent simulation data with
general minimum (1.09, 0.91, 0.5, 5, 1.73 mm) and maximum ti for each
tissue layer (3.32, 2.33, 3.45, 11, 2.6 mm).

Fig. 2 is the simulated reflection coefficient for largest variation
of tissue thicknesses among people. The goal of the NFA
design is to maximize the weighting factor in the brain, as
shown in Fig. 1(b), because this will result in the lowest error
when estimating the brain temperature from the total noise
power measurement.

Fig. 3 shows the volume Joule loss density for the 4 ex-
tremes cases of the thicknesses listed in Table I, illustrating
how much the weights of the layers can vary depending
on their thicknesses. It is also seen that the weights for
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Fig. 3. Volume Joule loss density at within the tissue layers at 1.4 GHz,
for minimum and maximum layer thicknesses in female and male subjects.
Thicknesses from I. The weights for the individual tissues are also shown.

females and males vary significantly, e.g. at 1.4 GHz, the
weight of the brain changes by 20.17% for females and 16.5%
for males, between minimum and maximum thicknesses. To
further quantify the effects of layer thicknesses on the weights,
each layer thickness is varied, while the others are kept at
commonly encountered values (2, 1.7, 2, 7, 1.7 mm for skin,
fat muscle, skull and CSF respectively). This is repeated for
each of the 5 layers above the brain. The weight of each layer
is then computed with respect to each thickness sweep and the
results for the female model are shown in Fig. 4.

Some conclusions can be drawn from Fig. 4. As mentioned
previously, the weights depend on the electrical properties
of the tissues, primarily their conductivity, as it governs the
absorbed power in the medium. The higher the conductivity
of the layer, the higher the absorption, leading to a larger
weight value. This however is more relevant for layers that are
closest to the surface, as opposed to buried layers. From 4, it
is observed that the weight of the skin layer is consistently
the highest as it is directly in contact with the NFA, and
with σ and ϵr an order of magnitude higher than the fat layer
directly below it. The fat layer weight stays below 8% for all
combinations of tissue thicknesses considered here, maximized
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Fig. 4. 2-dimensional heat map generated using female subject thickness
ranges, illustrating the effects of tissue thicknesses on the weights of the
layers at 1.4 GHz.
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Fig. 5. Graphical representation of the weights of each tissue layer. Colors
represent cases where the thicknesses are minimized (blue), averaged (green)
and maximized (red). Line types correspond to females and males.

when the skin layer is the thinnest.
Interestingly, the muscle layer weight is the most impacted

by its own thickness, as it is sandwiched between two layers
with lower conductivity (fat and skull). The skull is the thickest
layer of the stack, 10×thicker than the muscle layer when
the tissue stack is minimized, and is observed to have the
highest impact on the brain weight (17.44% for 11 mm thick
to 26.51% for 5 mm thick when other layers are average). This
is significant to highlight because studies have shown that, on
average, females have frontal bones 1 mm thicker than males
[14]. When the thickness of the skull is set to the average, the
weight of the brain is computed to be around 20 to 25% across
all sweeps, and the error in the temperature measurement will
therefore be low.

Fig. 5 shows the difference in weights between the male
and female models for three cases: (1) all layers of minimum
thickness; (2) all layers of average; and (3) and all layers with
maximum thickness. When observing the results for values in
males, similarly to the female model, the weight of the brain
is doubled when the stack thickness is minimized compared to
the maximized case. In the thickest stack, 15.35% and 14.1%
are obtained for weights of males and females, respectively,
while weights of 31.85% and 34.27% are obtained for the
thinnest stack.

III. TEMPERATURE ESTIMATION AND ERROR
PERCENTAGE

Through a radiometric measurement, it is possible to re-
trieve the total thermal noise power Ttot emitted by a tissue
stack, using (1), with Wi known from Fig. 4. This estimation
was demonstrated in [8], [15] with an error as low as 0.25 K.
This Ttot can be used to estimate the temperature of the brain
Tbrain, based on a few assumptions, such as the health condi-
tions of the patient [16], no sudden temperature changes from
one layer to another, whether thermal treatment (hypothermia
or hyperthermia) is being applied on a specific layer at the



time of the measurement, etc. For the sake of this study, a
healthy individual under no thermal treatment is assumed,
with a “normal” temperature of the buried layers found in
the literature [17] and the temperature of the superficial layers
fitted assuming no sudden jump. The temperature of the layers
from the skin to the brain are assumed to be between 36 and
39◦C for the healthy individual.

Using weights plotted in Fig 5, the calculated Ttot for
average tissue thicknesses is 37.06◦C for a male, and 37.01◦C
for a female model. When the thicknesses are minimized, Ttot

is 37.3◦C for the male and 37.4◦C for the female model. When
they are maximized, Ttot is 36.88◦C in males and 36.90◦C in
females.

To quantify the error in computing Tbrain using the simu-
lated weights, we assume Ttot = 37◦C, shown in Table II. For
a healthy individual, Tbrain for an average female tissue stack
is estimated to be 38.9◦C, a 0.1 ◦C (0.25%) difference from
the actual brain temperature of 39◦C. Assuming a minimized
stack for a total temperature of Ttot = 37◦C, the error is
higher, 0.4 ◦C (about 3%), because the actual Ttot = 37.4◦C
in this case.

TABLE II
ERROR PERCENTAGE FOR NORMAL BRAIN TEMPERATURE (39◦C) IF

Ttot=37◦C

Tissue Stack Computed
Tbrain(◦C)

Estimation
Error(%)

Average female 38.9 0.25

Average male 38.75 0.64

11 mm skull 39.32 0.82

3.32 mm muscle 39.21 0.54

Minimized female stack 37.82 3.02

Maximized male stack 39.78 2

IV. CONCLUSIONS

In conclusion, this paper studies the effects of tissue thick-
nesses on internal temperature measurements using microwave
thermometry. A near field antenna (NFA) is designed to receive
thermal noise power from a six-layer tissue stack representing
a human forehead. The weighted thermal contribution of each
of the layers present in the stack is computed using elec-
tromagnetic reciprocity. The weights depend on the electrical
properties of the tissues and their thicknesses. To retrieve the
temperature of the brain, the NFA is designed to maximize
its weight in the brain tissue. Using Ansys HFSS, the weights
of each layer are computed using a realistic thickness range
in a female and male model. The skull thickness is found to
have the most impact on the weight of the brain. The final
conclusion from the simulations is that, assuming a calibrated
radiometer, the error in brain temperature estimation is small
(less than a percent) when the thicknesses of the skin, fat,
muscle, skull and CSF vary within statistical measured values.
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