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Abstract

This paper examines the utility of a wideband, physics-based model to determine human core 

body or brain temperature via microwave radiometry. Pennes’s bioheat equation is applied to 

a six-layer human head model to generate the expected layered temperature profile during the 

development of a fever. The resulting temperature profile is fed into the forward electromagnetic 

(EM) model to determine the emitted brightness temperature at various points in time. To 

accurately retrieve physical temperature via radiometry, the utilized model must incorporate 

population variation statistics and cover a wide frequency band. The effect of human population 

variation on emitted brightness temperature is studied by varying the relevant thermal and EM 

parameters, and brightness temperature emissions are simulated from 0.1 MHz to 10 GHz. A 

Monte Carlo simulation combined with literature-derived statistical distributions for the thermal 

and EM parameters is performed to analyze population-level variation in resulting brightness 

temperature. Variation in thermal parameters affects the offset of the resulting brightness 

temperature signature, while EM parameter variation shifts the key maxima and minima of the 

signature. The layering of high and low permittivity layers creates these key maxima and minima 

via wave interference. This study is one of the first to apply a coherent model to and the first 

to examine the effect of population-representative variable distributions on radiometry for core 

temperature measurement. These results better inform the development of an on-body radiometer 

useful for core body temperature measurement across the human population.

Index Terms—

Biohea; coherent model; core body temperature; microwave thermometry; on-body radiometry

I. Introduction

CORE body temperature monitoring within at least 0.5°C [1] is critical for applications 

as diverse as precision cooling of the brain to minimize damage after traumatic brain 

injury [2] to monitoring athletes for hyperthermia [3]. Unfortunately, current standards of 
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measuring core body temperature are either highly invasive or inaccurate, and therefore 

such measurements are often not treated with the same importance as other vital signs. 

Zero-heat-flux thermometers have been proposed as a noninvasive and accurate solution [4], 

[5] for the operating room. However, they are unable to detect intense body temperature 

changes and cannot measure a patient in deep hypothermia, both of which are experienced 

during many cardiac surgeries, among others [6]–[8].

Microwave radiometry is a noninvasive method that has the potential to overcome these 

limitations. This method uses an antenna to collect the microwave energy naturally emitted 

by the body and correlates the recorded brightness temperature with an absolute temperature 

via modeling. Microwave radiometry has been pursued in the past [2], [3], [9]–[15], though 

has yet to prove feasible in real-world scenarios primarily due to two main shortcomings:

a. Narrowband models and measurements [3], [16]–[19]. Narrow bandwidth 

radiometry limits the amount of data gathered from a sample because different 

frequencies penetrate different distances through the lossy tissues (i.e., longer 

wavelengths penetrate further through biological tissues and shorter wavelengths 

attenuate more quickly, meaning lower frequencies originate from deeper depths 

and vice versa). Most groups use a single frequency band with few using 

multiple frequencies (e.g., five frequencies from 1–4 GHz [17]). Limiting the 

number of frequencies in turn limits the information within a given radiometry 

measurement. Furthermore, many groups rely on modeling the antenna on 

the layered tissue profile via full-wave simulation software (e.g., Computer 

Simulation Technology (CST) Studio Suite [20]) to determine the emissions 

received from each layer [2], [3], [9], [10], [21]. To make up for the limited 

number of frequencies, skin surface temperature is then measured to back-

calculate the temperature of the underlying layers. This method limits their 

modeling to their specific antenna and limits the accuracy to that of the skin 

surface temperature measurement, which is susceptible to many factors including 

ambient temperature [22].

b. Use of a single fully characterized phantom. Models and presented 

measurements are typically performed on fully characterized phantoms, 

accounting for only a single set of thermal and electromagnetic (EM) parameters 

and ignoring human variability. For example, [21] optimizes their antenna 

for their specific phantom’s properties and measures the phantom’s physical 

temperature throughout a heating and cooling experiment to within less than 

0.4°C error. However, as per [9], [23]–[26], human tissues exhibit variations in 

their thermal and EM properties. As such, in [21] during measurements on a 

human baby undergoing surgery with properties different from those of the test 

phantom, the radiometer-measured temperature deviated from the medical-grade 

thermometers by anywhere from 1°C to 4.5°C throughout the surgery.

To this end, we present a wideband model for tissue radiometry. Specifically, we adapt 

a physics-based model used to measure the thermal emission of layered ice sheets in 

Greenland [27] to the layered configuration of human head tissues. We use a coherent model 

because it ignores volume scattering effects, which is justified by assuming homogenous 
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tissue layers and by the fact that wavelengths are much greater than the size of the scattering 

objects in each layer. Additionally, the coherent model is considered an exact model, rather 

than an approximation [28]. To eliminate the need for the accuracy-limiting skin surface 

measurement employed by the groups listed in shortcoming (a), we use the bioheat transfer 

model to obtain physical temperature for the coherent model calculation.

We analyze the feasibility of the coherent model for relating brightness and physical 

temperature of humans with one of the only compilations of population-representative 

distributions for the thermal and EM parameters necessary for on-body radiometry. These 

distributions, which we generate via literature review, allow us to assess the utility of the 

thermal-coherent model in real-life situations where the exact values of the thermal and 

EM parameters are unknown, as opposed to relying on a single mean profile to capture 

this population variation as did the groups listed in shortcoming (b). Overall, the model 

presented in this paper is a step towards developing a general on-body radiometer for core 

temperature measurement of all patients.

II. Methods and Procedures

A. Bioheat Model

The most commonly used model for determining bioheat transfer is Penne’s bioheat 

equation [29]. This experimentally verified model remains the most widely implemented 

due to its “simplicity and acceptable accuracy” [16], [30]. The model for each tissue layer is 

represented as such:

k∇2T + ρbcbω Ta − T + Qm = ρcδT
δt (1)

where k is the given tissue’s thermal conductivity, T is the layer temperature with the 

subscript a denoting the arterial or blood temperature, ρ is density, c is specific heat, ω 
is perfusion or blood flow rate, Qm is basal or resting metabolic rate, and the subscript b 
denotes that the variable represents the given property of blood.

Pennes’ bioheat equation is implemented in Dassault Systemes’ CST Studio Suite [20]. The 

thermal parameters are specified for each “material” or tissue type, except for the tissue 

temperature, T, which is the quantity to be solved. The product of blood density, blood 

specific heat, and tissue perfusion are represented as a single parameter, B, called blood flow 

coefficient.

Since core temperature is defined via the blood in the hypothalamus and the brain is the key 

metabolic organ [31], noninvasively monitoring from the head surface is the ideal choice. 

On the head, a flat skin surface with minimal hair coverage is ideal for conforming to 

the typically flat bottom surface of antennas to eliminate EM-signal-degrading air gaps 

(assuming the antenna is matched to the tissue). These criteria indicate the forehead is 

the optimal monitoring location. The basic layered anatomy of the forehead from the 

surface to the core is shown in Fig. 1 and consists of skin, subcutaneous fat, muscle, skull, 

cerebrospinal fluid (CSF), and brain or core [32]. Thus, we use these six layers in our model.
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1) Thermal Variable Distributions: To generate the population-representative thermal 

parameter distributions in Table I, a review of the literature relating to the measurement 

of the specific heat (c), thermal conductivity (k), basal metabolic rate (Qm), blood flow 

coefficient (B), density (ρ), and tissue layer thickness (h) for the six tissues of our head 

model is performed. Though these measurements are not found in abundance in the 

literature, especially measured at the forehead, nine sources for each of the thermal-specific 

variables [16], [20], [33]–[39] and nine sources for the tissue layer thicknesses (which is also 

a direct input to the coherent model) are chosen [37], [40]–[47]. The sources selected for 

tissue layer thicknesses are measurement sets for the head and represent papers published 

by groups from different countries and therefore measurements of various populations. The 

thermal-specific variable papers are compilation papers, which review the literature. From 

this information, we generate normal distributions for the parameters.

2) Thermal Model Implementation: To simulate measuring a change in core 

temperature over time for the following studies on brightness temperature, we choose to 

model the initial development of a continuous fever from a core temperature of 37°C to 

39°C, as described in [48]. We increase the temperature of the entire brain layer from the 

normothermic steady state and approach (but do not reach) the hyperthermic steady state 

over the course of 30 min and examine the change in the outer layers. Thus, we do not 

vary the thermal parameters of the brain in this study. This method simulates measuring the 

volume-averaged brain/core temperature, rather than localized brain temperature.

Additionally, as this study is designed to assess the effect of human variation on measured 

brightness temperature, the ambient air temperature is held constant at 25°C (the effect of 

ambient temperature can be explored in a future study). The skin surface boundary interacts 

with air via convective flow, and the remaining boundaries are adiabatic.

B. Coherent Model

The coherent model is based on the fluctuation-dissipation theorem, which relates the 

thermal vibrations of charges (molecules – electric dipoles, induced electric dipoles, etc. – 

all of which vibrate when physical temperature is above 0 K) in a medium to the current 

density in that medium. The EM field radiated due to these thermal vibrations is calculated 

using the dyadic Green’s function. Maxwell’s equations describe how the generated field 

propagates through the medium. For a medium with n layers, (2), shown at the bottom of 

this page, describes the resulting brightness temperature observed from an incidence angle 

of 0.

Here, Tl is the temperature of layer l (in general the subscript l denotes that variable is for 

the layer l); Tt is the temperature of the bottom layer (in general the subscript t denotes that 

variable is for the layer t); Al, Bl are the field amplitude coefficients (which are solved using 

a recursive relation for the propagation matrix); dl is the distance from the surface of the 

structure to layer l; and the rest of the variables are used as commonly found in EM (notably, 

Ͳ is the transmission coefficient from the last to second to last layer). For coherent model 

layers, we subdivide each tissue layer for brightness temperature resolution (Fig. 1).
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As this study is to demonstrate the feasibility of using the coherent model for tissue 

radiometry, we are exploring the use of this model with a planar layered tissue structure and 

examining the effects of population variation by varying tissue layer thickness, permittivity, 

and thermal properties. While anatomical differences in addition to layer thickness (e.g., 

head curvature) can affect wave propagation, we save the study of anatomical head models 

for future work, for which the current study serves as a foundation [26].

The coherent model assumes the sensed object is in the far field of the receiver. Thus, the 

envisioned system uses a high dielectric matching medium between the skin surface and the 

receiver to put the skin surface in the far field, as defined by the lowest operating frequency, 

while maximizing the received signal. For example, if the dielectric medium is designed 

to replicate the EM properties of skin as reported in [49], using the standard definition of 

the far field (namely, twice the square of the longest antenna dimension divided by the 

wavelength in the medium) and assuming the longest antenna dimension is approximately 

half of the longest operating wavelength (lowest frequency) in the medium, if the lowest 

operating frequency is 100 MHz, the medium should be at least 17 cm tall. For a 1 GHz low 

frequency cutoff, the medium should be at least 2.3 cm tall. While a 17 cm high medium 

might not be feasibly implemented in a real-world scenario, we include 100 MHz in the 

analysis to better understand the brightness temperature versus frequency spectrum produced 

by the human head.

1) EM Variable Distributions: To generate the population-representative EM variable 

distributions, that is real and imaginary permittivity, we first turn to the most widely used 

source for such information: [49], a database which is derived from the 4-pole Cole-Cole 

model in [50] determined via measurements across various human and animal cadavers and 

living humans [51], [52]. We use these profiles for our selected tissues as our mean. Many 

papers quote variation in permittivity as being ±20% [26], [53], which originates from [54] 

in which the

TB = k∑l = 1
n ε″lT l

2εo

Al
2

k″l
e2k″ldl − e2k″ldl − 1 − Bl

2

k″l
e−2k″ldl − e−2k″ldl − 1

+
iAlBl*

k′l
e−i2k′ldl − e−i2k′ldl − 1 −

iAlBl*
k′l

ei2k′ldl − e−i2k′ldl − 1 + kε″lT t
2εok″t

T
2

e−2k″tdn

(2)

worst-case specific absorption rate (SAR) scenario for children with cell phones is 

evaluated. This range is based on changes in total body water content with age via rat 

and pig permittivity studies [54]. However, in the absence of sufficient data on humans, 

real and imaginary permittivity variation measurements performed in animals [23]–[25] 

indicate a standard deviation of 10% is a likely worst case scenario. The real and imaginary 

permittivity vary separately (e.g., real permittivity is 105% and imaginary permittivity is 

97% of the mean). Thus, we use a standard deviation of 10%.
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2) Thermal and EM Parameter Effect on Brightness Temperature: To compare 

the effects of each of the thermal and EM parameters on brightness temperature, we 

use a common percentage by which to change each parameter. To ensure this common 

percentage holds a physical significance, the approximate average of the percentage of one 

standard deviation from the mean of all the thermal parameters, namely ±20%, is used. This 

common percentage provides a means by which the magnitude of the effect on physical 

and brightness temperature of each individual thermal and EM parameter can be compared. 

While the resulting change in physical and brightness temperature occurring due to a 0% to 

20% parameter variation is not linear for the parameters, a 0% to 20% change in a given 

parameter results in a greater difference in either temperature than a 0% to 19% change.

Previous radiometry systems are limited by the use of narrowband antennas due to the 

challenge of designing a wideband antenna able to radiate into the human body, and 

therefore, their measurements are narrowband as well [3], [10], [18], [21]. Our group 

has pioneered the design of antennas for the human body with bandwidth and gain much 

greater than what is published in the literature [55]. Thus, we can realistically explore wider 

frequency ranges in our modeling. In this study, the coherent model is run from 0.1 to 10 

GHz to assess brightness temperature across a wide frequency band and to find potential 

characteristics of the brightness temperature from the six-layer profile that can assist with 

future attempts at physical temperature retrieval.

To this end, we calculate the brightness temperature received at normal incidence, as in 

(2), for each scenario. Future studies will explore the optimal frequency band for a core 

body temperature radiometer. An antenna can then be designed to cover that bandwidth, and 

the coherent model would then be integrated over the beamwidth of the specified antenna, 

accounting for the vertically and horizontally polarized brightness temperature contributions 

as described in [28].

To assess the utility of the coherent model for use with the human population, the thermal-

coherent model combination is run for 1000 iterations with all of the thermal and EM 

parameters varied via their population-representative distributions.

III. Results

A. Thermal Parameter Effect on Physical Temperature

To study the individual effect of each thermal parameter on the overall temperature profile 

of the tissues, each thermal parameter is individually changed to ±20% of its respective 

mean in each individual layer with the rest of the parameters held at their respective mean 

(e.g., the thermal conductivity is +20% of the mean in skin, while all other parameters, 

including thermal conductivities in the other layers, are set at their mean values). The brain 

temperature is increased from normothermic to hyperthermic to simulate fever development. 

At each measurement over the course of fever development, the average temperature of each 

layer of the resulting thermal profile is compared to the same layer of the thermal profile 

generated when all parameters are at their mean values. Table II lists the largest temperature 

difference for all layer comparisons (Max Δ°C) and the layer in which that difference occurs 
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(Layer), since the largest temperature difference does not necessarily occur in the layer in 

which the parameter is changed.

Thermal conductivity, k, and tissue layer thickness, h, affect both the steady state and 

transient profile as per (1). Both parameters have the largest effect on the thermal profile, 

shifting the temperature profile by at least 0.1°C for almost all iterations. Varying the 

skin blood flow coefficient, B, results in a comparably large change. For each parameter, 

any parameter change in a given layer affects the temperature of both that layer and the 

surrounding layers. This temperature change decreases further from the layer in which the 

parameter is varied. Based on these results, the effect of thermal conductivity and layer 

thickness, followed by skin perfusion, are key to examining population differences.

B. Thermal Parameter Effect on Brightness Temperature

The brightness temperature resulting from the ±20% thermal profiles of Section III-A is then 

calculated via (2). When analyzing the effect of the thermal parameters, each parameter, 

except for tissue layer thickness, only contributes to layer temperature, Tl (or Tt in the case 

of the brain), so any change in Tl scales (2). Tissue layer thickness, h, in addition to affecting 

the temperature profile (Tl), separately affects (2) via d. As such, tissue layer thickness is 

also considered an EM variable and is discussed in Section III-C.

Each of the thermal parameters, except for tissue layer thickness, produces a similar pattern 

of change in the brightness temperature as in the physical temperature. Fig. 2(a) shows the 

difference between the brightness temperature when all parameters are at their mean values 

and when the CSF thermal conductivity is varied by ±20% at 0, 10, and 30 min into the 

development of the hyperthermic core temperature. Fig. 2(b) shows the same for muscle 

specific heat. Since thermal conductivity affects the steady state and transient thermal 

profile, occurring at 0 min and 10 min, respectively, thermal conductivity likewise affects 

the brightness temperature both when the physical temperature is at steady state and is 

transient. Specific heat, however, only affects the transient physical temperature profile, and 

therefore varying the specific heat has no effect on brightness temperature when the physical 

temperature is unchanging (i.e., at 0 min). Varying density produces a very similar effect to 

varying specific heat. As per (1), metabolic rate produces a constant offset and results in a 

change to the steady state and transient profiles. Blood perfusion likewise changes both the 

steady state and transient profiles, with the effect depending on the difference between the 

blood and layer temperatures.

C. EM Parameter Effect on Brightness Temperature

The EM parameters (real and imaginary permittivity and layer thickness), unlike the thermal 

parameters, do not affect the temperature of the tissue but rather affect wave propagation 

through the layered tissue profile. As such, if the EM parameters are constant over time 

(i.e., they do not change as the fever progresses from normothermic to hyperthermic over 30 

min, as is assumed in this study), only Tl and Tt vary with time in (2). Thus, the following 

evaluations of the effect of the EM parameters are done for the normothermic steady state (0 

min) as any changes over time are caused by the changing temperature profile and not the 

EM parameters.
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The solid green trace in Fig. 3(a) and (b) is the frequency-dependent brightness temperature 

evaluated when all thermal and EM parameters are at their mean values. Two distinct 

maxima exist and are due to the large difference in permittivity between the layers. 

The differences turn the skin, fat, muscle, and bone layers into cavity-like structures. 

These large differences in permittivity between adjacent layers cause a large reflection 

coefficient, creating more wave interference. The coherent model relies on wave propagation 

to determine the brightness temperature received at the surface; thus, the interference 

within the cavity-like layers causes the maxima and minima in the brightness temperature. 

Changing the EM parameters of one of these cavity-like layers produces a greater change in 

the resulting brightness temperature profile than one of the non-cavity-like layers.

For example, as per Fig. 3(a) and (b), the difference in brightness temperature at a given 

frequency and the frequencies at which maxima occur when CSF thickness is varied by 

±20% compared to when all parameters are at their mean values is smaller than when skin 

thickness is varied. CSF and brain tissue have a similar permittivity, whereas skin has a high 

permittivity but is surrounded by air and fat, which have low permittivity. The difference in 

brightness temperature profiles caused by varying the CSF thickness is smaller compared 

to that of skin as a result, especially at the higher frequencies which do not travel as far 

through tissues as the lower frequencies (and therefore are less likely to reach a receiver at 

the surface if originating from the CSF).

A change in brightness temperature versus frequency can be represented as either a change 

in brightness temperature at a given frequency (e.g., a 0.5 K increase at 2.1 GHz) or as a 

change in the frequencies at which the two maxima occur. Fig. 4 displays the frequencies at 

which the high and low frequency maxima occur when each thermal and EM parameter is 

individually varied in each individual layer by ±20% (i.e., all other parameters are at their 

mean value, including the parameter of interest in the other five layers) compared to when 

all parameters are at their mean value (represented by the black dot).

Tissue layer thickness has the largest effect of the EM parameters on brightness temperature. 

As per Fig. 4, decreasing the tissue layer thickness shifts the peak brightness temperature 

frequency higher and vice versa for increasing tissue layer thickness. Varying real 

permittivity causes the next largest effect in terms of maxima frequency. For all layers 

except CSF, a decrease in real permittivity causes the maxima to shift to a higher frequency 

and vice versa for an increase. Minimal frequency shifting of the maxima is observed when 

imaginary permittivity is varied.

In general, a decrease in real permittivity causes an increase in the high frequency 

maximum, while the same pattern exists for the low frequency maximum for all layers 

except CSF. For imaginary permittivity, at the low frequency maximum, variation in CSF 

and muscle have the greatest effect because they are more lossy tissues and are located 

deeper in the tissue block. At the high frequency maximum, only muscle, a decrease in CSF, 

and an increase in skin imaginary permittivity affect the brightness temperature peak. The 

effect is caused by a combination of layer depth and mean permittivity (i.e., shallower layers 

with higher loss or the decrease of loss of deeper layers with high loss have a greater effect 

on the higher frequencies).
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From this analysis, only a change in EM parameters can change the frequency where a 

maximum occurs. As per Figs. 2 and 4, changing the thermal parameters (except for layer 

thickness), only shifts the level of the brightness temperature at a given frequency, indicating 

the physical temperature profile itself is different, but does not change the frequency at 

which a maximum occurs. In general, if the EM parameters do not change over time, 

then the locations of the maxima will not change for a given simulation. Thus, a shift in 

maxima location can indicate a change in the EM parameters, while a change in brightness 

temperature at the maxima can indicate a change in physical temperature.

D. Population-Level Variation

To assess the error in brightness temperature from assuming a single profile based on the 

mean values of the thermal and EM parameters, a Monte Carlo simulation is set to determine 

the brightness temperature profiles that result from varying different combinations of each 

of the parameters. A total of 1000 iterations of the bioheat-coherent model combination 

are performed, with each of the parameters varying as per the normal distributions given in 

Table I. Though parameters may be related (e.g., how hydrated a person is can effect both 

blood flow coefficient and permittivity), finding these relations is outside of the scope of this 

paper, and so parameters vary independently according to their distributions.

Fig. 5 shows all the brightness temperatures for the 1000 iterations compared to the 

brightness temperature for all parameters set to their mean value (black dashed line) at 0 

min, as well as the standard deviation in brightness temperature at a given frequency of 

the trials (the black bars). The smallest difference occurs at the lowest frequencies, which 

originate from deeper tissue layers, and is indicative of each profile having the same core 

temperature. This minimal difference indicates that despite the variation in the thermal 

and EM parameters of each of the layers, the same core temperature produces a similar 

brightness temperature profile at the deeper-penetrating lower frequencies.

The largest variation in brightness temperature spectra occurs around the high frequency 

maximum due to the shift in the frequency at which the high frequency maximum occurs. 

As explained in Section III-C, this shift in maxima frequencies is caused by EM parameter 

variation as would be exhibited when measuring two different people. Examining this shift 

in maxima frequencies, a standard deviation of 129.8 MHz occurs around the first maximum 

mean frequency of 1.09 GHz, whereas a standard deviation almost four times larger of 434.0 

MHz occurs around the second maximum mean frequency of 3.58 GHz.

This variation in brightness temperature profiles holds implications for the physical 

temperature retrieval process. Many on-body radiometry papers assume a single mean 

profile to determine the weighting coefficient for how much power, or what portion of the 

total received brightness temperature, originates from each tissue layer [3], [10], [18], [21]. 

Many of these previous studies operate around 1 GHz, where the variation in brightness 

temperature becomes significant, as per Fig. 5. Even though all the profiles in Fig. 5 are 

generated with the same core temperature, if a single frequency is used and the mean profile 

is assumed, measuring anyone who exhibits one of the profiles other than the mean profile 

would incorrectly be measured as having a core temperature higher or lower than their 

actual core temperature. As per Section III-C, changes in the brightness temperature level 
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without a change in the maxima frequencies indicate a physical temperature change. Not 

acknowledging thermal and EM parameter variation across the population, as done in past 

works [3], [12], [17]–[19], [21], therefore, means that two people who have the same core 

temperature but different EM and thermal parameters would incorrectly receive different 

core temperature measurements. Additionally, if parameter variation is accounted for, one 

or even five frequencies spread from 1–4 GHz, as used in [3], [16]–[19], is not enough 

to indicate whether a change in maxima frequencies or a change in brightness temperature 

alone is the cause of the measured brightness temperature. Ignoring parameter variation 

limits the accuracy of retrieving a physical temperature profile for different humans.

Beyond core temperature retrieval, as per the large deviations in brightness temperature at 

higher frequencies, which originate from shallower depths than lower frequencies, retrieving 

a full temperature-vs.-depth profile requires sensing across a wider frequency band. Only 

receiving lower frequencies can lead to measuring incorrect physical temperatures in 

the shallower tissue layers given the small deviation in brightness temperature at lower 

frequencies for a given core temperature, as per Fig. 5.

IV. CONCLUSION

In this paper, we explore the use of a thermal and coherent model combination for 

radiometric core temperature sensing of a six-layer head model. Unlike previous attempts 

at tissue radiometry, we start with a wideband model to analyze trends in the brightness 

temperature generated by the natural thermal emissions of the human head. We do not rely 

on a single mean profile for the simulated phantom, but rather, with human population-based 

statistical distributions for the thermal and EM parameters, we show that such reliance can 

result in an error between the expected and resulting brightness temperature for a given core 

temperature or physical temperature profile. The minimal change at lower frequencies and 

larger change at higher frequencies indicates that a wideband model is necessary to indicate 

whether a change in brightness temperature is caused by a different set of thermal and EM 

parameters or by a different temperature profile, as well as to depict the full temperature 

profile of the six tissue layers. Based on the results of this study and the importance of 

accounting for the variation of the parameters, we will implement a retrieval algorithm to 

determine physical temperature from a given radiometric measurement while reducing the 

error seen in previous on-body radiometry attempts by accounting for population variation. 

We will also explore spherical and anatomical head models. Additionally, we will validate 

the use of this coherent model for on-body radiometry via experiments. Thus, this study 

progresses the field of on-body radiometry for a safer operating room and beyond by 

implementing the first wideband model that accounts for population variation.
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Fig. 1. 
The six-layer model of the human head used for this analysis. Tissue layers are denoted on 

the left, while layers for the coherent model are denoted on the right.
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Fig. 2. 
Difference between the mean brightness temperature profile and that of ±20% of the (a) CSF 

thermal conductivity and (b) muscle specific heat at 0, 10, and 30 min into the experiment. 

Varying thermal conductivity affects both the steady state and transient profiles, whereas 

specific heat affects only the transient profile.
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Fig. 3. 
Brightness temperature at 0 min (normothermic, steady state core) when (a) CSF and (b) 

skin thickness is varied by ±20%. A smaller shift in the maxima frequency occurs since CSF 

and brain have a similar permittivity, whereas varying skin thickness has a large effect on the 

frequency at which the second maximum occurs.
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Fig. 4. 
Frequency of occurrence for the (a) low frequency and (b) high frequency maxima when 

the EM and thermal parameters are varied by ±20% in each layer. Varying the thermal 

parameters does not change the maxima frequencies, so they are grouped together. Real 

permittivity and tissue layer thickness have the greatest effect on the brightness temperature 

maxima frequency.
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Fig. 5. 
All 1000 brightness temperature profiles compared to the mean profile (black dashed line) 

at 0 min. The black bars represent the standard deviation in brightness temperature. A 

single core physical temperature can result in many different brightness temperatures given 

parameter variation within the human population.
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TABLE I

Thermal and EM Parameter Distributions

Mean Std Dev Std Dev %

h [mm] brain 30.000 - -

CSF 3.600 0.900 25%

bone 6.576 0.752 11%

muscle 2.210 0.640 29%

fat 2.353 0.561 24%

skin 2.044 0.171 8%

k [W/(m·K)] brain 0.516 0.019 4%

CSF 0.533 0.058 11%

bone 0.931 0.295 32%

muscle 0.487 0.059 12%

fat 0.191 0.025 13%

skin 0.319 0.102 32%

c [kJ/(K·kg)] brain 3.710 0.066 2%

CSF 3.872 0.215 6%

bone 1.739 0.340 20%

muscle 3.705 0.138 3%

fat 2.430 0.090 4%

skin 3.675 0.109 3%

p [kg/m 3 ] brain 1032.0 23.6 2%

CSF 1000.0 0 0%

bone 1545.0 174.4 11%

muscle 1059.0 23.2 2%

fat 911.3 74.0 8%

skin 1051.0 47.8 5%

Qm [W/m 3 ] brain 8202.0 2586.0 32%

CSF 0 0 0%

bone 416.6 108.1 26%

muscle 623.3 124.6 20%

fat 322.7 39.26 12%

skin 1375.0 394.0 29%

B [W/(m 3 
· K)] brain 31297 8377 27%

CSF 0 0 0%

bone 1416 273 19%

muscle 2303 349 15%

fat 478 159 33%

skin 9817 3272 33%

ε’, ε” (all layers) Frequency-dependent, from [49] - 10%
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