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and his/her core temperature ultimately rises above 104 °F, then an exertional heatstroke may 

ensue [3, 5, 6]. The effects of an exertional heat stroke, can lead to liver damage, bloods clots, and 

the failure of vital organs which oftentimes lead to hospitalization and death. Conversely, deaths 

attributed to heat-illness may be entirely preventable if a timely intervention is introduced [3]. The 

currently prescribed heatstroke interventions include visual-based subjective assessments, heat 

acclimatization techniques, or core temperature monitoring systems [5]. While there are many 

options to measure core body temperature for non-active persons (e.g. oral/ear/temporal/rectal 

thermometers [7]), there exists few options to measure core body temperature for active persons. 

Bio-wireless technology has been suggested as a potential method for monitoring core body 

temperature in active persons [8, 9]. Current commercially available bio-wireless solutions include, 

internal body thermometry (e.g. gastrointestinal (GI) radio-pills [7, 9]) or wireless thermometry 

(e.g. infrared (IR) sensors [7]). Although the wireless nature of the IR thermometer (shown in 

Figure 1.1(a)) features increased portability, this technology is limited in that it only provides 

temperature information from the surface of the skin. The GI radio-pill, given in Figure 1.1(b), 

provides the temperature of the GI tract which is accepted as a good representation of core body 

temperature [10, 11]. Although the GI radio-pill accurately predicts changes in core temperature, its 

adoption is limited by both a ~$25 per single use cost and the invasiveness of the user having to 

ingest and expel the radio-pill through the digestive system [8, 9]. 

This dissertation uses microwave radiometric thermometry (Figure 1.1(c)) to perform 

wireless non-invasive core body temperature monitoring. Microwave radiometric thermometry is 

an attractive method to measure internal body temperature because it combines the advantages of 

both the wireless thermometry and internal body thermometry techniques and provides a means 

for wireless non-invasive internal body thermometry. Not only does a microwave radiometric 

thermometer give more comprehensive temperature depth information from the internal body (in 
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2.4a) is also analogous to a lossless antenna placed inside a blackbody enclosure (Figure 2.4(b)) at 

a constant temperature T where the detected power is limited to a bandwidth such that the 

blackbody spectral brightness Bf is approximately constant over the bandwidth. Taking into 

account the pattern solid angle of the antenna, the power received by the antenna due to emission 

by the blackbody enclosure results in 

 𝑃𝑏𝑏 = 𝑘𝑇∆𝑓, (2.11) 
   
where Pbb is the total received power of the antenna with respect to the directional distribution of 

the spectral brightness.   

 
                                          (a)                                                                                            (b) 
Figure 2.4  The noise power Pn delivered by (a) a resistor maintained at temperature T in a black 
body enclosure is equivalent to the power received Pbb by (b) an antenna at the same temperature 
T. All devices are connected to an ideal bandpass filter of bandwidth Δf and terminated in a 
matched load R. 

 

2.2.2 Basic Radiometer Operation 

Now, instead of a BPF, consider an ideal total power radiometer system as depicted in 

Figure 2.5. The output noise power of a total power radiometer system with overall gain G and 

bandwidth Δf, connected in cascade with a lossy antenna, is given by  

 𝑃 = 𝑘(𝑇𝐴 + 𝑇𝑅𝐸𝐶) ∆𝑓 ∙ 𝐺, (2.12) 
   
where TA is the radiometer noise temperature detected by the antenna which equals to the resistor-

equivalent temperature that would deliver the same output power (this includes the brightness 

temperature contribution) and TREC is the radiometer receiver’s overall input noise temperature.  
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Figure 2.5  The power P received by an antenna connected to a total power radiometer with gain G 
and bandwidth Δf where TA and TREC are the antenna and the overall receiver radiometric input 
noise temperature, respectively.  
 

For a lossy antenna, part of the energy is received at the output of the antenna and another 

part is absorbed by the antenna material in the form of heat loss. Subsequently, the effective 

apparent temperature TAP,eff of the background scene is resolved from TA in a far-field scenario by 

accounting for the antenna radiation efficiency ηrad and the antenna physical temperature Tp, as 

seen in 

 𝑇𝐴 = 𝜂𝑟𝑎𝑑𝑇𝐴𝑃,𝑒𝑓𝑓 + (1 − 𝜂𝑟𝑎𝑑)𝑇𝑝. (2.13) 
   
The relationship described in equation (2.13) assumes that the antenna radiation pattern is ideal 

(that the antenna has one main-lobe with no side-lobes), but in reality, the antenna receives 

thermal emissions from both the main and side-beams. This suggests that the portion of the energy 

received by the antenna can be expressed as the sum of both the main and side-lobe contributions, 

as in 

 

𝑇𝐴𝑃,𝑒𝑓𝑓 = 𝜂𝑀𝐿�̅�𝑀𝐿 + 𝜂𝑆𝐿�̅�𝑆𝐿  

= 𝜂𝑀𝐿�̅�𝑀𝐿 + (1 − 𝜂𝑀𝐿)�̅�𝑆𝐿  
= 𝜂𝑀𝐿𝑇𝐴𝑃 + (1 − 𝜂𝑀𝐿)𝑇𝑎, 

(2.14) 

   
where �̅�𝑀𝐿 is the main-lobe contribution which is equivalent to the apparent brightness 

temperature of the scene 𝑇𝐴𝑃 , ηML is the main-beam efficiency, �̅�𝑆𝐿  is the effective temperature of the 

side-lobe contribution which is equivalent to the ambient temperature 𝑇𝑎, and ηSL is the side-beam 

efficiency. Combining equations (2.13) and (2.14) gives  
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2.2.6 Radiometric Sensing of Biological Materials 

A unique feature of microwave radiometry is that the radiometric output seen by the 

antenna provides a weighted average of the distributed profile for all thermal emissions 

contributed by all observed strata down to a maximum sensing depth. The sensing depth is 

commonly defined as the depth at which the plane-wave penetration has decayed to 1/e 

(~36.79%) of the surface value. The penetration depth of a radiometric system mainly depends on 

the relative permittivity and the frequency of the biological material under investigation. A simple 

human body volume can be modeled by the skin, fat and muscle tissue layers. The electromagnetic 

properties of interest for these tissues are governed by the complex permittivity 

 𝜀∗ = 𝜀0 ∙ 𝜀𝑟 = 𝜀0 ∙ [𝜀𝑟
′ − 𝑗𝜀𝑟

′′] = 𝜀0 ∙ [𝜀𝑟
′ − 𝑗𝜀′ ∙ 𝑡𝑎𝑛𝛿], (2.18) 

   
where εr is the complex relative permittivity, ε0 is the permittivity of free space, εr’ is the real part of 

the relative permittivity or the dielectric constant which is the ability of a substance to store 

electrical energy amid an electric field, εr” is the imaginary part of the relative permittivity which is 

the ability of a substance to dissipate electrical energy amid an electric field, and tanδ is the loss 

tangent which is the ratio between the real and imaginary permittivities. Gabriel’s documented 

electrical characteristics of biological materials are taken as the golden standard for the EM 

properties of human tissues [33-36]. Figure 2.9 shows the dielectric constants and skin-depths for 

skin, fat and muscle over a frequency range of 0.1 GHz to 18 GHz. Table 2.2 highlights selected 

penetration depths [37] of several biological tissues at specific frequencies. In general, the 

penetration depth increases as frequency decreases. As the trend from Figure 2.9 suggests, the 

areas of the body with higher fatty compositions allow for deeper sensing depths. Typically, a 

radiometer system can observe depths of about 1.4 to 5.7cm beneath the skin’s surface from 410 

MHz to 5 GHz, given the placement of the sensor on a human body volume comprised of 3.3mm of 

skin tissue and 6.25mm of fat tissue. The penetration depth for a multi-layered dielectric can be 

found with  
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𝑑𝑁 = (𝐷𝑒𝑐𝑎𝑦 − ∑ 𝛼𝑗𝑑𝑗

𝑁−1

𝑗=1

) 𝛼𝑁⁄ , 

𝑑𝑝𝑒𝑛 = ∑𝑑𝑗

𝑁

𝑗=1

 

(2.19) 

   
where dpen is total penetration depth, N is the total number of layers, αN and dN are the attenuation 

coefficient and thickness, respectively, for the N-th layer, Decay is the exponential order of the 

decay (e.g. a Decay value of 1 corresponds to e-1 = 36.79% and a Decay value of 2 corresponds to e-2 

= 13.53%), and αj and dj are the attenuation coefficient and thickness, respectively, for the j-th 

layer. 

 

 
Figure 2.9  Frequency dependent dielectric constant (top), loss-tangent (middle), and penetration-
depth (bottom) for biological tissues. 
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4.2 Review of Relevant Biological Tissue Phantom Literature 

4.2.1 Background 

Bio-phantoms are generally classified into liquid, semi-liquid, semi-solid, and solid states 

[74]. The distinction among a semi-liquid and a semi-solid state is that the semi-liquid is a material 

of a gel-like form and is more solid than a liquid but cannot hold its shape without an outside 

container, whereas the semi-solid is a material of a jelly-like form that is able to mold to any shape 

independently. A number of bio-phantom recipes are reviewed in Table 4.1 with respect to the 

recipe’s applicability to facilitate biomedical radiometric sensing. The reader is referred to [74-76] 

for exhaustive reviews on currently available literature for bio-phantom development. 

Table 4.1  Overview of available bio-phantoms and the applicability to enable radiometric sensing 

Work 
Main 

Ingredient 
Phantom 

Type 
State 

Applicability for Radiometric 
Sensing 

[77] 
Water, TX151, 
polyethylene 
powder 

Muscle, 
brain, skin 

Wet 
solid 

∙ Dries out ∙ bacteria prone ∙   
breaks if you flex too much 

[78] 
Water, gelatin, 
detergent 

Skin, fat, 
blood, muscle 

Gel 
∙ Has to be stored in an outside 
container ∙ hard to control 
thickness 

[79] 
Water, cooking 
oil, detergent, 
TX151, agar 

Fat Gel 
∙ Falls apart ∙ wet ∙ hard to 
control thickness 

[80] 
Water, sugar, 
HEC 

Muscle Liquid 
∙ Good properties for a liquid 
phantom over a narrow band 

[13, 73] Water, TX151 
Skin-muscle 
hybrid 

Solid 
∙ Dries out ∙ hard to control 
thickness 

[81] 
Silicon rubber, 
carbon powder 

Skin, fat, 
bone, muscle 

Solid 
∙ Can flex ∙ solid ∙ thickness 
easily controlled with certain 
recipes ∙ dry 

[82-84] 

Urethane 
rubber, 
graphite 
powder 

Skin, fat Solid 

∙ Can flex ∙ solid ∙ thickness 
easily controlled with certain 
recipes ∙ dry ∙ need to use a 
mechanical press to flatten 
mixtures with higher powder 
concentrations ∙ granular 
surface  
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𝑇𝐵,𝑒𝑓𝑓
[coh,pw]

=
𝜖1𝑇1 + 𝜖2𝑇2 + 𝜖3𝑇3 + 𝜖4𝑇4

1 − 𝛤𝑖𝑠𝑜.𝑐𝑜ℎ
[pw]

 

=
1

1 − 𝛤𝑖𝑠𝑜.𝑐𝑜ℎ
[pw]

∙ ∑ 𝜖𝑘𝑇𝑘

𝑛

𝑘=1

 

(6.71) 

   

where the isothermal coherent reflectivity using the power wave formulation is 𝛤𝑖𝑠𝑜.𝑐𝑜ℎ
[pw]

= 𝛤0,0. The 

apparent temperature at the surface of layer 1 using the coherent power wave formulation above 

can be calculated with  

𝑇𝐴𝑃
[coh,pw]

(0)  =  𝑇𝐵
[coh,pw]

 +   𝑇0 ∙ 𝛤𝑖𝑠𝑜.𝑐𝑜ℎ
[pw]

, 

= (1 − 𝛤𝑖𝑠𝑜.𝑐𝑜ℎ
[pw]

) ∙ 𝑇𝐵,𝑒𝑓𝑓
[coh,pw]

 +   𝑇0 ∙ 𝛤𝑖𝑠𝑜.𝑐𝑜ℎ
[pw]

. 
(6.72) 

   
6.4 Validation of Coherent and Non-Coherent Scattering and Emission Models 

Both the non-coherent and coherent scattering and emission models described in the 

previous section are validated using an HFSS plane-wave scattering simulation, a transmission-line 

coherent scattering model, or an iterative coherent scattering model developed by Wilheit.  

The simplest multi-layered structure, depicted in Figure 6.12 is a medium that is vertically 

stratified into two dissimilar layers and bounded by an infinitely thick outer layer. The last 

stratified layer (Layer 2) also extends to infinity. The two-layer structure is used to explore the EM 

behavior of existing coherent and non-coherent scattering models. 

                      

 

 
Figure 6.12  Cross-section for a two-layer stratified medium. 

 

Ansys HFSS is used to compute the effective field reflection coefficient at boundary 1. The 

HFSS plane-wave scattering set-up is shown in Figure 6.13. A Floquet port is used to propagate a 

plane-wave toward the boundary of the structure. The last stratified layer is extended to infinite 

space by a matched boundary condition known as a perfectly matched layer (PML). The sides of the 

Layer 0 

Layer 1 

Layer 2 
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structure contain two pairs of Master and Slave boundary conditions, which model planes of infinite 

periodicity. This unit-cell modeling process can be repeated for any number of layers. 

 
Figure 6.13  HFSS unit-cell scattering setup for a two-layer stratified medium with the applied 
boundary conditions and a Floquet port (de-embedded to the first boundary of the structure). 

 

6.4.1 Non-Coherent Model Validation  

The presented scattering models are compared for the basic two-layer scenario. The two-

layer scenario consists of dielectrics where both layer 0 and layer 2 are air, and layer 1 is a lossy 

medium with similar dielectric properties to that of human skin. The relative permittivities of the 

stratified media are εr0 = εr2 = 1 and εr1 = 44.1- j*12.1 with a layer 1 thickness of 76.2 mm. Layer 0 

and layer 2 have infinite thicknesses for the two-layer scenario. Figure 6.14 shows a comparison of 

the HFSS plane wave scattering simulation, the transmission line coherent scattering model, the 

Wilheit coherent scattering model, and the zeroth-order, first-order, second-order and steady-state 

non-coherent scattering formulations over a frequency range of 0.01 GHz to 3 GHz. All models are 

consistent with the findings from [106] in that they all follow similar decaying trends as they 

converge toward a constant steady-state value of Γ1 as frequency approaches infinity. This two-

layer scenario reaches a steady-state value quickly (≤ 1.5 GHz) due to the thick and homogenous 

lossy material. The zeroth-order model for the two-layer scenario displays a constant value since 

the only reflection present is at boundary 1. The second-order model for this scenario resembles 

the first-order model since the only reflections present are at the boundaries 1 and 2; however the 
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 Experimental Validation of Internal Body Temperature Sensing with a Comprehensive Chapter 7

Closed-Form Analytical Radiometric Model 

 
7.1 Introduction 

Since radiometric thermometry is an entirely passive sensing technique, all of the 

electromagnetic behaviors of a microwave thermometer ecosystem (i.e. the sensor and human 

tissues) must be modeled. Most available radiometric models only provide system modeling 

advanced enough to resolve relative internal body temperature. This chapter presents the outcome 

of a comprehensive closed-form analytical radiometric model in resolving internal body 

temperature. Subsurface muscle temperature is detected to within 1% from a microwave 

radiometric phantom testbed.  

This chapter experimentally validates a comprehensive closed-form analytical radiometric 

model based on both a coherent and non-coherent brightness temperature model. Section 7.2 

highlights previous microwave radiometric works involving internal body temperature sensing. 

Section 7.3 overviews the full closed-form comprehensive radiometric model. Section 7.4 highlights 

the experimental validation of both the coherent and non-coherent effective brightness 

temperature models. This chapter concludes with Section 7.5. 

7.2 Previous Microwave Radiometric Works Involving Internal Body Temperature Sensing 

An overview of many instances in which microwave radiometry is used for biomedical 

applications is provided in Section 2.3. This section highlights three specific examples of recent 

radiometric modeling used to facilitate internal body radiometric sensing. In [23, 24], a Dicke 

radiometer is used to monitor internal brain temperature for a phantom testbed validation setup 

and during a surgical procedure. The phantom testbed consists of a human skull encasing with a 
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delivered noise power Pant 
del/Pc

del, and Yh is the hot load Y-factor which is the ratio of the hot source 

delivered noise power to the cold source delivered noise power Ph
del/Pc

del. 

 
Figure 7.1  Closed-form comprehensive radiometric model. 

 

The antenna noise temperature obtained by the Path A correction is input into the Path B 

correction, the correction at the antenna to body interface. The correction at the antenna to body 

interface (i.e. the correction for the antenna radiation and main-beam efficiencies) is originally 

highlighted in equation (2.15) from Section 2.2.2. Solving for the apparent brightness temperature 

calculated from the measured antenna noise temperature 𝑇𝐴𝑃
𝑐𝑎𝑙𝑐  gives  

 𝑇𝐴𝑃
𝑐𝑎𝑙𝑐 = 𝑇𝑀𝐿 =

1

𝜂𝑟𝑎𝑑𝜂𝑀𝐿
𝑇𝐴𝑛𝑡

𝑚𝑒𝑎𝑠 −
𝜂𝑟𝑎𝑑(1 − 𝜂𝑀𝐿)

𝜂𝑟𝑎𝑑𝜂𝑀𝐿
 𝑇𝑎 −

(1 − 𝜂𝑟𝑎𝑑)

𝜂𝑟𝑎𝑑𝜂𝑀𝐿
𝑇𝑝. (7.2) 

   
where 𝑇𝑀𝐿 is the main-lobe temperature contribution which is equivalent to the apparent 

temperature of the scene, 𝑇𝐴𝑛𝑡
𝑚𝑒𝑎𝑠 is the measured antenna noise temperature given from equations 

(3.13) and (7.1), 𝜂𝑀𝐿 is the antenna main-beam efficiency, 𝜂𝑟𝑎𝑑 is the antenna radiation 

efficiency, 𝑇𝑝 is the physical temperature of the antenna, and 𝑇𝑎 is the ambient temperature side-
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lobe contribution. The apparent temperature calculated from Path B (from equation (7.2)) is 

equated to the apparent temperature calculated from Path C (i.e. the correction down to the layer of 

interest) and the relation between the measured antenna noise temperature 𝑇𝐴𝑛𝑡  and the 

subsurface detected muscle temperature 𝑇𝑚𝑢𝑠𝑐𝑙𝑒 = 𝑇3 can be formed. The apparent brightness 

temperature modeled from Path C, 𝑇𝐴𝑃
𝑅𝑇𝑀, initially highlighted in either equation (6.33) or (6.72) 

from Section 6.3, is given by  

𝑇𝐴𝑃
𝑅𝑇𝑀 =  𝑇𝐵 + 𝛤𝑖𝑠𝑜 ∙ 𝑇0   = 𝜖1𝑇1 + 𝜖2𝑇2 + 𝜖3𝑇3 + 𝜖4𝑇4 + 𝛤𝑖𝑠𝑜 ∙ 𝑇0  = 𝛤𝑖𝑠𝑜 ∙ 𝑇0 + ∑ 𝜖𝑘𝑇𝑘

𝑛

𝑘=1

 (7.3) 

   
where 𝑇𝑘 and 𝜖𝑘 are the physical temperature and emissivity of each stratified layer, 𝛤𝑖𝑠𝑜  is the 

isothermal reflectivity (which can be either non-coherent (6.33) or coherent (6.72)), and the 

superscript ‘RTM’ stands for Radiative Transfer Model (RTM). The quantities 𝑇𝐴𝑃
𝑐𝑎𝑙𝑐  and 𝑇𝐴𝑃

𝑅𝑇𝑀 must 

be equal in order to solve for the absolute value of a buried temperature as measured by way of a 

microwave radiometer. The subsurface muscle temperature for the four-layer scenario is given by  

𝑇𝑚𝑢𝑠𝑐𝑙𝑒 = 𝑇3 

=

1
𝜂𝑟𝑎𝑑𝜂𝑀𝐿

𝑇𝐴𝑛𝑡
𝑚𝑒𝑎𝑠 −

𝜂𝑟𝑎𝑑(1 − 𝜂𝑀𝐿)
𝜂𝑟𝑎𝑑𝜂𝑀𝐿

 𝑇𝑎 −
(1 − 𝜂𝑟𝑎𝑑)
𝜂𝑟𝑎𝑑𝜂𝑀𝐿

𝑇𝑝 − 𝛤𝑖𝑠𝑜 ∙ 𝑇0 − (𝜖1𝑇1 + 𝜖2𝑇2 + 𝜖4𝑇4)

𝜖3
 

(7.4) 
   

7.4 Experimental Validation of the Coherent and Non-Coherent Brightness Temperature Models  

The four-layer coherent and non-coherent steady-state apparent brightness temperature 

formulations described in Chapter 6 are validated with a comparison to the extracted antenna 

temperature detected by the microwave radiometer. An antenna connected to the microwave 

radiometer is placed in contact with a four-layer human body tissue mimicking phantom testbed. 

Figure 7.2 shows the measurement set-up of the full system. Layered tissue mimicking phantoms 

consisting of a liquid muscle phantom and semi-solid skin and fat phantoms are highlighted in 

Chapter 4. Dielectric properties of the tissue mimicking phantoms are illustrated in Figure 7.3. A 

polyethylene (PE) spacer layer with a 0.0254 mm thickness is inserted between the antenna 

conductor and the surface of the skin phantom. The muscle phantom is heated and placed in contact 
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Figure 7.2  Measurement set-up of microwave radiometer and antenna in contact with a four-layer 
human body tissue mimicking phantom testbed. Thermocouple probes connected to a data-logger 
thermometer are placed at the following locations: (P1) in the ambient environment, (P2) on the 
back side of the antenna, (P3) at the PE-skin interface, (P4) at the skin-fat interface, (P5) at the fat-
muscle interface, (P6) at a distance in the middle of the muscle phantom, and (P7) in the heat and 
cooled air above the muscle phantom. 
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Figure 7.3  Dielectric constant and loss-tangent of human-mimicking tissue phantom layers. 
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Figure 7.8  Percent difference (top) and absolute temperature difference (bottom) from the steady-
state apparent temperature model to the smoothed radiometric apparent temperature detected 
from the heated tissue phantom testbed. 

 

7.4.2 Experimental Validation of the Coherent Radiative Transfer Model 

The four-layer coherent power wave effective brightness temperature formulation is 

validated with an experimental radiometer measurement. The probed physical temperatures are 

input into the non-coherent radiative transfer formulations from equations (6.69) to (6.72) in 

order to calculate the apparent temperature. Figure 7.9 compares the calculated values from the 

four-layer coherent power wave apparent temperature model, equation (6.72), alongside the 

detected radiometric antenna temperature converted to an effective brightness temperature, 

equation (7.2) a radiation efficiency of 95.429% and a main-beam efficiency of 87.59%, from the 

heated tissue phantom testbed. As Figure 7.10 (the percent difference and absolute temperature 

difference from the coherent power wave formulation to the extracted radiometric calculation) 
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suggests, the coherent power wave apparent temperature does not predict the smoothed 

radiometric apparent temperature detected from the heated tissue phantom testbed very well. The 

variance in the compared apparent temperatures is due to the difference in the coherent reflectivity 

calculated from coherent power wave solution.    

 
Figure 7.9  Comparison of the coherent power wave apparent temperature four-layer model to the 
detected radiometric antenna temperature converted to an apparent temperature from the heated 
tissue phantom tested. 
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Figure 7.10  Percent difference (top) and absolute temperature difference (bottom) from the 
coherent power wave apparent temperature model to the smoothed radiometric apparent 
temperature detected from the heated tissue phantom testbed. 

 

7.5 Conclusion 

The steady-state non-coherent radiative transfer model predicts internal body 

temperatures with a good accuracy (within 1%) assuming the correct antenna efficiency 

parameters. The coherent power wave solution does not predict an accurate response due to the 

difference in the calculated coherent reflectivity value from the power weave model. Also, the 

contact sensing case is greatly affected by the down welling temperature from the human body.   

 

  



 
 

134 
 

 
 
 
 
 

 Summary and Recommendations for Future Work Chapter 8

 
8.1 Summary 

This dissertation developed a comprehensive closed-form analytical radiometric model and 

validated the effectiveness of the comprehensive model through a controlled life-like human body 

temperature sensing experiment. Wireless sub-skin temperature data was predicted from a human 

tissue mimicking phantom testbed to within 1%. 

A generic isolated radiometer system equation is derived for all possible calibration source 

combinations. The generic isolated radiometer system equation predicts comparable results to that 

of an ideal simulation. While improved isolation decreases measurement uncertainty, it does not 

improve the accuracy of estimated noise temperatures using a perfectly-isolated radiometer system 

equation assumption. 

A highly reproducible tissue-mimicking biological phantom (bio-phantom) recipe 

(comprised of urethane, graphite powder, and a solvent) was developed to accurately emulate the 

electrical properties of actual dry human skin versus frequency up to 18 GHz. The developed solid 

state skin phantom begins in pourable liquid form and then cures at room temperature into a dry 

solid state mold.  

An in-plane electromagnetic bandgap structure was developed and integrated within an on-

body inward facing spiral antenna design. The inclusion of the in-plane electromagnetic bandgap 

(EBG) structure demonstrated a +2.64dB gain improvement in the antenna broadside and -8dB in 

the rear gain while in-contact with the body as compared to the conventional spiral antenna. 

Likewise, the measured main beam efficiency is improved from 54.43% for the conventional 

antenna to 86.36% for the EBG antenna.  
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Two techniques based on signal-flow graph theory were derived to explain both the non-

coherent steady-state radiative transfer and the coherent radiative transfer within multi-layered 

dielectric media with non-uniform temperatures and any number of stratified layers. Both models 

allow for the accurate characterization and sensing of the thermal emissions originating from 

subsurface tissue layers.  

8.2 Recommendations for Future Work  

The following recommendations for future work are suggested in order to better realize a 

portable non-invasive microwave thermometer.   

Differing amounts of system isolation were integrated with the total power radiometer 

configuration to better understand the differences sustained on extracted values with each isolation 

scenario. A perfectly-isolated radiometer system was assumed. However, a perfectly-isolated 

radiometer system is not possible. The calibration equation for the total power radiometer should 

be furthered explored to account for an imperfectly-isolated radiometer. A calibration equation that 

accounts for an imperfectly-isolated radiometer should allow for more precise temperature 

extractions and ultimately account for the total system temperature seen by a total power 

radiometer as outlined in equation (2.12). 

An in-plane electromagnetic bandgap (EBG) structure was developed and integrated within 

an on-body inward facing spiral antenna design. The inclusion of the EBG structure improved the 

radiation characteristics of the antenna. However, the physical size of the antenna should be 

decreased. This offers an opportunity to design a compact non-contacting antenna with an EBG 

structure included. This planar style of the EBG integrated antenna also allows for the use of 

conformable materials.  

Signal-flow graph theory was used to explain both the non-coherent steady-state and the 

coherent radiative transfer within multilayered media. This work specifically used a coherent 

approach derived from a coherent power wave formulation. Power wave formulations do not 
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provide similar reflection properties as the tradition traveling wave reflection coefficient when the 

reference impedances are complex. A pseudo wave solution is needed to provide similar reflection 

properties as the traveling wave reflection coefficient. Also, a pseudo wave solution may have a 

more useful physical meaning than the power wave formulation. 

A bio-phantom recipe comprised of urethane, graphite powder, and a solvent was 

developed to accurately emulate the electrical properties of actual dry human skin versus 

frequency up to 18 GHz. This recipe can be further improved by decreasing the curing time (which 

currently takes 18 hours at room temperature) and ultimately minimize the settling of graphite 

powder (which leads to inconsistent post-cure dielectric properties).  

In this work, a microwave thermometer model was validated with a controlled life-like 

human body temperature sensing experiment. The radiometer was employed in a contacting 

configuration. The overall microwave thermometer temperature extraction can be improved by 

employing a non-contacting sensing configuration. A non-contacting sensing scenario is not plagued 

by the antenna temperature increases caused by the high heat body. For the contacting case, the 

antenna temperature begins at ambient temperature and it becomes increasingly difficult to predict 

the antenna temperature when it is also affected by changes in the body temperature. Measurement 

uncertainty should decrease when the antenna is isolated from the body. 
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 A.2 Antenna Radiation Efficiency 

The antenna radiation efficiency 𝜂𝑟𝑎𝑑 is described below. IEEE defines radiation efficiency  

as the ratio of the total power radiated by an antenna to the net power accepted by the antenna 

from the connected transmitter [118]. The challenge of calculating the efficiency of an antenna in 

the presence of a lossy conducting medium was tackled as far back as the 1960’s when authors 

including Wheeler [119, 120], Hansen [121], and Moore [122] have all in some form discussed the 

differences between the field analyses when evaluating an antenna in air versus being in a 

conducting medium. Later works [123-126] have explicitly stated the calculation of the radiation 

efficiency of an antenna in the presence of a lossy medium as given by  

𝑃𝑜𝑢𝑡(𝑟) =  𝑃𝑖𝑛 𝜂𝑟𝑎𝑑 ∙ 𝑒−2|Im(𝑘)|𝑟  (A.3) 
   
where Pout is the output power at a sphere distance of ‘r’, Pin is the input power, and k is the wave 

number.  

More recent works [127, 128] have expressed that the radiation efficiency of an antenna 

radiating in the presence of a lossy biological medium is affected by the loss absorbed by the 

biological tissue. As equation (A.3) suggests, the antenna radiation efficiency should only be 

affected by the losses from the actual antenna and should not include the absorption effects from 

the propagation medium. The total efficiency, however, does include all the losses that reduce the 

maximum gain. Notice that the total efficiency in equation (A.3), expressed in terms of Pout/Pin, 

includes both the radiation efficiency and the absorption term. This convention is consistent with 

[129] where total efficiency is explicitly listed as the product of the ohmic efficiency and absorption 

efficiency. While equation (A.3) does, in principle, show the distinction between total efficiency and 

radiation efficiency, it does not provide the complete picture of all the loss affecting the total 

efficiency. In terms of biomedical radiometric sensing, the total efficiency actually takes into 

account the biological medium absorption loss, the spillover loss, the mismatch loss, and the 



 
 

147 
 

conductor and dielectric substrate loss. Using a similar naming convention in [127, 128], the 

radiation efficiency is defined as  

𝜂𝑟𝑎𝑑 = 
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛 − 𝑃𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ − 𝑃𝑠𝑝𝑖𝑙𝑙𝑜𝑣𝑒𝑟 − 𝑃𝑡𝑖𝑠𝑠𝑢𝑒
, (A.4) 

   
and the total efficiency is defined as  

𝜂𝑡𝑜𝑡 = 
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
, (A.5) 

   
with  

𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛 − 𝑃𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ − 𝑃𝑠𝑝𝑖𝑙𝑙𝑜𝑣𝑒𝑟 − 𝑃𝑡𝑖𝑠𝑠𝑢𝑒 − 𝑃𝑎𝑛𝑡 , (A.6) 
   
where Pmismatch (mismatch power loss) is the power loss in watts due to the antenna source 

mismatch, Pspillover (spillover power loss) is the power loss due to energy spilling beyond the 

antenna edge into the back lobes, Ptissue (tissue absorption power loss) is the power loss absorbed 

by the biological tissue, and Pant is the power loss due to antenna conductor and dielectric substrate.  
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Appendix B       Mason’s Signal Flow Gain Rule 

 
 Mason’s Rule B.1

The transfer function between a system input and output can be found using Mason’s 

signal-flow gain formula  [130], 

𝐺𝑡𝑜𝑡𝑎𝑙 = ∑
𝐺𝑘 ∙ Δ𝑘

Δ

𝑃𝑡𝑜𝑡𝑎𝑙

𝑘=1

 (B.1) 

   
where Gtotal is the total gain from the source node to output node, Ptotal is the total number of paths, 

Gk is the kth path gain, Δ is the determinant, and Δk is the kth path cofactor. 
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