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Abstract 

Microwave radiometer systems are an entirely non-invasive, non-toxic, 

avoiding ionizing radiation, and relatively inexpensive detecting modality. 

The microwave radiometry technique is based on the measurement of natural 

electromagnetic noise signals emitted by lossy materials. In medicine, 

microwave radiometry technique offers a non-invasive thermometry method 

having the potential advantages of monitoring and producing a full map of 

the temperature deeply inside the human tissues. The method of diagnosing 

procedures is safer and more comfortable during the examination. 

The former microwave radiometer systems require stabilization techniques to 

eliminate the systematic errors like gain variations, system temperature 

variations, and reflection variations in the interface between the antenna and 

the human body. The previous stabilization techniques require passive 

components (circulator, coupler, or switch) between the antenna and other 

system components to inject a reference noise signal into the human body. 

Consequently, the microwave radiometer system has lost the passive 

property, and this could be risky for the health of the human body. As well as 

adding passive components between the antenna and the other system 

components reduces the temperature sensitivity because of an increase in the 

total noise figure. 

Unlike to the available microwave radiometer systems in the medical 

applications, an innovative system design is proposed to build the microwave 

radiometer system with a passive stabilization technique that does not need 

to inject noise signals into the human body. To improve the system’s spatial 

resolution, the proposed system has two radiometric channels which have 

different operating frequency ranges. The first subsystem channel operates in 

the frequency range of 1.1 GHz to 1.65 GHz. The second subsystem channel 

operates in the frequency range of 3.25 GHz to 4.25 GHz. In the proposed 

system, a novel multi-frequency Archimedean spiral antenna-coupler is 

proposed to combine two functions in one structure which reduce the 

complexity of the radiometer system. This design also reduced the total 

system noise figure, because the antenna is connected directly to the first 

stage of a low noise amplifier. The Archimedean spiral antenna coupler 

constructed in a multi-layered structure which includes two spiral structures 

to get maximum radiometric antenna efficiency in the frequency ranges of 

both system channels. A coupled line is integrated under the active regions of 

the spiral structures which are working for both system channels. The S-
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parameters verifications of the prototype of the spiral antenna coupler proved 

that both input ports of the spiral antenna have reflection coefficients lower 

than -10 dB and the coupling factors are around -25 dB for the first channel 

and -17 dB for the second channel. The isolation factor is around -45 dB for 

the first channel and -24 dB for the second channel.  

A new material made from the floral foam immersed by 6g/l saline is 

proposed as phantom human tissues. The new phantom is prepared to 

measure the specific absorption rate (SAR) distributions of the prototype of 

the spiral antenna coupler. The SAR measurements of the spiral antenna 

coupler estimated the radiometric antenna efficiency. For the first channel, 

the radiometric antenna efficiency is around 1.8 % for a target diameter of 10 

mm and a depth of 15 mm inside the observed medium, which gives 90 mK 

for the radiometric antenna contrast when the internal temperature contrast is 

5 K. For the second channel, the radiometric antenna efficiency is around 

2.27 % for a target diameter of 6 mm and a depth of 5 mm inside the 

observed medium, which gives 113.5 mK for the radiometric antenna 

contrast when the internal temperature contrast is 5 K. 

Each component in the front-end of the radiometer system is designed, 

realized, and characterized to get the best performance. The S-parameters 

and noise figure verifications of overall radiometer system for both channels 

are accomplished. For the first channel, the total gain is around 70 dB, the 

overall noise figure is around 0.6 dB, and the input and output reflection 

coefficients are lower than -10 dB. For the second channel, the total gain is 

around 60 dB, the overall noise figure is around 0.9 dB, and the input and 

output reflection coefficients are lower than -8 dB. 

The complete radiometer system was calibrated by using hot and cold human 

tissue phantoms made from a plastic bag filled with 3 liters of 6 g/ℓ saline 

water solution. The calibration results proved that the radiometer system 

output was detecting the temperature change of the human tissues phantom. 

For the first channel, the output power of the radiometer system has 160 nW 

per 1K, and for the second channel, the output power of the radiometer 

system has 47 nW per 1K. 

A radiometric measurement setup was built to verify the spatial resolution of 

the complete radiometer system with different target sizes and penetration 

depths inside the observed medium. The results of the radiometric target 

measurements proved that the first channel of the radiometer system was 

able to detect a target of 20 mm diameter in 30 mm depth inside the observed 

medium, and the second channel was able to detect a very small target with a 
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diameter of 6 mm in 8 mm depth inside the observed medium. The 

measurement results of the calibration process and the radiometric target 

setup confirmed the estimated specifications of the radiometer system.  
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Zusammenfassung 

Auf Mikrowellenradiometern basierende Systeme sind eine vollständig 

noninvasive, ionisierende Strahlung vermeidende und relativ günstige 

Diagnosemethode. Die Mikrowellenradiometrie basiert auf der Messung 

natürlichem elektromagnetischem Rauschens, welches von verlustbehafteten 

Materialien ausgesendet wird. Die Mikrowellenradiometrie bietet in der 

Medizin eine noninvasive Thermometriemethode mit dem potentiellen 

Vorteil eines Monitorings und dem Erstellen einer 

Temperaturverteilungskarte tief im Inneren menschlichen Gewebes. Diese 

Methode des Diagnoseverfahrens ist während der Untersuchung sicherer und 

komfortabler.  

Bisher bekannte Mikrowellenradiometer benötigen verschiedene 

Stabilisierungstechniken, um die systematischen Fehler wie Schwankungen 

in der Verstärkung, in der Systemtemperatur und in der Reflexion an der 

Schnittstelle zwischen Körper und Antenne auszugleichen. Die bisherigen 

Stabilisierungstechniken erfordern passive Komponenten wie Zirkulatoren, 

Koppler oder Schalter zwischen der Antenne und den anderen 

Systemkomponenten, um ein Referenzrauschsignal in den menschlichen 

Körper einzufügen. Daraus folgt, daß das Mikrowellenradiometer seine 

passive Eigenschaft verliert und dadurch Gefahren für die Gesundheit 

resultieren können. Ebenso verringert das Hinzufügen von passiven 

Komponenten zwischen Antenne und den weiteren Komponenten des 

Systems die Temperaturempfindlichkeit durch die Erhöhung des 

Rauschmaßes. 

In dieser Arbeit wird ein innovatives Radiometersystem mit einer passiven 

Stabilisierungstechnik vorgestellt, das anders als die bisher im medizinischen 

Bereich zur Verfügung stehenden Mikrowellenradiometer, ohne Einfügen 

von Rauschsignalen in den menschlichen Körper auskommt. Um die 

räumliche Auflösung zu erhöhen, arbeitet das vorgestellte System mit zwei 

radiometrischen Kanälen mit unterschiedlichen Frequenzen. Der erste Kanal 

des Systems arbeitet im Frequenzbereich von 1,1 GHz bis 1,65 GHz, der 

zweite Kanal arbeitet im Frequenzbereich von 3,25 GHz bis 4,25 GHz. In 

dem vorgestellten System wird eine neuartige archimedische Mehrfrequenz-

Spiralantenne mit integriertem Koppler verwendet. Diese kombiniert zwei 
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Funktionen in einer Struktur, um die Komplexität des Radiometersystems zu 

reduzieren. Diese Art der Ausführung reduziert gleichzeitig das Rauschmaß 

des gesamten Systems, da die Antenne direkt mit der ersten Stufe des 

rauscharmen Eingangsverstärkers verbunden ist. Der archimedische 

Spiralantennenkoppler ist als Mehrlagenkonstruktion ausgeführt und 

beinhaltet zwei Spiralstrukturen, um den radiometrischen 

Antennenwirkungsgrad zu maximieren. Weiterhin ist eine gekoppelte 

Mikrostreifenleitung unter den aktiven Regionen der beiden 

Spiralantennenstrukturen integriert. Die Messung der S-Parameter der Tore 

des Kopplers im Prototypen zeigen, daß die Rückflussdämpfung der 

Eingänge weniger als -10 dB beträgt und der Koppler einen Kopplungsfaktor 

von ca. -25 dB für den ersten Kanal und -17 dB für den zweiten Kanal 

aufweist. Zudem beträgt der Isolationsfaktor für den ersten Kanal ca. -45 dB 

und für den zweiten Kanal -24 dB. Zur Bestimmung der Verteilung der SAR 

(specific absorption rate) wird ein neuartiges Phantom für menschliches 

Gewebe aus Blumensteckschwam, getränkt mit einer Salzlösung (6g/l), 

verwendet. Mit den SAR-Messungen wurde der radiometrische 

Antennenwirkungsgrad bestimmt. Beim ersten Kanal beträgt der 

radiometrische Antennenwirkungsgrad bei einer Objektgröße von 10 mm 

und einer Tiefe von 15 mm im beobachteten Medium ca. 1,8%. Dadurch 

erhält man einen radiometrischen Antennenkontrast von 90 mK bei einem 

internen Kontrast von 5 K. Beim zweiten Kanal beträgt der radiometrische 

Antennenwirkungsgrad für eine Objektgröße von 6 mm und einer Tiefe von 

5 mm ca. 2,27%. Dadurch erhält man einen radiometrischen 

Antennenkontrast von 113,5 mK bei einem internen Kontrast von 5 K. 

Jede Komponente des Frontends wurde darauf ausgelegt, die bestmögliche 

Leistung für ein Radiometersystem zu erhalten. Die Überprüfung der S-

Parameter und des Rauschmaßes für das komplette Radiometer über alle 

Komponenten hat folgende Ergebnisse gezeigt. Beim ersten Kanal beträgt 

die Gesamtverstärkung 70 dB, die Rauschzahl 0,6 dB und die 

Rückflussdämpfungen von Ein- und Ausgang betragen weniger als -10 dB. 

Beim zweiten Kanal betragen die Werte 60 dB, 0,9 dB und jeweils weniger 

als -8 dB. 

Das gesamte Radiometersystem wurde kalibriert, indem kalte und heiße 

Phantome für menschliches Gewebe, bestehend aus einem mit einer 

Salzlösung (6g/l) getränkten Blumensteckschwamm. Die Ergebnisse der 

Kalibrierung zeigen, daß das Radiometersystem die Kalibriertemperatur des 

Phantoms reagiert. Beim ersten Kanal beträgt die Ausgangsleistung des 
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Radiometersystems 160 nW pro 1 K und beim zweiten Kanal 47 nW pro 

1 K. 

Zum Test der räumlichen Auflösung des Radiometersystems mit 

verschiedenen Objektgrößen und Eindringtiefen innerhalb des beobachteten 

Mediums wurde eine radiometrische Messeinrichtung aufgebaut. Die 

Ergebnisse der Objektmessungen zeigen, daß mit dem ersten Kanal des 

Radiometersystems ein Objekt mit einem Durchmesser von 20 mm in einer 

Tiefe von 30 mm innerhalb des beobachteten Mediums detektiert werden 

konnte. Mit dem zweiten Kanal konnte ein sehr kleines Objekt mit einem 

Durchmesser von 6 mm innerhalb des Mediums in einer Tiefe von 8 mm 

detektiert werden. Die Messergebnisse der Kalibrierung und der 

radiometrischen Messeinrichtung betätigen die erwarteten Spezifikationen 

des Radiometers. 
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Chapter 1 

Introduction 

1.1 Overview of Microwave Radiometer Systems for 

Medical Thermography Applications  

Microwave radiometry is defined as a passive method of measuring 

electromagnetic energy represented as thermal blackbody radiation in the 

microwave frequency range. The spectral intensity of this emission is 

dependent on the temperature and the emissivity of the matter. An object, 

which has a temperature above absolute zero, emits electromagnetic 

radiation due to the motions, at a microscopic level, of the charged particles 

of its atoms and molecules (Planck’s law of black body radiation) [1]. In the 

range of infrared (IR) frequencies, the radiometric signals provide only the 

information of the skin temperature of the human body, because the thermal 

emission from deeper tissues is completely absorbed and attenuated by the 

layers above the tissues. At microwave frequencies, the dielectric properties 

of the human tissues have lower dielectric losses, and the radiometric 

emission can be sensed from the deeper tissues. In some medical 

applications, the disease causes changes in vascularity and metabolism, 

which lead to producing thermal anomalies in the affected region with 

respect to the temperature distributions existing in healthy tissues. The 

significance of this fact is useful in diagnosis of several diseases. 

The goal of microwave radiometry in medical applications is to detect the 

internal body temperature profiles by measuring the natural thermal 

blackbody emissions from tissue in the lower range of the microwave region 

(<5 GHz). Information about the thermal patterns can deliver important 

knowledge to detect and diagnose clinical diseases as well as supplying 

quantitative temperature information during monitoring thermal therapeutic 

processes. The utility of using microwave radiometry for non-invasive 

thermography tool was suggested back at the beginning of the 1970s [2]. 

Many medical applications using microwave radiometry were presented 

with high potential including the detection of breast cancer (often in 

conjunction with infrared thermometry) [3], interstitial hyperthermia [4], 
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non-invasive temperature control of superficial hyperthermia [5], and 

temperature monitoring of newborn infant´s brain during mild hypothermia 

[6]. Additional applications, which have been investigated, comprise 

detection of inflammatory arthritis [7], extravasation rate of drugs [8], 

changes of blood flow [9], postmortem or cerebral temperature monitoring 

[10], as well as amount of lung water [11]. 

The World Health Organization (WHO) informed that deaths from cancer 

worldwide are expecting to continue rising, with an estimated 13 million 

deaths in 2030 [12]. The cancer diseases accounted for 8.2 million deaths (or 

around 15% of all deaths worldwide) in 2013. The causes of cancer and 

interventions are extensively studied to prevent and to manage the disease. 

Some strategies of cancer prevention and early detection can be implemented 

to reduce and control the disease. Breast cancer is widely recognized as the 

most common cancer in women. According to the  American Cancer Society, 

the early detection and improved treatments helped to drop the death rates of 

breast cancer since 1990. Early detection leads to longest survival and 

greatest patient comfort [13]. 

Figure 1.1 illustrates that the physiological changes (preclinical phase) in the 

tissue begin nearly eight years earlier before they become apparent in the 

form of mass of malignant tumor [14] [15]. 

 

Fig. 1.1: Kinetics of tumor growth [15]. 

For the application of breast cancer detection, the principle of thermal 

imaging is based on the idea that metabolism and blood vessel proliferation 

in both, pre-cancerous tissue and the area surrounding developing breast 

cancer is always higher than in normal breast tissue. Developing tumors 

increase circulation to their cells by enlarging existing blood vessels and 

creating new ones in a process called neovascularization or angiogenesis. 
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The tumor mass is unable to grow to a detectable size (2 mm3) without the 

establishment of new blood supply since passive diffusion of nutrients and 

waste products are not enough for the growing tumor’s metabolic 

requirements [16].  

For reviewing the microwave thermography systems, the former microwave 

radiometer systems were designed, with using one radiometric measurement 

made at one frequency only. In another approach [1], the microwave 

radiometer system operated in a single frequency band used to detect the 

breast cancer tumor by sensing the asymmetries in radiometric emissions 

between symmetrically observed regions of the body (left and right breast). 

Using this approach, the spatial resolution of the thermal image is limited 

due to the restrictions in the sensing of temperature variations with 

penetration depth. Using multi-frequency radiometric measurements, the 

spatial resolution of thermal image can be improved by sensing additional 

temperature variations with different depths inside the human tissues. The 

multi-frequency technique has been proposed in [17], and it shows promising 

results, but the used microwave radiometers had some variations in its 

system temperature which directly influenced the stability of radiometer 

system. 

For reviewing all microwave radiometer topologies, the Dicke radiometer 

has removed the effect of gain variation only when it operates in a balanced 

state [18]. However, this radiometer could not remove the effect of variation 

of system temperature. The noise-adding radiometer has improved the Dicke 

topology by removing the switch between the antenna and the receiver unit 

of radiometer but also its stability depends on the stability of external noise 

source and the system temperature of radiometer [19]. Hach [20] designed a 

microwave radiometer, which is insensitive to gain variations and system 

temperature variations, but this topology has a high degree of hardware 

complexity. By changing the location of the antenna over the human body, 

it leads to change the characteristic impedance of the antenna and causes 

significant reflection variations at the interface between the antenna and the 

human body. This problem has been eliminated in [21], [22], and [23] where 

some modified balanced Dicke configurations were proposed. These 

configurations have several practical problems which are observed during 

the operation. One of these problems is that the interface between the antenna 

and the switch produces multiple reflections, as well as, there are 

interferences from the antenna reflections with the noise reflection from the 

switch when it is in ON state. The reference temperature has to be varied in 
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order to null the difference signals and remove the presence of reflection and 

gain variations, there can be problems in obtaining sufficient feedback 

stability, and integration time during the measurements may have to be 

increased compared to a non-feedback radiometer configuration. As well, it 

is also difficult to vary rapidly the effective noise temperature of the 

reference and to know accurately its calibration. To overcome these 

problems, [24] and [25] proposed radiometer systems with two reference 

noise signals. These configurations used stabilization techniques with 

passive components like circulator, coupler, or switch to inject reference 

noise signals inside the human body. As a result, the passive property of the 

radiometer system is absent, which can be unsafe for health. Furthermore, 

implementation of a passive component as first stage after the antenna in the 

radiometer system reduces the temperature sensitivity due to the increase of 

the total noise figure. 

1.2 Objective of Research Work 

The main goal of this research is to design and realize a microwave 

radiometer system for thermography medical applications. The radiometer 

system should be designed with a passive stabilization technique that does 

not need to inject noise signals inside the human body. This stabilization 

technique should also use two reference noise signals to eliminate all 

systematic errors like gain variation, system temperature variations, and 

reflection variation between the antenna and the human body. 

The microwave radiometer system should be designed with two different 

operating frequency ranges to achieve high spatial resolution being able to 

detect small hot spots (diameter ≥ 6 mm) with high penetration depth inside 

the human body. Additionally, the front-end of the microwave radiometer 

system should have very low temperature sensitivity that enables to detect 

very low received noise power from the antenna.  

In this research, a radiometric measurement setup should be built to show a 

proof of concept to test and verify the utility of the microwave radiometer 

system in the thermography medical applications. 
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1.3 Structure of Dissertation  

The dissertation is structured as follows: 

Chapter 2 presents the theoretical principles of the microwave radiometry 

and the basic design of the microwave radiometer systems. 

Chapter 3 presents some important architectures of microwave radiometers 

for thermography medical applications. In this chapter, the own microwave 

radiometer system is introduced with the estimations of the system 

specifications. 

Chapter 4 presents the design and verifications of the microwave radiometer 

system components. 

Chapter 5 presents the design and verifications of the microwave radiometer 

subsystems. 

Chapter 6 presents the calibration process and the radiometric verifications 

of the complete microwave radiometer system. 

Chapter 7 summarizes and concludes the entire research. Additionally, future 

work presents the possibilities of developing new aspect for microwave 

thermography systems. 
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Chapter 2 

Principles of Microwave Radiometry 

2.1 Thermal Radiation / Blackbody Radiation 

Heat or thermal radiation is defined as transferred energy from an object to 

another one caused by a temperature difference. In any material structure, an 

object comprises atoms and molecules which are always vibrating randomly 

when they charged by a heat source. The random vibrations makes many 

collisions between the object particles. Therefore, it leads to generates 

kinetic energy, which is defined as the thermal energy of the object. As a 

result of charging the particles, electromagnetic emissions radiate over all 

frequencies.   

The rate of the collisions is proportional to the charged particles density and 

its kinetic energy of the random motion [26]. The thermal energy is defined 

in terms of the object absolute temperature. The intensity of electromagnetic 

emissions is proportional to the temperature of the object. 

Transmission, absorption, and reflection are three states can be described 

when the electromagnetic radiations incident to an object. In case of full 

absorption of the electromagnetic radiations over all frequencies, the object 

is called blackbody, which is an ideal object. In other words, the blackbody 

is a perfect emitter [19]. 
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2.1.1 Planck’s Law 

In 1901, Max Planck introduced the blackbody radiation law, which 

describes the spectral distribution of thermal radiation over all frequencies. 

According to the Planck’s law, the blackbody emits isotopically in all 

directions with a spectral brightness intensity which is given by [19] 

 

 𝐵𝑓 =
2ℎ𝑓3

𝑐2
(

1

𝑒
ℎ𝑓
𝑘𝑇 − 1

) (2.1) 

 

Where  Bf is blackbody spectral brightness intensity (W/m2 sr Hz), 

   h is Planck’s constant (6.63×10-34 J) 

   f is frequency (Hz) 

   k is Boltzmann’s constant (1.38×10-23 J/K) 

   T is the absolute temperature (K) 

   c is the vacuum speed of light (3×108 m/sec) 

 

 

Fig. 2.1: Spectral brightness of the blackbody radiation. 

Fig. 2.1 shows the curves of the spectral brightness intensity for a blackbody 

at three different temperatures (273 K, 310 K, and 1000 K). In medical 
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applications, the microwave thermography system should be designed 

between 1 GHz and 4 GHz, to balance between the intensity of thermal 

radiations and the observed penetration depth inside the human body. 

2.1.2 Rayleigh-Jeans Law 

At the microwave and millimeter-wave frequencies, Rayleigh-Jeans law can 

approximate the Planck’s radiation law. The approximation made by 

assuming the term (𝑒
ℎ𝑓

𝑘𝑇 − 1 ≈
ℎ𝑓

𝑘𝑇
  𝑤ℎ𝑒𝑛 

ℎ𝑓

𝑘𝑇
≪ 1) [19] and the Rayleigh-

Jeans law is given by 

 

 𝐵𝑓 =
2𝑓2𝑘𝑇

𝑐2
=

2𝑘𝑇

𝜆2
 (2.2) 

 

Where λ is the wavelength (m). 

It is noted that the Rayleigh-Jeans approximation does not have the Planck’s 

constant because the Planck’s law derived by assuming the radiation occurs 

only in a discrete set of energy levels [19], whereas the Rayleigh-Jeans 

approximation is based on an assumption that the radiation occurs by all 

energy levels.    

2.1.3 Nyquist Formula 

In the fundamentals of microwave radiometry, it is essential to find a 

relationship between the noise power and the temperature. In 1928, Nyquist 

derived a formula to describe the noise power Pn of a resistor at a specific 

temperature T [19]. The Nyquist formula is given by 

 

 𝑃𝑛 = 𝑘𝑇𝛥𝑓 (2.3) 

 

Where Δf is the RF frequency bandwidth. The relationship between the 

power and the temperature for the blackbody radiation leads the same results 

for the Nquist formula (see Appendix A). 
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2.2  Noise Principles in Microwave Radiometer 

2.2.1 Noise Figure and Equivalent Noise Temperature  

In 1944, Harold Friis described the noise figure NF as an indicator that 

estimates the amount of noise in the microwave systems. The noise factor F 

is defined as the ratio between the signal-to-noise at the input of a system, to 

the signal-to-noise ratio at the output of the system [27]. 

 

 𝐹 =
𝑆𝑖𝑛 𝑁𝑖𝑛⁄

𝑆𝑜𝑢𝑡 𝑁𝑜𝑢𝑡⁄
 (2.4) 

 

NF is the decibel quantity of noise factor F 

 

 𝑁𝐹 = 10 log10 𝐹  [𝑑𝐵] (2.5) 

  

The equivalent noise temperature Te can be expressed as 

 

 𝑇𝑒 = 𝑇𝑜(𝐹 − 1) (2.6) 

 

Where To is reference temperature, and it is equal to 290 K. 

2.2.2 Noise Figure in Cascaded System 

The microwave systems like radiometers consist of several stages in cascade 

which have different gain and noise properties. Therefore, the total noise 

figure and noise temperature of the cascaded system is given by [27] 

 

 𝐹 = 𝐹1 +
𝐹2 − 1

𝐺1
+

𝐹3 − 1

𝐺1𝐺2
+ ⋯ +

𝐹𝑁 − 1

𝐺1𝐺2 … 𝐺𝑁−1
 (2.7) 

 𝑇𝑒 = 𝑇𝑒1 +
𝑇𝑒2

𝐺1
+

𝑇𝑒3

𝐺1𝐺2
+ ⋯ +

𝑇𝑒𝑁

𝐺1𝐺2 … 𝐺𝑁−1
 (2.8) 
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Where N is the index of the stage, and GN is the gain of the Nth stage. 

According to Eq. 2.7, it can be deduced that the first stage is mainly 

controlling the total noise figure of the complete system. Therefore, to get a  

system with a low noise figure, it is essential to design the low noise 

amplifier as the first stage in the architecture of the microwave radiometer. 

2.3 Microwave Radiometer Architectures 

Microwave radiometers are highly sensitive receivers designed to measure 

thermal noise power. The function of the radiometer is to measure the 

temperature of a medium sensed by an antenna connected to its input, as 

shown in Fig. 2.2. The temperature of the antenna TA represents the average 

value of a fluctuation noise-like signal. By filters, the microwave radiometer 

chooses a part of the output power from the antenna with a specific 

bandwidth Δf around a given center frequency. The radiometer amplified this 

power with a specific gain G to present in a suitable indicator. Fig. 2.2 shows 

the block diagram of an ideal microwave radiometer and its output power. 

 

 
 

𝑃 = 𝑘𝛥𝑓𝐺 𝑇𝐴 

Fig. 2.2: Ideal microwave radiometer. 

In the real case, the microwave radiometer generated noise from itself, and 

the total output power of the radiometer will consist of the input noise power 

and system noise power with temperature of TREC , as shown in Fig. 2.3. 
 

 

 

𝑃 = 𝑘𝛥𝑓𝐺(𝑇𝐴 + 𝑇𝑅𝐸𝐶) 

Fig. 2.3: Microwave radiometer with added system noise temperature. 
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2.3.1 Total Power Radiometer 

The total power radiometer is the basic configuration of the radiometer 

system. As well, it is a core of all other radiometer configurations. The total 

power radiometer system is shown in Fig. 2.4. 

 

 

Fig. 2.4: Total power radiometer (direct detection). 

In a total power radiometer, the antenna delivers the noise signal of the 

observed object to the low noise amplifiers (LNA), which is used to amplify 

the noise signal with low system noise figure and high system gain. The 

LNAs are connected to a band-pass filter, which is used to limit the 

bandwidth of the radiometer system and to remove interference signals. 

After filtering and amplifying the noise signal, a square-law detector is used 

to produce a mean value DC voltage superimposed on a fluctuating high-

frequency component of the noise signal. The last component is the low-pass 

filter, called the integrator, which is used to filter out the AC component of 

the output signal with a specific time constant τ. The output voltage Vout of 

the total power radiometer is given by 

 

 𝑉𝑂𝑈𝑇 = 𝑘𝛥𝑓𝐺(𝑇𝐴 + 𝑇𝑅𝐸𝐶)𝐶 (2.9) 

 

Where, TA is the noise temperature of the observed object, which is received 

by the antenna, TREC is the noise temperature of radiometer system, and it 

represents the total noise figure of radiometer system, G is the overall gain 

of the LNAs. Δf is the system bandwidth, and C is the voltage sensitivity of 

the square-law detector. For a real case of the radiometric measurement, the 

microwave radiometer operates in a finite integration time τ, i.e. the 

measured antenna temperature TA should have an estimated uncertainty ΔT. 

As well, it represents the smallest temperature contrast, and it is called the 
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temperature sensitivity. Ideally, the temperature sensitivity of a total power 

radiometer is [19] 

 

 𝛥𝑇𝑖𝑑𝑒𝑎𝑙 =
𝑇𝐴 + 𝑇𝑅𝐸𝐶

√𝛥𝑓𝜏
 (2.10) 

 

In a practical case, the total power radiometer is suffering from uncertainty 

in the output signal due to the gain variations of the low noise amplifiers and 

the system is temperature drift. Therefore, the temperature sensitivity of a 

total power radiometer should be represented with the uncertainty term, and 

it is [19] 

 

 𝛥𝑇𝑇𝑃𝑅 = (𝑇𝐴 + 𝑇𝑅𝐸𝐶) [
1

𝛥𝑓𝜏
+ (

𝛥𝐺

𝐺
)

2

]

1/2

 (2.11) 

 

Where ΔG describes the gain fluctuations. 

Other configurations of the radiometer system can overcome the system 

uncertainties. 

2.3.2 Dicke Radiometer 

The optimum device to receive noise signals consists of an ideal and 

noiseless amplifier, square-law detector, and an integrator. In the total power 

radiometer, the gain fluctuations ΔG are slow in time but contribute to a 

significant measurement error. If we can calibrate the radiometer with a 

higher rate than the rate of the gain fluctuations, the overall measurement 

error can be reduced significantly. This idea was used in a radiometer design 

developed by R.H. Dicke in 1946 [18]. Fig. 2.5 illustrates his idea, and the 

concept is called a Dicke radiometer. The modulation principle to eliminate 

the radiometer instabilities is to switch between the antenna TA and a 

reference load TREF with a switching frequency fS. 
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Fig. 2.5: Dicke radiometer. 

 

The input signal is switched quickly enough so that the system’s gain is still 

constant over one full switching cycle. Therefore, the gain for each half-

cycle is identical. A half-cycle of the period is that the switch is connected 

to the antenna and the output voltage of the receiver is VA,OUT. Whereas, the 

other half-cycle of the period is that the switch is connected to the reference 

load and the output voltage of the receiver is VR,OUT. In effect, the output 

voltage level of each half-cycle are 

 

 𝑉𝐴,𝑂𝑈𝑇 = 𝑘𝛥𝑓𝐺(𝑇𝐴 + 𝑇𝑅𝐸𝐶)𝐶 (2.12) 

And   

 𝑉𝑅,𝑂𝑈𝑇 = 𝑘𝛥𝑓𝐺(𝑇𝑅𝐸𝐹 + 𝑇𝑅𝐸𝐶)𝐶 (2.13) 

 

The output signal of the square-law detector is demodulated in a synchronous 

demodulator controlled by the switching frequency fS.  In each cycle of the 

period, the synchronous demodulator used to subtract the output voltage 

levels (VA,OUT , VR,OUT) and to eliminate the receiver temperature TREC. 

Therefore, the output voltage of the Dicke radiometer becomes 

 

 
𝑉𝑂𝑈𝑇 =

1

2
𝐺(𝑇𝐴 − 𝑇𝑅𝐸𝐹) 

(2.14) 

 

The temperature sensitivity of Dicke radiometer is described by [19] 

 

 𝛥𝑇𝐷𝑖𝑐𝑘𝑒 = [
2(𝑇𝐴 + 𝑇𝑅𝐸𝐶)2 + 2(𝑇𝑅𝐸𝐹 + 𝑇𝑅𝐸𝐶)2

𝛥𝑓𝜏
+ (

𝛥𝐺

𝐺
)

2

(𝑇𝐴 − 𝑇𝑅𝐸𝐹)2]

1/2

 (2.15) 
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The above expression will be referred to as the temperature sensitivity of the 

unbalanced Dicke radiometer. Overall, the temperature sensitivity of the 

unbalanced Dicke radiometer is superior to that of the total-power 

radiometer. When the condition TA = TREF is met the second term inside the 

square brackets goes to zero, thereby eliminating the effects of gain 

fluctuations all together and the radiometer is said to be balanced. In this 

case, ΔT reduces to 

 

 
𝛥𝑇 =

2(𝑇𝐴 + 𝑇𝑅𝐸𝐶)

√𝛥𝑓𝜏
= 2𝛥𝑇𝑖𝑑𝑒𝑎𝑙 

(2.16) 

 

To set the Dicke radiometer in a balance state, some balancing techniques 

can be realized by using an active reference noise source to control TREF or 

controlling the pre-detection gain of LNAs by using variable attenuators. 

2.3.3 Noise-Adding Radiometer 

A noise-adding radiometer, unlike the Dicke radiometer, does not require the 

input to be switched to a certain reference temperature or sophisticated 

techniques for balancing the radiometer system. At the same time, the noise-

adding radiometer removes the gain fluctuations like in the Dicke 

configuration. Instead of using an input switch, the noise-adding radiometer 

uses a coupler as shown Fig. 2.6. 

 

 

Fig. 2.6: Noise Adding radiometer. 
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As shown in the block diagram of the noise-adding radiometer, a 

square-wave modulated noise signal is coupled into the input of the 

microwave receiver from a noise diode driven by a square wave generator 

with a certain frequency fS. A ratio meter is connected to the output of the 

detector, which gives a voltage ratio Y. This ratio also represents the system 

temperature to the temperature of added noise during the diode is ON half 

cycle. Thus, the ratio can be described by 

 

 𝑌 =
𝑉𝑂𝐹𝐹

𝑉𝑂𝑁 − 𝑉𝑂𝐹𝐹
=

𝑇𝐴 + 𝑇𝑅𝐸𝐶

𝑇𝑁
"

 (2.17) 

 

Where VOFF and VON are the averages of square-law detector output voltage 

corresponding to the half cycle of (switching rate) during which the noise 

diode is OFF and ON. TN” is the added noise to the input of microwave 

receiver during the diode ON half cycle. The ratio meter is followed by a 

low-pass filter (integrator) to minimize the fluctuations in the output signal. 

The theoretical minimum change of input temperature or the temperature 

sensitivity of noise-adding radiometer is given by [19] 

 

 𝛥𝑇 = 2𝛥𝑇𝑖𝑑𝑒𝑎𝑙 [1 +
𝑇𝐴 + 𝑇𝑅𝐸𝐶

𝑇𝑁
"

] (2.18) 

 

It can be noted that the temperature sensitivity is reduced as the TN” is 

increased. Therefore, the stability of noise-adding radiometer is depended on 

the stability of the noise diode. 
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Chapter 3 

Microwave Radiometer Systems for Medical 

Applications 

3.1 Radiometric Signal Model in Medical Applications 

In medical applications, the basic configurations of the radiometer system, 

like total power or Dicke radiometer, are suffering from significant practical 

problems. Because of using the body-contact antenna, the impedance 

between the antenna and the object, which causes significant mismatch 

reflection ρ at the interface between the antenna and the object. Physically, 

the interface between the antenna and the object can be modelled as one port 

network [28]. The model consists of a receiver with a temperature of TREC 

and an antenna, which is matched to a nominal load impedance. In other side 

of the model, an observed object can be modelled by an arbitrary number of 

independent internal source with emissivity ei, absorptions ai, and 

temperatures Ti, as shown in Fig. 3.1. 

 

 

Fig. 3.1: Radiometric Signal Model. 

The conservation of energy demands that the reflection ρ and internal 

absorptions ai sum up to 100% of the radiation incident on the skin [28]. 
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 1 = 𝜌 + ∰ ∑ 𝑎𝑖

𝑛

𝑖=1𝑣

 (3.1) 

 

The coefficients ai and ρ are the average values across the measurement 

bandwidth. The integration symbol stands for the summation or integration 

of all volume elements of different temperature or emissivity [28], named by 

the index i. The temperature of the observed object under the skin defined as 

average source temperature TS, is described by applying the theory of linear 

superposition of its internal components. 

 

 𝑇𝑆 = ∰ ∑ 𝑒𝑖𝑇𝑖

𝑛

𝑖=1𝑣

 (3.2) 

 

In case of an object with homogeneous temperature distribution Tobj, the 

above equation can be simplified by 

 

 𝑇𝑆 = 𝑒𝑡𝑜𝑡𝑇𝑜𝑏𝑗  ;   𝑒𝑡𝑜𝑡 = ∰ ∑ 𝑒𝑖

𝑛

𝑖=1𝑣

 (3.3) 

 

Assuming reciprocity for all components of the object, the emissivity 

coefficients ei are equal to the absorption coefficients ai, and then 

 

 1 ≥ 1 − 𝜌 = 𝑒𝑡𝑜𝑡 (3.4) 

 

In general, the total emissivity etot is less than unity by an amount equal to 

the reflection coefficient ρ. The input temperature of the receiver Ttot is given 

by 

 

 𝑇𝑡𝑜𝑡 = 𝑇𝑆 + 𝜌𝑇𝑅𝐸𝐶  (3.5) 

Or, assuming a homogeneous temperature distribution Tobj 
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 𝑇𝑡𝑜𝑡 = (1 − 𝜌)𝑇𝑜𝑏𝑗 + 𝜌𝑇𝑅𝐸𝐶  (3.6) 

 

By rearranging Eq. 3.6, the interface reflection is given by 

 

 𝜌 =
𝑇𝑡𝑜𝑡 − 𝑇𝑜𝑏𝑗

𝑇𝑅𝐸𝐶 − 𝑇𝑜𝑏𝑗
 (3.7) 

 

The above equation shows that the interface reflection vanishes when the 

input temperature of the receiver Ttot equalizes the object temperature Tobj. 

In the case of the observed object with the inhomogeneous temperature 

profile, the antenna of the radiometric system measures the effective 

temperature or so-called the brightness temperature Tb, and it is given by [29] 

 

 𝑇𝑏 = (1 − 𝜌) ∫ 𝑊(𝑟, 𝑓)𝑇𝑜𝑏𝑗(𝑟)𝑑𝑣
𝑉𝑜𝑏𝑗

+ (1 − 𝜌)𝑇𝐸𝑀𝐼 + 𝜌𝑇𝑅𝐸𝐶  (3.8) 

 

Where Tobj(r) is the physical temperature at a specific point r inside the 

observed object. W(r,f) is the radiometric weighting function, which 

describes the power contributions of each sensed volume dv inside the 

observed object volume Vobj. TEMI is the temperature representation of the 

electromagnetic interference sources surrounding the antenna.  

3.2 Radiometric Antenna Efficiency 

According to the reciprocity theorem, the antenna is a passive component 

which has identical performance properties in the transmitting mode or in 

the receiving (radiometric) mode. On this basis, the radiometric weighting 

function W(r,f) can be evaluated as the normalized power density distribution 

Pd, when the antenna is transmitting microwave signal inside the observed 

medium volume Vm [29]. In other terms, the specific absorption rate SAR (r,f) 

can also estimate the weighting function [29], which is defined as the ratio 

of the absorbed power inside the observed lossy object to the mass of that 

object. The weighting function is given by 
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 𝑊(𝑟, 𝑓) =  
𝑃𝑑(𝑟, 𝑓)

∫ 𝑃𝑑(𝑟, 𝑓)𝑑𝑣
𝑉𝑚

 (3.9) 

 

Also, 

 

 𝑆𝐴𝑅(𝑟, 𝑓) =
𝑃𝑑(𝑟, 𝑓)

𝜌𝑚
=  

𝜎(𝑟, 𝑓)|𝐸(𝑟, 𝑓)|
2

2𝜌𝑚
 (𝑊/𝑘𝑔) (3.10) 

 

Where Pd(r,f) is the power density (W/m3) distribution of the antenna inside 

the observed medium volume. (r,f) is the electrical conductivity (S/m). 

E(r,f) is the radiated electrical field (V/m) of the antenna inside the observed 

medium volume. m is the mass density (kg/m3) of the lossy object. 

The radiometric antenna efficiency (f) estimates the antenna temperature 

contrast ∆TA, which can be sensed at the radiometer antenna for detecting the 

temperature contrast ∆Tt between a specific hot object (target) with the 

volume of Vt and the observed medium with the volume of Vm [55]. In other 

words, the radiometric antenna efficiency can evaluate the detectable range  

of the radiometer system to localize any hot object inside the observed 

medium. The radiometric antenna efficiency is given by [55] 

 

 𝜂(𝑓) =  
∫ 𝑃𝑑(𝑟, 𝑓)𝑑𝑣

𝑉𝑡

∫ 𝑃𝑑(𝑟, 𝑓)𝑑𝑣
𝑉𝑚

= ∫ 𝑊(𝑟, 𝑓)𝑑𝑣
𝑉𝑡

   𝑉𝑡 ∈ 𝑉𝑚 (3.11) 

 

And 

 

 ∆𝑇𝐴 = 𝜂(𝑓) ∆𝑇𝑡 (3.12) 
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3.3 Proposed Multi-Frequency Radiometer System 

According to Eq. 3.7, the balance techniques of Dicke radiometer can be 

used to vary the receiver temperature to remove the interface reflection. In 

[21], [22], and [28] some configurations of the balanced Dicke radiometer 

systems have been built by the utilization of the noise injection method of a 

controllable solid-state noise source. The noise signal injected by using a 

circulator and a switch between the antenna and the receiver. As well as, a 

control loop used to adjust the receiver temperature to balance the object 

temperature as shown Fig. 3.2. 

 

 

Fig. 3.2: Block diagram of radiation balanced Dicke radiometer system. 

In balanced Dicke radiometer systems, there are several practical problems 

observed during the operation in these configurations. One of these problems 

is that the interface between the antenna and the switch produces multiple 

reflections, as well as, there are interferences from the antenna reflections 

with the noise reflection from the switch when it is in ON state. The reference 

temperature must be varied to null the difference signals and to remove the 

presence of reflections and gain variations, there can be problems in 

obtaining sufficient feedback stability, and integration time during the 

measurements may have to be increased compared to a non-feedback 

radiometer configuration. As well, it is also challenging to vary the effective 

noise temperature of the reference rapidly and to know its calibration 

accurately. These problems were eliminated by using two or more reference 

noise signals, which are used to compare them with the antenna noise signal 

[24]. For realizing these kinds of configurations, two reference noise sources 
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switched by a specific frequency. These are connected to the circulator. A 

second switch is used to switch the two noise sources as shown in Fig. 3.3. 

 

 

 

Fig. 3.3: Block diagram of a microwave radiometer system with two reference noise 

sources. 

By this arrangement, the radiometer has four different levels in the output 

signal. When the antenna switch is open, the difference between the two 

reference noise signals can be used to determine the receiver temperature and 

obtain the system gain. When the antenna switch closed, the two reference 

noise sources will provide two different levels containing the information of 

observed object temperature. The combinations of two positions of these two 

switches can produce four levels in the output signal of the radiometer 

system. These four levels are then processed to determine the Fourier series 

coefficients. The ratio of these coefficients will be used to define the relation 

of the noise temperature of the observed object. According to [24], the 

relation of object temperature is independent of gain, the reflection interface, 

and the system temperature.  

In [25], a method for eliminating the influence of the inference reflections is 

presented. The method based on modulation receiver input noise and four 

different reference noise sources is used to define four different levels in the 

output signal of the radiometer systems. The block diagram of the radiometer 

system shown in Fig 3.4. 
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Fig. 3.4: Block diagram of microwave radiometer system with four reference noise 

sources. 

After figuring out the equations of four levels in the output signal of 

radiometer system, the temperature of the observed object defined in a 

relation which is directly depending only on the noise level of these four 

reference noise sources. According to [25], the obtained relation has shown 

that the temperature object is free from gain variation, interface reflection, 

and system temperature. 
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3.3.1 System Description 

In previous works, the system designs were focusing on developing methods 

and techniques for eliminating the influence of the interface reflection 

between the antenna and measured medium, as well as removing the 

systematic errors like gain variations and drift in the system temperature. 

These methods and techniques were applied by using multiple reference 

noise sources, which were connected to the system with the use of switch-

circulator combination so that it can provide four different levels in the 

output of the radiometer system. Usually, the switch-circulator combination 

is used between the antenna and the receiver, that means, the switch or the 

circulator would be the first stage in the front-end of the radiometer system. 

According to the Friis formulas of noise figure, the overall noise figure of 

the radiometer system is primarily established by the noise figure of its first 

stage after the antenna. Consequently, the overall noise figure of the 

radiometer system can be increased dramatically when the first stage is a 

passive device like a circulator or switch. To solve this problem, the 

proposed microwave radiometer system uses a low noise amplifier as the 

first stage of its front-end, as well as a noise source with two different noise 

levels serves out the system for eliminating the systematic errors like the 

interface reflection, gain variations, and drift in the system temperature. The 

front-end of the radiometer system dispenses the circulator or input switch 

parts by using a multifunctional antenna module with integrated coupler. The 

proposed radiometer system is designed in a configuration with two 

radiometric channels. Each radiometric channel operates in a specific 

frequency range, which is needed to increase the detectability range of any 

hot object inside the observed medium. Fig. 3.5 shows the block diagram of 

the proposed multi-frequency microwave radiometer system. The front-end 

of the radiometer system consists of an antenna-coupler module, a switched 

three-way reference noise source, and two channels of microwave receiving 

unit. 
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Fig. 3.5: Block diagram of the proposed multi-frequency microwave radiometer system. 

The antenna-coupler module contains a dual-band, multifunctional antenna 

with internally integrated coupler. The module has two antenna output ports 

for both operating frequency bands and another output port for the coupler. 

The output ports of the antenna are connected to two microwave receiving 

units. The switched three-way noise source transmits three reference noise 

signals to the microwave receiving unit of each system channel and the 

output port of the coupler in the antenna-coupler module. For each system 

channel, the microwave receiving unit consists of two main parts: switched 

low noise amplifier (LNA) module and the microwave receiver. The 

switched LNA module consists of two identical low noise amplifiers 
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connected to a microwave switch. Therefore, there are two input ports 

(antenna-coupler signal port, reference signal port) and one output port 

which is connected to the microwave receiver. The amplifiers LNA1 amplify 

the signals from the antenna-coupler module and the amplifiers LNA2 

amplify the reference noise signal. The microwave receiver consists of low 

noise gain blocks, bandpass filters, and a square-law detector with lowpass 

filters. The microwave receiving units are connected to the backend (A/D 

converter, control signals sources, and data processing unit (computer)) of 

the radiometer system. 

3.3.2 System Operation 

By switching the supplied DC power of the noise source with a frequency of 

2fs, it generates a square wave (ON-OFF states) reference noise signal. A 

power splitter is used in the noise source to produce three switched noise 

signals. The first switched noise signal is transmitted to the coupling port of 

the antenna which is coupled to the antenna noise signal and creates two 

noise levels of antenna signal (ON and OFF state of noise source). The other 

two of switched noise signals are transmitted to the reference port of the 

switched LNA module for each system channel. Consequently, two noise 

levels reference signal  are created (ON and OFF state of noise source). The 

switched LNA module is switching between the antenna signal and the 

reference noise signal with a frequency of fs. In total, there are four noise 

levels of output signal for each channel in the radiometer system: 

- Hot antenna noise (noise source in ON state) P1 

- Cold antenna noise (noise source in OFF state) P2 

- Hot reference noise (noise source in ON state) P3 

- Cold reference noise (noise source in OFF state) P4 

In this way, four noise levels in the output signal for each channel in the 

radiometer system are established to eliminate the influences of interface 

reflections, gain variations, and drift in system temperature. 

In order to obtain the operational equations of the radiometer system, it is 

important to use the radiometric signal model in section 3.1 for explaining 

the relationship between the antenna and the observed object in the medical 

applications. Fig. 3.6 shows the radiometric signal model for the proposed 

radiometer system. The radiometric signal model consists of three main 

noise signals (in term of power): Ps is the noise signal of the observed object, 
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PN1 and PN2 are the coupled noise signals of the reference noise source. 

Because of using the body-contact antenna, it causes mismatch reflections ρ 

between the antenna and the observed object. Therefore, the radiometric 

signal model shows all incident and reflected noise signals at the interface 

between the antenna and the observed object.  

 

 

 

Fig. 3.6: Radiometric Signal Model. 

Depending on the switching state of the reference noise source, the total 

noise power PA1 of the output antenna signal represents the noise power Ps 

of the observed medium plus the noise power PN1 of the coupled reference 

noise signal, when the noise source is in ON state. The total power PA2 of the 

output antenna signal represents the power Ps of the observed medium plus 

the power PN2 of the coupled reference noise signal, when the noise source 

is OFF. 

 

 𝑃𝐴1 = 𝑃𝑠 (1 − 𝜌) + 𝜌𝑃𝑁1 (3.13) 
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 𝑃𝐴2 = 𝑃𝑠 (1 − 𝜌) + 𝜌𝑃𝑁2 (3.14) 

 

By using the Nyquist formal, the main noise signals can be derived in term 

of noise temperatures. 

 𝑃𝑠 = 𝐺𝑘𝛥𝑓𝑇𝑆  (3.15) 

 

 𝑃𝑁1 = 𝐺𝑘𝛥𝑓
𝑇𝑂𝑁1 

𝐶𝐴𝑁𝑇
 (3.16) 

 

 𝑃𝑁2 = 𝐺𝑘𝛥𝑓
𝑇𝑂𝐹𝐹 

𝐶𝐴𝑁𝑇
 (3.17) 

 

Where: 

Ts is the temperature of observed medium. 

TON1 is the temperature of noise source in ON state. 

TOFF is the temperature of noise source in OFF state. 

 is the reflection coefficient of the antenna-medium interface. 

CANT is the coupling factor of antenna-coupler module. 

G is the gain of radiometer system. 

f is the RF frequency bandwidth of radiometer system. 

k is Boltzmann constant. 

The operational equations of the radiometer system represent the four power 

levels of the output signal for each system channel. 

 

 𝑃1 = 𝐺𝑘𝛥𝑓𝑇1 = 𝐺𝑘𝛥𝑓 [𝑇𝑠 (1 − 𝜌) + 𝜌
𝑇𝑂𝑁1 

𝐶𝐴𝑁𝑇
+

𝑇𝑂𝑁1 

𝐶𝐴𝑁𝑇
] (3.18) 

 

 𝑃2 = 𝐺𝑘𝛥𝑓𝑇2 = 𝐺𝑘𝛥𝑓 [𝑇𝑠 (1 − 𝜌) + 𝜌
𝑇𝑂𝐹𝐹 

𝐶𝐴𝑁𝑇
+

𝑇𝑂𝐹𝐹 

𝐶𝐴𝑁𝑇
] (3.19) 

 

 𝑃3 = 𝐺𝑘𝛥𝑓𝑇3 = 𝐺𝑘𝛥𝑓𝑇𝑂𝑁2  (3.20) 
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 𝑃4 = 𝐺𝑘𝛥𝑓𝑇4 = 𝐺𝑘𝛥𝑓𝑇𝑂𝐹𝐹  (3.21) 

 

After applying some algebra steps using PTC Mathcad software (presented 

in Appendix B) to the operational equations of radiometer system, the 

temperature of the observed medium Ts can be obtained as  

 

 𝑇𝑠 =
𝑇𝑂𝑁1[𝑇𝑂𝑁2𝑃1𝑃4 − 𝑇𝑂𝑁1𝑃2𝑃3]

𝑃3[𝑇𝑂𝑁2(2𝑃4 + 𝐶𝐴𝑁𝑇(𝑃1 − 𝑃2) ) − 2𝑇𝑂𝑁1𝑃3]
  (3.22) 

 

It shows that Eq. 3.22 of Ts is free from the systematic instabilities like the 

gain, interface reflection, or system temperature. 

3.3.3  Estimations of the System Specifications 

The temperature sensitivity is the main characteristic of the radiometer 

system that allows the designer to estimate the overall system specifications. 

To set a goal for a specific temperature sensitivity, one needs to specify: 

- a specific target inside the observed medium  

- the size and the location of the target inside the observed medium 

- the temperature contrast between the target and surrounded medium 

All information about the observed object must be considered in the design 

of the radiometric antenna. By using Eq. 3.11, the radiometric antenna 

efficiency (f) and the internal temperature contrast ∆Tt can estimate the 

antenna temperature contrast ∆TA for any target inside the observed medium. 

In other words, the radiometric antenna efficiency determines the 

relationship between the temperature sensitivity of the radiometer system 

and the antenna temperature contrast to detect any object inside the observed 

medium. Therefore, the designer should build the microwave receiving unit 

of the radiometer system that has a temperature sensitivity lower or equal to 

the antenna temperature contrast. According to Eq. 2.10, the temperature 

sensitivity of the radiometer is estimated by the system temperature, the 

frequency bandwidth f of the microwave receiving unit, and the system 

integration time sys. Because of four noise levels in the output of the 

proposed radiometer system, the temperature sensitivity can be estimated by 
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 ∆𝑇𝑠𝑦𝑠 =
𝑇𝑠𝑦𝑠

√𝛥𝑓 𝜏𝑠𝑦𝑠

=
𝑇1

√𝛥𝑓 𝜏1

+
𝑇2

√𝛥𝑓 𝜏2

+
𝑇3

√𝛥𝑓𝜏3

+
𝑇4

√𝛥𝑓𝜏4

 (3.23) 

 

Where,  

 

 𝜏1 = 𝜏2 = 𝜏3 = 𝜏4 =
𝜏𝑠𝑦𝑠

4
 (3.24) 

 

Then, 

 ∆𝑇𝑠𝑦𝑠 =
2 (𝑇1 + 𝑇2 + 𝑇3 + 𝑇4)

√𝛥𝑓𝜏𝑠𝑦𝑠

 (3.25) 

  

The operation frequency range of the microwave receiving unit must be 

selected carefully to protect the radiometer system from the electromagnetic 

interference signals. To increase the detectability range, two operation 

frequency ranges are selected for the proposed radiometer system. For the 

first system channel, the frequency range is from 1.1 GHz to 1.65 GHz (550 

MHz bandwidth). For the second system channel, the frequency range is 

from 3.25 GHz to 4.25 GHz (1 GHz bandwidth). The estimation of the input 

power level increment for a specific antenna temperature contrast ∆TA is the 

starting point to determine the system gain and the system noise figure of the 

radiometer system plus the knowledge of the resolution of the A/D (Analog 

to Digital) converter in the backend of the radiometer system. Fig. 3.7 shows 

the relationship between the antenna temperature contrast ∆TA and the 

radiometric antenna efficiency in different internal temperature contrast ∆Tt 

inside the observed medium. 
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Fig. 3.7: Relationship between antenna temperature contrast ∆TA  and radiometric 

antenna efficiency (f)  with different internal temperature contrast ∆Tt. 

By using Eq. 2.3, the output power increment of the antenna can be obtained 

for both system channels. For example, if the radiometer system targets to 

detect a 0.6 cm diameter object at 1 cm depth inside the observed medium, 

the radiometric antenna efficiency [46] is around 1.6 %. The antenna 

temperature contrast is equal to 0.05 K for 3 K internal temperature contrast 

inside the observed medium. The output power increment of the antenna is 

around 0.45 fW for channel (1) and 0.7 fW for channel (2) in the proposed 

radiometer system. In order to detect very low noise power increment, the 

microwave receiving units must amplify the noise signal with high linear 

gain and ultra-low noise figure. Therefore, when the total system gain is 

around 70 dB for channel (1) and 60 dB for channel (2), the output power 

increment amplified by 4.5 nW for the channel (1) and  0.66 nW for the 

channel (2). The detected noise signal increment at the output of the 

microwave receiving units must be higher than the resolution of the A/D 

converter. To estimate the temperature sensitivity of the radiometer system, 

the tables 3.1 and 3.2 show the input data for channel (1) and (2) which can 

be used to calculate the output system power levels by using the system 

equations. 
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Table 3.1: Input and output Data for channel (1). 

Input Data 

TS 

(K) 

 

(dB) 

CANT1 

(dB) 

Ton1 

(K) 

Ton2 

(K) 

Toff 

(K) 

G1 

(dB) 

f1 

(GHz) 

309 12 26 582 1295 308 68 0.55 

Output data 

P1 (μW) P2(μW) P3(μW) P4(μW) 

18.3 17.8 35 18.7 

T1 (K) T2(K) T3(K) T4(K) 

296.6 294 582 308 

 

Table 3.2: Input Data and output data for channel (2). 

Input Data 

TS 

(K) 

 

(dB) 

CANT2 

(dB) 

Ton1 

(K) 

Ton2 

(K) 

Toff 

(K) 

G2 

(dB) 

f2  

(GHz) 

309 15 15 533 1126 311 60 1 

Output Data 

P1 (μW) P2(μW) P3(μW) P4(μW) 

5.9 5.4 9 5.3 

T1 (K) T2(K) T3(K) T4(K) 

336 312 533 311 
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By inserting the input data into Eq. 3.22, the system temperature sensitivity 

can be estimated. Fig. 3.8 shows the system temperature sensitivity ∆Tsys1 
versus the integration time sys1 for channel (1). 

 

 

Fig. 3.8: Estimated temperature sensitivity for system channel (1). 

For the channel (2), Fig. 3.9 shows the system temperature sensitivity ∆Tsys2  
versus the integration time sys2. 
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Fig. 3.9: Estimated temperature sensitivity for system channel (2). 

After the explanation of the system estimations, the specifications of the 

proposed radiometer system are shown in the table 3.3. 

 

Table 3.3: Estimation of proposed system specifications. 

 
Channel (1) 

(1.1 – 1.65 GHz) 

Channel (2) 

(3.25 -4.25 GHz) 

Temperature Sensitivity (K) 0.05  0.05 

System Noise Figure (dB) 0.8 0.9 

System Gain (dB) 68 60 

Measurement Time (sec) 4 - 6 4 - 6 

Maximum Penetration Depth 

Range 
3 cm 1 cm 

Minimum Detectable Spot 1 cm 0.6 cm 

 

According to the estimated specifications, the proposed multi-frequency 

radiometer system would be able to detect targets with diameter range of  

0.6 cm to 1 cm in depth range of 1 cm to 3 cm inside the observed medium. 
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Chapter 4 

Design and Verification of Multi-Frequency 

Radiometer System Components                                                                  

 

4.1 Grounded Coplanar Waveguide Transmission Line  

The performance of all microwave circuits is restricted by the performance 

of the interconnection transmission lines between the circuit components. 

Different types of planar transmission lines can be used in microwave 

circuits. A conventional coplanar waveguide (CPW) is a planar transmission 

line and consists of a main conductor strip of width (w), separated from two 

lateral ground conductor by the width of the gap (g), as shown in Fig. 4.1. 

The main strip and ground conductors reside in the same plane above the 

dielectric layer.  

  

 

 

Fig. 4.1: 3D structure of the coplanar waveguide CPW and grounded coplanar waveguide 

GCPW. 
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The CPW structure was first proposed by C. P. Wen in [30]. The 

characteristic impedance (Zo), the effective dielectric constant (εeff), and the 

attenuation (α) are synthesized by the dielectric constant of the substrate (εr), 

the substrate thickness (hs), conductor thickness (t), the main strip width (w), 

and the width of the gap (g) . The quasi-transverse electromagnetic (TEM) 

mode is the dominant propagation mode of CPWs. In contrast to the 

microstrip line, CPWs have several advantages, which include simplicity of 

fabrication, lower radiation losses, and ease of series and parallel placements 

of active and passive components for microwave integrated circuits (MICs) 

and monolithic microwave integrated circuits (MMICs). However, CPWs 

suffer from higher transmission loss and are designed only on very high 

dielectric constant materials [31]. Consequently, a great modification of 

CPWs structure is introduced in [32] by placing an additional ground plane 

on the bottom side of the dielectric substrate. A CPW with a ground plane 

on the bottom side of the dielectric substrate is called grounded coplanar 

waveguide (GCPW). Higher order propagation modes of microstrip line can 

be excited in the GCPW when the width of lateral ground planes is increased 

[33]. To eliminate the higher order modes, the lateral ground planes can be 

shorted to the lower ground plane using conductor plated via holes [34].  

As shown in the Eq. 4.1 and 4.2, the characteristic impedance (Zo), and the 

effective dielectric constant (εeff) of the GCPW were derived using conformal 

mapping method in [35].  

 

 
𝑍𝑜 =

60𝜋

√𝜀𝑒𝑓𝑓

1

𝐾(𝑘)
𝐾(𝑘′)

+
𝐾(𝑘1)
𝐾(𝑘1

′ )

 
(4.1) 

 

 𝜀𝑒𝑓𝑓 =
1 + 𝜀𝑟

𝐾(𝑘′)
𝐾(𝑘)

𝐾(𝑘1)
𝐾(𝑘1

′ )

1 +
𝐾(𝑘′)
𝐾(𝑘)

𝐾(𝑘1)
𝐾(𝑘1

′ )

 (4.2) 

 

Where 

𝑎 =
𝑤

2
, 𝑏 = 𝑊 + 2𝑔, 𝑘 =

𝑎

𝑏
, 𝑘1 =

tanh(𝜋𝑎/2ℎ)

tanh(𝜋𝑏/2ℎ)
, 𝑘′ = √1 − 𝑘2, 𝑎𝑛𝑑𝑘1

′ = √1 − 𝑘1
2 
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K(k) is the complete elliptic integral of the first kind. 

In radiometer system, all microwave circuits are realized in GCPW 

technique using RO4003C substrate with dielectric permittivity (εr) of 3.55, 

a dielectric substrate thickness (h) of 0.203 mm, and a metallization 

thickness (t) of 17 µm. The design equations of GCPW are applied using an 

impedance calculator from Rogers, which was used to calculate the 

dimensions of the designed GCPW. Therefore, for a characteristic 

impedance of 50 Ω, the main strip width (w) is 0.459 mm and the gap (g) is 

0.5 mm which was selected to consider the solder pads size of 0402 SMDs 

and the footprints of the used MMICs. The diameter of each via hole is 

0.4 mm. The distance between the via holes and the lateral ground edges is 

0.1 mm and the space between each two via holes is 0.76 mm. 

Three-dimensional modeling and full wave simulation were accomplished 

using High Frequency Structure Simulator (HFSS). Three different 3-D 

simulation models were built to analyze the performance of the GCPW and 

the transition between the coaxial connectors and the GCPW. 

The first simulation model is built to characterize a designed GCPW with the 

length of 20 mm, as shown in Fig. 4.2. 

 

   

 

Fig. 4.2: Simulation model of 20 mm length GCPW. 

The simulated S-parameters of the transmission line model are shown in 

Fig. 4.3. It can be deduced that the designed GCPW is matched to 50 Ω  in a 

very wide frequency range. As shown in Fig. 4.4, the E-field and H-field 

distributions proved that the dominant propagation mode is the quasi-TEM 

mode. 

20mm 
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Fig. 4.3: Simulated S-parameters of 20 mm length GCPW. 

 

(a)         (b)  

Fig. 4.4: Simulated fields distributions of GCPW, (a) E-field (b) H-field. 

A SMA end launch connector (from Telegärtner J01151A1271) was built in 

the second and third simulation models, as shown in Fig. 4.5. The second 

and third models were built to characterize and analyze the SMA-to-GCPW 

transition. As shown in Fig. 4.5, the GCPWs were modeled with two 

different lengths (20 mm and 40 mm) because it is needed to extract the S-

parameters of the transition. To measure the transmission loss of the 

transition, the second and third models are fabricated using similar SMA 

connectors, which were used in the simulation models. 
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Fig. 4.5: Second and third GCPW simulation models with SMA connector model (a) 

20 mm GCPW, (b) 40 mm GCPW. 

Both of GCPWs (20 mm and 40 mm) were fabricated and measured. Fig. 4.6 

shows very good correlation in the comparison of the simulated and 

measured S-parameters of realized GCPW. 

 

 

(a) 
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(b) 
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(b) 

Fig. 4.6: Measured and simulated S-parameters results for (a) 20 mm GCPW, (b) 40 mm 

GCPW. 

For noise figure measurements, it is essential that the transmission loss of 

the SMA-to-GCPW transition must be subtracted from the measured noise 

figure of the first stage of LNA. The SMA connector will be removed, and 

the LNA will be connected directly to the antenna structure. The obtainment  
elicitation of the transmission loss (At) for the SMA-to-GCPW transition was 

done by extracting two Eq. 4.3 and 4.4 of total transmission loss (A20mm, 

A40mm) for both fabricated GCPW. 

 𝐴20𝑚𝑚 = 2𝐴𝑡 + 𝐴𝐺
′ 𝐿20𝑚𝑚 (4.3) 

 𝐴40𝑚𝑚 = 2𝐴𝑡 + 𝐴𝐺
′ 𝐿40𝑚𝑚 (4.4) 

 

where L20mm= 14.04 mm and L40mm= 34.2 mm are the length of GCPW part 

between the cavities of SMA connector. A’
G is the transmission loss per 

meter of realized GCPW. By using simple algebraic steps, the transmission 

loss of the transition can be obtained by  

 𝐴𝑡 =
𝐴40𝑚𝑚 − (

𝐿40𝑚𝑚

𝐿20𝑚𝑚
𝐴20𝑚𝑚)

2 −
2𝐿40𝑚𝑚

𝐿20𝑚𝑚

 (4.5) 

 

The measured transmission loss of the transition is around 0.1 dB at 3.5 GHz 

and 0.06 dB at 1.3 GHz.  

Meas.  

Sim. 

S21 

S11 
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4.2 Multi-Frequency Spiral Antenna-Coupler Design 

4.2.1 Electromagnetic Properties of Human Tissues and Its 

Phantom Materials 

At microwave frequencies, human tissues represent a lossy dielectric 

material with the electromagnetic properties varying with the water content 

of the tissue. In the human body, the bone and fat tissues contain less water 

around 8-26 % in contrast to the brain, skin, muscle, and organ tissues, which 

have higher water content around 80-90 % [36] 

Saline solutions with a certain salt concentration are often used as phantom 

material model of human tissues, because the saline solutions have similar 

electromagnetic properties as human body tissues [36]. In [37] and [38], salt 

concentrations were investigated in terms of the equivalence of the human 

tissues, and it deduces that the saline solutions should have 0.6 % to 0.9 % 

of salt concentration. In this research, 6 g/ℓ saline solutions (6 grams of 

sodium chloride NaCl per one liter of distilled water) was selected as a 

phantom material for the human tissues. 

The electromagnetic properties of the saline solution can be estimated using 

the Stogryn model [39]. Fig. 4.7 shows calculated relative permittivity and 

the loss tangent of the 6 g/ℓ saline solution at a temperature of 37 °C.  
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(b) 

Fig. 4.7: Calculated electromagnetic properties of 6 g/ℓ saline solution by Stogryn model, 

(a) Relative permittivity, (b) Loss tangent. 

 

4.2.2 Design of an Archimedean Spiral Antenna-Coupler Module 

The spiral antenna has been used for non-invasive monitoring applications 

such as microwave radiometry due to its lightweight and conformable 

structure which allows improved coupling to contoured surfaces, small size, 

matching capabilities, ease of construction and handling, and very low cost. 

One important structure of spiral antenna is the Archimedean structure. 

Archimedean spiral antenna has input impedance and radiation, which have 

broadband characteristics [40]. In addition, its radiation has a circularly 

symmetric characteristic. With these desirable features, the Archimedean 

spiral is found useful for biomedical applications, such as radiometry and 

hyperthermia [41]. In medicine, the microwave radiometry is used to 

measure temperature of biological tissue non-invasively, while hyperthermia 

is the procedure of elevating biological tissue temperature using microwave 

radiators [42],[43]. Fig. 4.8 shows a single-arm Archimedean spiral antenna. 
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Fig. 4.8: Single-arm Archimedean spiral structure. 

The arm (centerline) of the antenna can be described as Archimedean spiral 

function r=aφ, where r is radius of the antenna increases linearly with the 

winding angle φ. The parameter a is the growth rate of the spiral function. 

The inner and outer edges (r1, r2) of the spiral are defined by [44], [45] 

 

 𝑟1(𝑜𝑢𝑡𝑒𝑟) = 𝑎 (𝜑 +
𝜋

2
) 𝑤ℎ𝑒𝑛𝑠 = 2𝑤𝑠 (4.6) 

 𝑟2(𝑖𝑛𝑛𝑒𝑟) = 𝑎 (𝜑 −
𝜋

2
) 𝑤ℎ𝑒𝑛𝑠 = 2𝑤𝑠 (4.7) 

 

Where, the growth rate a is described by the space s and arm width ws by 

[44] 

 

 𝑎 =
𝑠 + 𝑤𝑠

2𝜋
 (4.8) 

 

The band theory describes the operation principle of Archimedean spiral 

antenna [41]. For a two-wire spiral antenna with negligible wire-width, the 

theory states that “the radiation occurs in annular regions where currents in 

the neighboring arms are in-phase".  

The arm of Archimedean spiral antenna can be divided into four operation 

regions, which are source region, transmission-line region, radiation region, 

and the standing-wave region. Fig. 4.9 shows the operation regions of the 

spiral antenna. The source region is described by non-radiating region due to 

r1 

r2 

ws 

s 

φ 

rout 

rin 



 

43 

 

the transition between the arm and the feed point. The transmission-line 

region is described also as non-radiating region due to the cancellations 

between the adjacent arms. The active region of the spiral antenna is 

characterized by an efficient radiation, because this region gives similar 

radiation properties (circular polarization) as of the one λ loop antenna. The 

circumference of the active region is one wavelength at the operation 

frequency [41]. In the standing-wave region, the fields radiated in standing-

wave form, due to the open-end of the spiral antenna arm. 

The lower and upper operation frequency (flow, fhigh) are obtained by the inner 

and outer radiuses (rin, rout) of the spiral antenna, and they are given by [46] 

 

 𝑓𝑙𝑜𝑤 =
𝑐

2𝜋𝑟𝑜𝑢𝑡√𝜀𝑒𝑓𝑓
 (4.9) 

 𝑓ℎ𝑖𝑔ℎ =
𝑐

2𝜋𝑟𝑖𝑛√𝜀𝑒𝑓𝑓
 (4.10) 

 

Where εeff is the effective permittivity of the antenna substrate. 

 

Fig. 4.9: Operation regions of the spiral antenna. 

The design procedure of the Archimedean spiral antenna-coupler is 

described in [47] which is applied to design the multi-frequency spiral 

antenna-coupler. According to the proposed microwave radiometer system, 

the multi-frequency spiral antenna-coupler should be designed and 

configurated to operate for both system channels with frequency bands of 

1.1 GHz -1.65 GHz and 3.25 GHz to 4.25 GHz. 
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Fig. 4.10: Geometry of the multi-frequency spiral antenna-coupler, (a) Antenna layer, 

(b) Coupler layer, (c) Ground layer, (d) Antenna cross section.  

(a) (b) 

(c) 
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The multi-layered geometry of the multi-frequency spiral antenna-coupler is 

shown in Fig. 4.10. The design has integrated two spiral structures on the 

same layer for the purpose of multi-frequency radiometric applications. The 

spiral antenna-coupler has four ports. The first and second port, P1 and P2 

are the input ports of the spiral antenna. The third port P3 and forth port P4 

are the coupling and isolation ports of the coupler. Three substrates from 

Rogers were used to build this configuration. The first layer used RO3010 

(εr= 11.2) substrate material, and it has a thickness Hm of 1.27 mm. It is used 

as matching layer between the antenna and the phantom model. The second 

layer used also RO3010 (εr= 11.2) substrate material, and it has a thickness 

Ha of 1.27 mm. It is used for structuring the spiral antenna. The third layer 

used  RO4003C (εr= 3.55) substrate material and it has a thickness Hc of 

0.508 mm. It is used for structuring the coupler configuration. All substrates 

have a diameter D of 37 mm. The dimensions of the Archimedean spiral 

structures are designed by considering the effective dielectric constant of the 

multilayered structure (including the loaded lossy medium touching the 

antenna), which is obtained according to [48]. Therefore, the inner radius ri1 

of the larger spiral is 7.75 mm corresponding to an upper cutoff frequency 

of 1.8 GHz, and the outer radius ro1 of spiral is 16.25 mm corresponding to 

a lower cutoff frequency of 0.85 GHz. The strip width WS1 of the spiral is 

0.55 mm and the gap g1 between the strips is 1 mm. The strip width and the 

gap of spiral structure are designed to set the position of the active region at 

the operation frequency of 1.3 GHz [48]. For the smaller spiral, the inner 

radius ri2 is 2.2 mm corresponding to an upper cutoff frequency of 6.3 GHz, 

and the outer radius ro2 of spiral is 5.4 mm corresponding to a lower cutoff 

frequency of 2.6 GHz. The strip width WS2 of spiral is 0.55 mm and the gap 

g1 between the strips is 0.55 mm. The strip width and the gap of spiral 

structure are designed to set the position of the active region at the operation 

frequency of 3.5 GHz. In the third layer, the coupled line is designed as 

grounded coplanar waveguide, which has a strip width Wc of 0.55 mm and a 

gap gc of 0.55 mm. The coupled line is positioned and centered under the 

active regions of both spiral antennas to achieve the best coupling and 

isolation performance at the operation frequency. The ground layer is 

represented as ground for the spiral antenna and the coupler as well. For the 

first spiral antenna, the diameter of ground Lg1 is 20 mm, which is less than 

the diameter of the spiral structure. For the second spiral, the diameter of 

ground Lg2 is 8.5 mm, which is also less than the diameter of the spiral 

structure. The size reduction in ground layer aims to minimize the current 
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density in the standing-wave region of the spiral antenna and to improve the 

radiation efficiency of the antenna. 

 

4.2.3 Realization and Verification of the Spiral Antenna-Coupler 

Module 

The designed multi-frequency spiral antenna-coupler is simulated using the 

3D full wave electromagnetic simulator HFSS. The simulation model is 

constructed to calculate the S-parameters of the spiral antenna-coupler, to 

verify the matching and the antenna radiation properties inside lossy 

medium. The simulation model consists of two main parts, the spiral 

antenna-coupler and the saline water solution as shown in Fig. 4.11. All 

layers of the spiral antenna-coupler are included and the electrical properties 

of each material in the design are defined. The 6 g/ℓ saline water solution is 

used to simulate the human body tissues. For the frequency range of 0.5-6 

GHz, the calculated electrical properties of the saline solution in section 4.2.1 

are inserted in the simulation model. In Fig. 4.11, a box with size 

75x75x50 mm3 is filled with saline solution, and it is placed over the spiral 

antenna-coupler. The saline solution box and the spiral antenna-coupler are 

placed inside an air-box, which is represented as the radiation boundary of 

the simulation model. 
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Fig. 4.11: 3D simulation model of the multi-frequency spiral antenna coupler. 

For experimental verification, a prototype of the multi-frequency spiral 

antenna-coupler was fabricated using an LPKF Protolaser S and a ProtoMat 

C100/HD structuring system. The substrate layers of the fabricated spiral 

antenna-coupler are fixed together by using a thin layer (65 µm) of 

polyvinyl-acetate glue (εr = 3.3). 

The fabricated antenna-coupler layers and the prototype of the 

multi-frequency spiral antenna-coupler are shown in Fig. 4.12. The 

fabricated spiral antenna-coupler was implemented inside the radiometer 

system housing. 

 

Saline Solution (6g/l)

Air Spiral Antenna
 Coupler

Target
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Fig. 4.12: (a) Fabricated antenna-coupler layers, (b) Prototype of the fabricated 

multi-frequency spiral antenna implemented inside the radiometric head 

detection of the radiometer system housing (the dimensions of the metallic 

conical housing structure in Appendix D). 

The phantom of human tissues was realized in two different models. The first 

model consists of a plastic bag filled with 3 liters of 6 g/ℓ saline water 

solution, which is shaped as a cylindrical structure, as shown in Fig. 4.13a. 

In the second model, a new material made from floral foam immersed by 

6 g/ℓ saline is proposed as phantom of human tissues. The purpose of using 

the floral foam is to capture the internal thermal image of the saline solution 

for estimating the specific absorption rate (SAR) distributions of the 

prototype of the spiral antenna coupler. Therefore, two bricks of the new 

phantom covered by plastic bags are prepared, as shown in Fig. 4.13b.  

(b) 

(a) 

Matching Layer Antenna Layer Coupler Layer 

37 mm 
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Fig. 4.13: (a) Plastic bag of saline water solution, (b) Floral foam bricks. 

 

Fig. 4.14: Simulated and measured S-parameters of spiral antenna-coupler (a) S11 and 

S22, (b) S33, S44, and S43. 
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Fig. 4.15: Simulated and measured S-parameters of spiral antenna-coupler (a) S31 and 

S41, (b) S32 and S42. 

The S-parameters of the prototype was measured by using a vector network 

analyzer (Model E5071C, Agilent). In Fig. 4.14 and 4.15, the measured and 

simulated S-parameters of the fabricated multi-frequency spiral antenna 

coupler are  shown . In Fig. 4.14a, the measured input reflection coefficient 

S11 at the spiral antenna port P1 confirms that the spiral antenna is matched 

to 50 Ω in the frequency band of 1.1 GHz to 1.65 GHz (channel (1)) . For 

the second port P2, the measured input reflection coefficient S22 confirms that 

the spiral antenna is matched to 50 Ω in the frequency band of 3.25 GHz to 

4.25 GHz (channel (2)). In In Fig. 4.14b, the measured input S33 and output 

S44 reflection coefficients of the integrated coupler is less than -20 dB in the 

frequency range from 1 GHz to 4.5 GHz. The transmission loss S43 of the 

coupler is higher than -1 dB up to 4.5 GHz. In Fig. 4.15a, the measured 

Meas.  

Sim. 

Meas.  

Sim. 

(a) 

(b) 

S31 

S41 

S32 

S42 
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coupling factor S41 and isolation factor S31 confirm that the coupling 

functionality is working in the frequency range of 1.1 GHz to 1.65 GHz 

(channel (1)). The coupling factor is around -25 dB at 1.3 GHz. The isolation 

factor is around -45 dB at 1.3 GHz. In Fig. 4.15b, the measured coupling 

factor S42 and isolation factor S32 confirm that the coupling functionality is 

working in the frequency range of 3.25 GHz to 4.25 GHz (channel (2)). The 

coupling factor is around -17 dB and the isolation factor is around -24 dB at 

3.5 GHz.  

4.2.4 SAR Measurements and Estimated Radiometric Antenna 

Efficiency 

The purpose of the specific absorption rate (SAR) measurement is to 

estimate the radiometric efficiency of the spiral antenna-coupler. The SAR 

measurement can be done by measuring the temperature distribution inside 

the phantom when the antenna is transmitting high power signal to heat up 

the load in specific time duration. The relationship between the SAR and the 

measured temperature is described by [49] 

𝑆𝐴𝑅 = 𝐶ℎ
𝑑𝑇

𝑑𝜏
 (4.11)

Where Ch is the heat capacity J·kg-1·K-1 of the load material above the 

antenna, and dT is the rise of the temperature during a certain time interval 

of heating dτ. Fig. 4.16 shows the SAR measurement setup. 

Fig. 4.16: SAR measurement setup. 
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As shown in Fig. 4.16, a noise source HP 364C was used with the gain block 

subsystems, which will be designed section 5.2.1 and 5.2.2 (from both 

channels) and a power amplifier Model 106G4A from Amplifier Research 

to generate a high power (8W), bandpass filtered noise signal. To measure 

the temperature profile of the phantom surface, a thermal camera (PCE-TC 

31, PCE Instruments) with 160 x120 pixels was installed, as shown in 

Fig. 4.17. Two layers of floral foam were used to capture the temperature 

profile at the interface between the two layers. 

 

 

Fig. 4.17: Realized SAR measurement setup. 

The SAR measurement procedure is started by heating up the two layers of 

floral foam for time interval of 60 s. At the end of the heating time, the noise 

source is switched off, and then there is a delay of 4 s for uncovering the 

considered layer and capturing the thermal image using the installed camera. 

After that, the two layers are cooled down to room temperature. The 
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Coupler 
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procedure is repeated sequentially for both system channels. Fig. 4.18 shows 

the thermal images after heating the floral foam. 

 

Fig. 4.18: Thermal images for both system channels. 

For estimating the SAR patterns, all thermal image data sets are imported 

into COMSOL Multiphysics. Fig. 4.19 shows the simulated and estimated 

SAR patterns between the first and second layers of the foam in the 

frequency bands of both channels. 

 

 

(a) 

 

(b) 

Fig. 4.19: SAR distributions for both system channels, (a) Simulated SAR, 

(b) Estimated SAR from the measured thermal images. 
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The experimentally determined SAR patterns are used to find the parameters 

of 3-D exponential functions by fitting [48]. Assuming the same observed 

object inside the phantom (see Fig. 4.11), the radiometric efficiency is 

calculated according to Eq. (3.11). Fig. 4.20 shows the estimated radiometric 

efficiency from the simulated SAR results for both channels for a target size 

of 10 mm in depth of 10 mm inside the saline solution model. 

 

 

Fig. 4.20: Estimated radiometric efficiency from simulated model. 

It can be seen that the maximum radiometric efficiency is achieved in the 

frequency ranges for both system channels. To estimate the radiometric 

efficiency from the measured SAR distributions, its needs to generate 3D 

SAR distributions. This can be done by using 3D exponential functions [48]. 

Fig. 4.21 shows the fitting data of the measured SAR distributions. 

 

 

Channel (1) Channel (1) 

(a) 



 

55 

 

  

 

 

Fig. 4.21: Fitting data of the measured SAR distributions, (a) x-axis and z-axis data at 

1.3 GHz for channel (1), (b) x-axis and z axis data at 3.5 GHz  for 

channel (2). 

The estimated radiometric efficiency from the measured SAR results is 

extracted for different target sizes and different depths inside the phantom. 

By using the Eq. 3.12, the radiometric antenna temperature contrast TA can 

be calculated. Table 4.1 shows the results of the radiometric efficiency and 

radiometric antenna temperature contrast TA with the internal temperature 

contrast Tt of 5 K for both system channels. 

Table 4.1: Estimated radiometric efficiency and radiometric antenna temperature 

contrast from measured SAR data 

Target 

radius  

(mm) 

Distance 

depth (mm) 

Channel (1) Channel (2) 

Radiometric 

efficiency for 

channel (1) 

(%) 

TA (mK) for 

(Tt=5 K) 

Radiometric 

efficiency for 

channel (2) 

(%) 

TA (mK) for 

(Tt=5 K) 

3 
5 0.72 36 2.27 113.5 

10 0.4 20 0.15 7.5 

5 
10 1.39 69.5 1 50 

15 0.57 28.5 0.09 4.5 

10 

15 1.88 94 0.18 9 

20 0.57 28.5 0.007 0.35 

Channel (2) Channel (2) 

(b) 
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4.3 Design of Low Noise Amplifiers 

The low noise amplifier (LNA) is the most critical component in the front-

end of the radiometer system, because it is responsible to control the total 

noise figure and the gain of the radiometer system. The SKY67151-396LF 

low noise active device from Skyworks was selected to design the low noise 

amplifier for both channels of the radiometer system. The SKY67151-396LF 

is a GaAs low noise amplifier in pHEMT technology (pseudomorphic High 

Electron Mobility Transistor) with an integrated active bias network, which 

is realized in a 2 x 2 mm, 8 pin Dual Flat No-Lead (DFN) package [50], as 

shown in Fig. 4.22.   

 

 

Fig. 4.22: SKY67151-396LF DFN package [50]. 

The low noise amplifier circuit is constructed with the designed GCPW 

(Section 4.1). In the first step of the design procedure, the multi-layered co-

simulation models of the SKY67151-396LF device are constructed using 

Advanced Design System (ADS) software from Keysight. As shown in 

Fig. 4.23 and 4.24, the simulation models consist of the active transistor 

model (Blackbox model [51]), the footprint layout of the transistor with via 

holes models, the lumped components of the bias circuit, and the DC block 

capacitors which are connected in the input and output ports of the model. 

The purpose of the simulation model is to determine the optimum input Zopt1 

and the optimum output Zopt2 impedances of the SKY67151-396LF device, 

which gives the lowest noise figure in the frequency range of interest. The 

lumped components of the bias circuit are also optimized to get the optimum 

impedances of the SKY67151-396LF device. Furthermore, the simulation 

model is used to check the stability condition of the SKY67151-396LF 

device. The transistor model is operated at a bias point of VDD =5V and a 

drain current of IDD =70 mA for both simulation models. 
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Fig. 4.23: Simulation model SKY67151-396LF device for the channel (1). 

 

Fig. 4.24: Simulation model SKY67151-396LF device for the channel (2). 

Fig. 4.25 shows the simulated results of the SKY67151-396LF device model 

for the channel (1). At 1.3 GHz, the input impedance is 7.049 Ω+j0.391 Ω, 

and the output impedance is 61.6 Ω+j39.378 Ω. The stability factor is greater 

than unity i.e. the transistor is unconditionally stable. 
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Fig. 4.25: Simulation results of SKY67151-396LF device for the channel (1). 

Fig. 4.26 shows the simulated results of the SKY67151-396LF device model 

for the channel (2). At 3.5 GHz, the input impedance is 18.042 Ω-j10.554 Ω, 

and the output impedance is 47.657 Ω+j3.012 Ω. The stability factor is 

greater than unity i.e. the transistor is unconditionally stable. 

 

 

Fig. 4.26: Simulation results of SKY67151-396LF device for the channel (2). 

freq=1.300GHz 
real(Zopt1)=7.049 
imag(Zopt1)=0.391 

real(Zopt1)=7.049 
 

freq=1.300GHz 
real(Zopt2)=61.601 
imag(Zopt2)=39.378 
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freq=3.500GHz 
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According to the simulated results of the input and output impedance of the 

device, the next step of the design procedure is to design the input and the 

output matching networks of the low noise amplifier for both channels. 

 

4.3.1 LNA Design for the Channel (1) 

After extracting the optimum input and output impedances of the device 

model, the input and output matching networks of the low noise amplifier 

are designed and optimized to get the lowest noise figure in the frequency 

band of the channel (1). As shown in Fig. 4.27, the simulation model of the 

complete circuit of the LNA model is built for the channel (1). Table 4.2 

shows the values of all lumped components. 

 

 

Fig. 4.27: Simulation model of the LNA circuit for the channel (1). 
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Table 4.2: Values of lumped components for the LNA circuit in the channel (1). 

Component Symbol Value Units Manufacturer Circuit Function 

C1 33 pF Murata 

Input Matching Network of LNA C2 0.8 pF Murata 

L1 2 nH Coilcraft 

C3 47 pF Murata 

Bias Network of LNA 

C4 1 nF Murata 

C5 10 nF Murata 

C6 22 nF Murata 

C7 100 pF Murata 

L2 12 nH Coilcraft 

L3 9 nH Coilcraft 

R1 10 kΩ Vishay 

C8 2.2 pF Murata 
Output Matching Network of LNA 

C9 0.8 pF Murata 

 

As shown in Fig. 4.28, the designed LNA model is fabricated to measure the 

S-parameters and the noise figure. The input and output ports of the LNA are 

constructed with SMA end launch connectors, which are needed to connect 

the designed module to the measurement equipment. All SMD components 

are selected in 0402 size. 

 

 

Fig. 4.28: Fabricated LNA circuit for the channel (1). 

24 mm 

20 mm 
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The S-parameters of the fabricated LNA are measured using a vector 

network analyzer E5071C from Agilent. Fig. 4.29 shows the comparison of 

the measured and simulated S-parameters for the LNA circuit in the channel 

(1). 

 

 

 

 

Fig. 4.29: (a) S11, (b) S22, (c) S21, (d) S12, (e) Stability factor of the LNA circuit for the 

channel (1). 

As shown in Fig. 4.29, the measured and simulated S-parameters show the 

fabricated LNA circuit has input reflection coefficient S11 less than -8 dB and 

the output reflection coefficient S22 less than -8 dB in the frequency range of 

1.1 GHz to 1.65 GHz. The gain S21 is higher than 20 dB and the isolation S12 

is less than -30 dB. The measured and simulated S-parameters proved that 

(a) 
(b) 

(c) (d) 

(e) 
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the fabricated LNA is unconditionally stable and the stability factor is greater 

than unity. 

 

Fig. 4.30: Measured and simulated noise figure of the LNA circuit for channel (1). 

The noise figure of the fabricated LNA is measured using a signal analyzer 

FSV30 from Rohde & Schwarz. As shown in Fig. 4.30, the measured and 

simulated noise figure varies from 0.48 dB to 0.64 dB in the frequency range 

of 1 GHz to 1.7 GHz. 

 

4.3.2 LNA Design for the Channel (2) 

Similar to the LNA design in the channel (1), the input and output matching 

networks of the low noise amplifier are designed and optimized to get the 

lowest noise figure in the frequency band of the channel (2). Fig. 4.31 shows 

the simulation model of the complete circuit of the LNA model for the 

channel (2). Table 4.3 shows the values of all lumped components. 
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Fig. 4.31: Simulation model of the LNA circuit for the channel (2). 

Table 4.3: Values of lumped components for the LNA circuit in the channel (2). 

Component Symbol Value Units Manufacturer Circuit Function 

C1 1.3 pF Murata 

Input Matching Network of LNA 
C2 0.7 pF Murata 

L1 2.7 nH Coilcraft 

C3 6 pF Murata 

C4 100 pF Murata 

Bias Network of LNA 

C5 10 nF Murata 

C6 10 pF Murata 

C7 1 nF Murata 

L2 9 nH Coilcraft 

L3 1 nH Murata 

R1 9 kΩ Vishay 

C8 100 pF Murata 
Output Matching Network of LNA 

C9 0.6 pF Murata 

 

As shown in Fig. 4.32, the designed LNA model is fabricated to measure the 

S-parameters and the noise figure. The input and output ports of the LNA are 

constructed with SMA end launch connectors which are needed to connect 
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the designed module to the measurement equipment. All SMD components 

are selected in 0402 size. 

 

 

Fig. 4.32: Fabricated LNA circuit for the channel (2). 

The S-parameters of the fabricated LNA are measured using a vector 

network analyzer E5071C from Agilent. Fig. 4.34 shows the comparison of 

the measured and simulated S-parameters for the LNA circuit of the channel 

(2). 
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Fig. 4.33: (a) S11, (b) S22, (c) S21, (d) S12,(e) Stability factor of the LNA circuit for the 

channel (2). 

As shown in Fig. 4.33, the measured and simulated S-parameters show the 

fabricated LNA circuit has an input reflection coefficient S11 less than -8 dB 

and an output reflection coefficient S22 less than -6 dB in the frequency range 

of 3.25 GHz to 4.25 GHz. The gain S21 is higher than 15 dB and the isolation 

S12 is less than -25 dB. The measured and simulated S-parameters proved 

that the fabricated LNA is unconditionally stable and the stability factor is 

greater than unity in the frequency range of 3.25 GHz to 4.25 GHz. 

 

Fig. 4.34: Measured and simulated noise figure of the LNA circuit for the channel (2). 

The noise figure of the fabricated LNA is measured using a signal analyzer 

FSV30 from Rohde & Schwarz. As shown in Fig. 4.34, the measured and 

simulated noise figure varies from 0.7 dB to 0.95 dB in the frequency range 

of 3.25 GHz to 4.25 GHz. 

(e) 
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4.4 Bandpass Filters Design 

To avoid interference signals by the radiometer system, the bandpass filters 

should be designed with high rejection performance and low transmission 

loss bandpass performance. Additionally, for high gain microwave receiver 

design, the input and the output reflection coefficients of the filter should be 

very low to avoid any oscillations between the amplification units. 

Therefore, two bandpass filters are designed, realized, and characterized for 

both radiometer channels. 

 

4.4.1 Bandpass Filter Design for the Channel (1) 

In the channel (1) of the radiometer system, the bandpass filter is designed 

by using a ceramic filter from Johanson Technology (1400BP41A0500 ). For 

improving the filter rejection performance, two stages of notch filters are 

added the input and the output of the bandpass filter. As shown in Fig. 4.35, 

a co-simulation model in ADS software was built to optimize the lumped 

element components of the added notch filters to get the best performance of 

the bandpass filter. Table 4.4 shows the values of the lumped components. 

 

 

Fig. 4.35: Simulation model of the bandpass filter in the channel (1). 

Table 4.4: Values of lumped components for the bandpass filter in the channel (1) 

Component Symbol Value Units Manufacturer Circuit Function 

C1=C4 5.4 pF Murata 

Bandpass filter 
C2=C3 1.5 pF Murata 

L1=L4 1 nH Coilcraft 

L2=L3 6.2 nH Coilcraft 
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As shown in Fig. 4.36, the designed bandpass filter circuits are fabricated 

with and without notch filters (only filter chip) to measure the S-parameters 

for both circuits.  All SMD components are selected in 0402 size. 

 

       

Fig. 4.36: Fabricated bandpass filters for the channel (1), (a) without notch filter (only 

filter chip), (b) with notch filters. 

The S-parameters of the fabricated bandpass filers are measured using a 

vector network analyzer E5071C from Agilent. Fig. 4.37 shows the 

comparison of the measured and simulated S-parameters for fabricated 

bandpass filters in the channel (1). 

 

 

Fig. 4.37: Simulated and measured S-parameters of the fabricated bandpass filter for the 

channel (1) (a) S11, (b) S21. 

The comparison of the S-parameters results proved that the added notch 

filters improved the performance of the bandpass filter. It can be seen that 

the stopband attenuation is higher by 20 dB in the frequency ranges of 1.75 

GHz to 1.9 GHz and 0.7 GHz to 0.95 GHz. The reflection coefficient is less 

-10 dB in the frequency range of 1.12 GHz to 1.7 GHz. Because of adding 

the notch filters, the transmission loss is higher by -1.4 dB in the frequency 

range of 1.12 GHz to 1.7 GHz. The measured 3 dB bandwidth is around 

570 MHz. 

(a) (b) 

(a) 
(b) 

22 mm 

20 mm 

26 mm 

20 mm 
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4.4.2 Bandpass Filter Design for the Channel (2) 

In the channel (2) of the radiometer system, the bandpass filter is designed 

by using a ceramic filter from Johanson Technology (3600BP15M600E). 

For improving the filter rejection performance, two stages of the notch filters 

are added to the input and the output of the bandpass filter. As shown in Fig. 

4.38, a co-simulation model in ADS software was built to optimize the 

lumped element components of the added notch filters to get the best 

performance of the bandpass filter. Table 4.5 shows the values of the lumped 

components. 

 

 

Fig. 4.38: Simulation model of the bandpass filter in the channel (2). 

Table 4.5: Values of lumped components for the bandpass filter in the channel (2) 

Component Symbol Value Units Manufacturer Circuit Function 

C1=C2 3 pF Murata 

Bandpass filter L1=L2=L5=L6 1 nH Coilcraft 

L3=L4 4.7 nH Coilcraft 

 

As shown in Fig. 4.39, the designed bandpass filter circuits are fabricated 

with and without notch filters (only filter chip) to measure the S-parameters 

for both circuits.  All SMD components are selected in 0402 size. 
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Fig. 4.39: Fabricated bandpass filters for the channel (2), (a) without notch filter (only 

filter chip), (b) with notch filters.  

The S-parameters of the fabricated bandpass filters are measured using a 

vector network analyzer E5071C from Agilent. Fig. 4.40 shows the 

comparison of the measured and simulated S-parameters for fabricated 

bandpass filers in the channel (1). 

 

  

Fig. 4.40: Simulated and measured S-parameters of the fabricated bandpass filter for the 

channel (2) (a) S11, (b) S21. 

The comparison of the S-parameters results proved that the added notch filter 

improved the performance of the bandpass filter. It can be seen that the 

stopband attenuation is higher by 20 dB in the frequency range of 0.8 GHz 

to 2.5 GHz. The reflection coefficient is less -10 dB in the frequency range 

of 3.25 GHz to 4.25 GHz. Because of adding the notch filters, the 

transmission loss is higher than -1.9 dB in the frequency range of 3.25 GHz 

to 4.25 GHz. The measured 3dB bandwidth is around 1.2 GHz. 
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4.5 Three-Way Noise Source 

In the configuration of the stabilization technique, three reference noise 

signals should be used in the radiometer system as discussed in section 3.3.1. 

Therefore, it is needed to build a noise source which has the ability to 

generate three reference noise signals with different power levels. Usually, 

there are two kinds of noise sources: active and passive noise sources. Any 

device or component that delivers noise power at a constant level over its 

temperature without the use of external power can be defined as a passive 

noise source. The simplest passive noise source is a matched 50 Ω load. This 

type of a noise source can be used only when the internal temperature of the 

radiometer is below the physical temperature 290 K. In active noise sources, 

(solid-state noise sources), mainly Zener diodes are used to generate noise 

up to 40 GHz. The output level of noise sources is simultaneously on the 

entire frequency range, i.e. the level is defined in dBm/Hz. In other definition 

[55], the term commonly used to characterize the power delivered by a noise 

source is the excess noise ratio, ENR, which is the ratio  of the output noise 

between the ON and OFF state of the diode in decibel. It is defined as 

 

 𝐸𝑁𝑅(𝑑𝐵) = 10log (
𝑇𝑁
𝑇𝑜

− 1) (4.12) 

 

where TN is the noise temperature of the source (ON state) and To is the 

physical temperature 290 K (OFF state). 

A simple noise source can be designed by a reverse biased Zener diode 

connected to a dc blocking capacitor as shown in Fig. 4.41. 

 

 

Fig. 4.41: Schematic of active noise source. 
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In the first step of the design, the diode NC305 from Noisecom is selected, 

which has ability of generating 29 to 34 dB of ENR in the frequency range 

of 10 MHz to 11 GHz. 

A resistive power splitter is designed to split and attenuate the power of the 

noise source. Three stages of a two-way Owen splitter are used in the design 

of the three-way noise source. Fig. 4.42, shows the schematic of the two-way 

Owen splitter which consists of four resistors (68 Ω and 100 Ω).  

 

Fig. 4.42: Schematic of two-way Owen splitter. 

The schematic of the design was simulated using ADS software to evaluate 

the S-parameters of the splitter. The transmission loss between the input port 

and the output ports of the splitter is -9.6 dB and the isolation between the 

output ports is -19.2 dB. All splitter ports are matched to 50 Ω with reflection 

coefficient of less than -20 dB, as shown Fig 4.43. 

 

  

(a)                                                                   (b) 

Fig. 4.43: Simulated S-parameters of a two-way Owen splitter (a) S11, S22, and S33,        

(b) S21, S31, and S32. 
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The Owen power splitter was fabricated with 0402 chip resistors and 50 Ω 

GCPW interconnection transmission lines. Fig. 4.44 shows the fabricated 

Owen splitter. 

 

 

Fig. 4.44: Fabricated two-way Owen splitter. 

Fig. 4.45 shows the measured S-parameters of the fabricated Owen splitter. 

The measured transmission loss of the output ports S21, S31 are around -9.6 

dB with isolation S32 of -20 dB. The measured reflection coefficients of all 

ports are less than -10 dB in the frequency range of 1 GHz to 5 GHz. 

 

  

(a)                                                        (b) 

Fig. 4.45: Measured S-parameters of the fabricated Owen splitter(a) S11, S22, and S33,        

(b) S21, S31, and S32. 

After selecting the noise diode and designing the power splitter, the three-

way noise source has been constructed by connecting the noise source with 

three stages of two-way Owen splitter and three chip attenuators from IMS 

Input 

Output 1 Output 2 

30 mm 

26 mm 
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to generate three reference noise signals. The chip attenuators are used to 

match the impedance of the noise diode to 50 Ω and to reduce as low as 

possible the reflection coefficient between the noise source and the power 

splitters. Fig. 4.46 shows the schematic of the three-way noise source. 

Table 4.6 shows the values of all lumped components in the three-way noise 

source. 

 

Fig. 4.46: Schematic of the three-way noise source. 

Table 4.6: Values of lumped components for the three-way noise source circuit. 

Component Symbol Value Units Manufacturer Circuit Function 

C1 1 nF Murata 

Bias Network of noise diode 

C2 10 nF Murata 

C3 820 pF Murata 

L1 8.2 nH Coilcraft 

R1 1.8 kΩ Vishay 

R2=R3=R4 16.5 Ω Vishay 

R5=R6=R11=R12=R13=

R14 
68 Ω Vishay 

Attenuation and power splitter 
R7=R8=R9=R10=R15=

R16 
100 Ω Vishay 

Atten_1=Atten_2 1.5 dB IMS 

Atten_3 8 dB IMS 

(Port 1) 

(Port 2) 

(Port 3) 



 

74 

 

 

In the bias circuit of noise source, three resistors (R2, R3, and R4) are used to 

reduce the intrinsic parasitic capacitance of the chip resistors. The values of 

two capacitors (C1 and C2) are selected carefully to block any RF signals, 

which might be interfered the noise source. 

As shown in Fig. 4.47, the three-way noise source is fabricated to measure 

the ENR at all three output ports. The output ports of the noise source are 

constructed with SMA end launch connectors, which is needed to connect 

the designed module to the measurement equipment. All SMD components 

are selected in 0402 size. 

 

 

Fig. 4.47: Fabricated three-way noise source. 

To measure the excess noise ratio ENR of an uncalibrated noise source, the 

Y-factor method can be performed using a signal analyzer FSV30 from 

Rohde & Schwarz and the calibrated noise source (HP346C) [49]. In the first 

step of the ENR measurement, the Y-factor of the calibrated noise source Ycs 

(Pn_ON / Pn_OFF) is determined by measuring the noise power of the calibrated 

noise source when it is ON and OFF states. In this case, the temperature 

TFSV30 of the FSV30 signal analyzer is determined by [49] 

 𝑇𝐹𝑆𝑉30 =
𝑇𝑁𝑐𝑠 − 𝑇𝑜𝑌𝑐𝑠
𝑌𝑐𝑠 − 1

 (4.13) 

Where TNcs is noise temperature of the calibrated noise source, To is physical 

temperature of 290 K. 

In the second step of the ENR measurement, the Y-factor of the uncalibrated 

noise source Yucs (Pn_ON /Pn_OFF) is determined by measuring the noise power 

of the uncalibrated noise source when it is in ON and OFF states. The noise 

temperature of the uncalibrated noise source can be obtained by [49] 

Port 1 

Port 2 

Port 3 

Noise Diode 

43 mm 

18 mm 
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𝑇𝑁𝑢𝑐𝑠 = 𝑌𝑢𝑐𝑠𝑇𝑜 + (𝑌𝑢𝑐𝑠 − 1)𝑇𝐹𝑆𝑉30 

(4.14) 

According to Eq. 4.12, the ENR of the uncalibrated noise source is given by 

 𝐸𝑁𝑅𝑢𝑐𝑠 = 10log (
𝑇𝑁𝑢𝑐𝑠
𝑇𝑜

− 1) (3.15) 

Fig. 4.48 shows the measured ENR of all three output ports of the fabricated 

noise source for different bias currents Idc (9 mA, 10 mA, and 12 mA). 

 

 

 

 

 

 

(a) 

(b) 
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Fig. 4.48: Measured ENR of all output ports in the fabricated noise source for different 

bias currents (9 mA, 10 mA, and 12 mA) (a) Port 1, (b) Port 2, (c) Port (3). 

According to the measured ENR, the three-way noise source has more stable 

noise when the bias current is 10 mA. For the first port, when the noise diode 

is biased with 10 mA, the ENR is around 5 dB in the frequency range of 1 

GHz to 2 GHz, while the ENR is around 4.5 dB in the frequency range of 3 

GHz to 4.5 GHz. For the second and third ports, when the noise diode is 

biased with 10 mA, the ENR is around -1 dB in frequency range of 1 GHz 

to 2 GHz, while the ENR is around -1.45 dB in the frequency range of 3 GHz 

to 4.5 GHz. 

4.6 Design of Power Detector  

The power detector is an essential part in the microwave radiometer system, 

because it is used to convert the RF signal, which comes from the receiver 

into a DC voltage. The power detector is used to detect small signals in the 

range from -50 dBm up to -15 dBm for a frequencies up to 5 GHz. The power 

detector can be designed by using one Schottky diode or more, which 

connected in parallel with a bypass capacitor and load resistors. 

To design the power detector, two zero bias Schottky diodes HSMS 2852 

from Broadcom were selected, which have high voltage sensitivity up to 

50 mV/µW. The zero bias Schottky diodes were integrated in a SOT-23 

package. In the design of the detector, two Schottky diodes are used. They 

are connected in parallel for reducing the impedance of Schottky diode and 

for doubling the output voltage of detector. The design of detector is known 

as voltage doubler circuit. To amplify the output signal of the detector, an 

(c) 
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active low-pass filter with amplification is designed using ultra-low noise, 

zero drift operational amplifier ADA4528-1 from Analog Devices, which 

needs only a single 2.5 V supply. Fig. 4.49 shows the schematic of the power 

detector. Tables 4.7 and 4.8 show the values of the lumped components for 

the power detector in both channels. 

 

Fig. 4.49: Schematic of the power detector. 

Table 4.7: Values of lumped components for the power detector in the channel (1). 

Component Symbol Value Units Manufacturer Circuit Function 

C1 220 pF Murata(0805) 

Power Detector 

C2 39 pF Murata(0402) 

C3 1 nF Murata(0805) 

L1 5.6 nH Coilcraft(0402) 

L2 20 nH Coilcraft(0402) 

R1 100 kΩ Vishay(0805) 

R2 0 Ω Vishay(0402) 

Active lowpass filter 
R3 2 kΩ Vishay(0805) 

R4 110 Ω Vishay(0805) 

C3 10 µF Murata(0805) 

 

For the channel (1), the voltage DC gain of operational amplifier is set to 19 

and for the channel (2), the voltage DC gain of operational amplifier is set 

to 5. For both channels, the analog integration time is set to 1 msec. 
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Table 4.8: Values of lumped components for the power detector in the channel (2). 

Component Symbol Value Units Manufacturer Circuit Function 

C1 220 pF Murata(0805) 

Power Detector 

C2 39 pF Murata(0402) 

C3 1 nF Murata(0805) 

L1 5.6 nH Coilcraft(0402) 

L2 20 nH Coilcraft(0402) 

R1 100 kΩ Vishay(0805) 

R2 0 Ω Vishay(0402) 

Active lowpass filter 
R3 2 kΩ Vishay(0805) 

R4 510 Ω Vishay(0805) 

C3 2 µF Murata(0805) 

 

 

Fig. 4.50: Fabricated power detector. 

The power detectors for both channels are fabricated to measure the voltage 

sensitivity. Fig. 4.50 shows the fabricated power detector. 

 

 

35 mm 

25 mm 
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Fig. 4.51: Voltage sensitivity measurement setup. 

Fig. 4.51 shows the voltage sensitivity measurement setup for the fabricated 

power detector. In the measurement setup, a filtered noise signal is generated 

using a noise source and the fabricated gain blocks and bandpass filters from 

the radiometer system. A variable attenuator is used to sweep the power of 

the noise signal from -70 dBm to -10 dBm with a step of 2 dBm. 

Additionally, a 3 dB power divider is used to split the noise power equally 

between the measured detector and the power meter, which is used to 

measure  instantaneously the input noise power of the analyzed detector. 

 

 

Fig. 4.52: Measured voltage sensitivity of the fabricated detector for channels (1) 

and (2). 

Fig. 4.52 shows the measured voltage sensitivity of the fabricated detector. 

In the channel (1), the detector has a voltage sensitivity of 1.4 V/µW. In the 

channel (2), the detector has a voltage sensitivity of 1.33 V/µW. The 

measured detector data is inserted in the software of the radiometer back-end 

to retrieve the power of the radiometer output noise signals. 

Variable 

Attenuator 
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Chapter 5 

Design and Verification of Radiometer Subsystems 

  

 

Before assembling and integrating all components to a complete design, 

the proposed radiometer system has been fabricated into subsystem units to 

verify and characterize the estimated overall system performance, as well 

as, to study the mutual effects between the components of the radiometer 

system.  

5.1 Switched Low noise Amplifier Modules 

The noise signal received by the antenna coupler module has very low 

power and it needs to be amplified by using an amplifier with high stable 

gain and ultra-low noise figure. According to Eq. 2.8, the switched low 

noise amplifier modules are mainly influencing the total system noise 

figure, because they are designed as the first stages in the chain of the  

designed radiometer system. This module consists of two identical low 

noise amplifiers and a microwave switch, which is cascaded with the low 

noise amplifiers. The designed low noise amplifiers, presented in 

Section 4.3, are realized in this module and the switch HMC1118 from 

Analog Devices is selected and realized with the low noise amplifiers for 

both system channels to switch between the noise signals received from the 

antenna and the reference noise source respectively. 
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Fig. 5.1: HMC1118 switch package [52]. 

The HMC1118 switch is a non-reflective single-pole, double-throw 

(SPDT) switch realized in lead frame chip scale package (LFCSP). The 

switch has a very low transmission loss of -0.7 dB at 8 GHz, and a high 

isolation of less than 48 dB at 8 GHz. All three ports of the switch are 

internally matched to 50 Ω with a reflection coefficient of less -20 dB [52]. 

As shown in Fig. 5.1, the configuration of the switch has two terminations 

of 50 Ω, which are needed to terminate the output ports of the switch when 

they are in the off-state. The operation of the switch requires a supply 

voltage of VDD = 2.5 V for biasing and a control voltage of VCTRL = 0 V or 

VCTRL = 2.5 V for controlling the switch. Table 5.1 shows the control table 

of the switch operation. 

Table 5.1: Control table of the switch. 

Control Voltage 

VCTRL (V) 

HMC1118 Switch Operation 

RFC to RF1 RFC to RF2 

2.5 ON OFF 

0 OFF ON 
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5.1.1  Switched LNAs Module for Channel (1) 

The HMC1118 switch and two identical models of designed LNA in (see 

Section 4.3.1) are constructed and implemented on one printed circuit 

board (PCB) for this module. The designed LNA used the amplifier 

SKY67151 from Skyworks. As shown in Fig. 5.2, the schematic of the 

module shows the required lumped elements of the LNA and the switch 

circuit. The module needs two 5 V bias supplies for the LNA models, 

2.5 V bias supply for the switch and the switching control signal (0/2.5V) 

to control the switch. Table 5.2 shows the values of all lumped component. 

 

 

Fig. 5.2: Schematic of switched LNA module for channel (1). 

Table 5.2: Values of lumped components for switched LNA module in channel (1). 

Component Symbol Value Units Manufacturer Circuit Function 

C1=C12 33 pF Murata 

Input Matching Network of LNA C2=C13 0.8 pF Murata 

L1=L6 2 nH Coilcraft 

C3=C11 47 pF Murata 

Bias Network of LNA 

C4=C10 1 nF Murata 

C5=C14 10 nF Murata 

C6=C18 22 nF Murata 

C7=C17 100 pF Murata 
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L2=L5 12 nH Coilcraft 

Bias Network of LNA 
L3=L4 9 nH Coilcraft 

R1=R4 10 kΩ Vishay 

R2=R3 0 Ω Vishay 

C8=C16 2.2 pF Murata 
Output Matching Network of LNA 

C9=C15 0.8 pF Murata 

C19=C20 100 pF Murata 
Bias Network of Switch 

R5 1 kΩ Vishay 

 

To fabricate the designed module, the layout is built as shown in Fig 5.3. 

The 50 Ω interconnection transmission lines between the LNA circuits and 

the switch circuit are realized as GCPW. The PCB of the complete design 

is fabricated on RO4003C substrate with a thickness of 0.203 mm.  

 

 

Fig. 5.3: Layout of the switched LNA module for channel (1). 

As shown in Fig. 5.4, the inputs of the LNAs and the output of the switch 

are constructed with SMA end launch connectors, which are needed to 

connect the designed module to the measurement equipment and the other 

subsystems. 
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Fig. 5.4: Photograph of the fabricated switched LNA module for channel (1). 

The S-parameters of the fabricated module are measured using a vector 

network analyzer E5071C from Keysight. Fig. 5.5 shows the measured 

S-parameters of the fabricated module. The solid red line with squares is 

for the first LNA, and the blue dashed line with circles is for the second 

LNA in the fabricated module. 
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Fig. 5.5:  (a) Input reflection coefficient S11, (b) Output reflection coefficient S22, (c) 

Forward transmission (gain S21) and Isolation S12 (ON state), (d) Reverse 

transmission S21
R and Isolation S12

R (OFF state), (e) Stability factor of 

switched LNAs module for channel (1). 

The measured S-parameters of the first system channel show that the 

fabricated switched LNA module has reflection coefficient less than -10 dB 

at the input port and -8 dB at output port for frequency range from 1.1 GHz 

to 1.65 GHz. In the ON state of the switch, the fabricated module has a 

gain S21 higher than 20 dB and forward isolation S12 less than -30 dB. 

Moreover, when the switch is OFF state, the reverse transmission S21
R is 

less than -20 dB and reverse isolation S12
R less than -60 dB. The measured 

S-parameters proved that the fabricated module is stable and the stability 

factor is higher than 1 in the frequency range from 0.8 GHz to 3 GHz. 

 

Fig. 5.6: Measured noise figure of the fabricated module for channel (1). 

The noise figure of the fabricated module is measured using a signal 

analyzer FSV30 from Rohde & Schwarz. As shown in Fig. 5.6, in the 

frequency range of 1 GHz to 1.7 GHz, the measured noise figure varies 

from 0.48 dB to 0.58 dB for the first LNA and from 0.55 dB to 0.7 dB for 

the second LNA. 

(e) 
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5.1.2 Switched LNAs Module for Channel (2) 

Similar to the channel (1), the HMC1118 switch and two identical of 

designed LNA in (see Section 4.3.2) are constructed and implemented on 

PCB for this module. The designed LNA used the amplifier SKY67151 

from Skyworks. As shown in Fig. 5.7, the schematic of the module shows 

the required lumped elements of the LNA and the switch circuits. The 

module needs two 5 V bias supplies for the LNA, 2.5 V bias supply for the 

switch, and the switching control signal (0/2.5V) to control the switch. 

Table 5.3 shows the values of all lumped components. 

 

Fig. 5.7: Schematic of switched LNA module for channel (2). 

Table 5.3: Values of lumped components for switched LNA module in channel (2). 

Component Symbol Value Units Manufacturer Circuit Function 

C1=C10 1.3 pF Murata 

Input Matching Network of LNA 
C2=C11 0.7 pF Murata 

L1=L6 2.7 nH Coilcraft 

C3=C12 6 pF Murata 

C4=C13 100 pF Murata 

Bias Network of LNA 
C5=C14 10 nF Murata 

C6=C18 10 pF Murata 

C7=C17 1 nF Murata 

L2=L5 9 nH Coilcraft Bias Network of LNA 
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L3=L4 1 nH Murata 

R1=R4 9 kΩ Vishay 

R2=R3 0 Ω Vishay 

C8=C16 100 pF Murata 
Output Matching Network of LNA 

C9=C15 0.6 pF Murata 

C19=C20 100 pF Murata 
Bias Network of Switch 

R5 1 kΩ Vishay 

 

To fabricate the designed module, the layout switched LNAs circuit is built 

as shown in Fig. 5.8. The 50 Ω interconnection transmission lines between 

the LNA circuits and the switch circuit are realized as GCPW. The PCB of 

the complete design is fabricated on RO4003C substrate with thickness of 

0.203 mm.  

 

 

Fig. 5.8: Layout of the switched LNA module for channel (2). 

As shown in Fig. 5.9, the inputs of the LNAs and the output of the switch 

are constructed with SMA end launch connectors which are needed to 

connect the designed module to the measurement equipment and the other 

subsystems. 
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Fig. 5.9: Photograph of the fabricated switched LNA module for channel (2). 

The S-parameters of the fabricated module are measured using a vector 

network analyzer E5071C from Keysight. Fig. 5.10 shows the measured 

S-parameters of the fabricated module. The solid red line with squares is 

for the first LNA, and the blue dashed line with circles is for the second 

LNA in the fabricated module. 
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Fig. 5.10: (a) Input reflection coefficient S11, (b) Output reflection coefficient S22, (c) 

Forward transmission (gain S21) and Isolation S12 (ON state), (d) Reverse 

transmission S21
R and Isolation S12

R (OFF state), (e) Stability factor of 

switched LNAs module for channel (2). 

The measured S-parameters of the system channel (2) show the fabricated 

switched LNA module has reflection coefficient less than -8 dB at the input 

and output ports for a frequency range from 3.25 GHz to 4.25 GHz . In the 

ON state of the switch, the fabricated module has gain S21 around 15 dB 

and forward isolation S12 less than -25 dB. Moreover, when the switch is 

OFF state, the reverse transmission S21
R is less than -20 dB and reverse 

isolation S12
R less than -55 dB. The measured S-parameters proved that the 

fabricated module is stable and stability factor is higher than 1 in the 

frequency range from 1 GHz to 6 GHz. 

 

Fig. 5.11: Measured noise figure of the fabricated module for channel (2). 

The noise figure of the fabricated module is measured using a signal 

analyzer FSV30 from Rohde & Schwarz. As shown in Fig. 5.11, in the 

frequency range of 3.25 GHz to 4.25 GHz, the measured noise figure 

varies from 0.7 dB to 0.9 dB for both LNAs. 

(e) 
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5.2 Gain Blocks 

The primary function of the gain blocks is to amplify the output noise 

signal of the switched LNA module to a level of noise power that can be 

detected by a power detector in the total power radiometer unit. This can be 

achieved by using multiple stages of high gain linear amplifiers. This kind 

of design requires passive components like attenuators or filters which are 

needed to maintain the complete subsystem in stable condition. In this 

module, the bandpass filters are designed and placed between the stages of 

the amplifiers to filter the operation frequency bandwidth of each channel 

and to protect the stability of the complete system. 

5.2.1 Gain Block for the Channel (1) 

In the channel (1), there are two gain blocks (main and secondary block) 

which are designed to amplify and filter the output noise signal of switched 

LNA module. The main gain block consists of two stages of bandpass 

filters and one stage of a very high gain amplifier. The bandpass filters 

were introduced in Section 4.4.1, which are built by using a ceramic 

bandpass filter (1400BP41A0500) from Johanson Technology. The high 

gain amplifier is designed and constructed using an amplifier 

(PMA-545G2+) from Mini-Circuits. This amplifier needs a single 5 V bias 

supply, which is internally matched to 50 Ω. Fig. 5.12 shows the schematic 

of the main gain block. Table 5.4 shows the values of all lumped 

components. 

 

 

Fig. 5.12: Schematic of the main gain block for channel (1). 
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Table 5.4: Values of lumped components for switched LNA module in channel (1). 

Component Symbol Value Units Manufacture Circuit Function 

C1=C4=C12=C14 5.4 pF Murata 

Bandpass Filter Circuit 
C2=C3=C13=C15 1.5 pF Murata 

L1=L4=L7=L9 2.7 nH Coilcraft 

L2=L3=L8=L10 6.2 nH Coilcraft 

C5=C6 100 pF Murata 

Amplifier Circuit 

C7=C9 100 pF Murata 

C8=C11 1 µF Murata 

C10 1 nF Murata 

R1 0 Ω Vishay 

 

To fabricate the main gain block, the layout is built as shown in Fig. 5.13. 

The 50 Ω interconnection transmission lines between the amplifier circuit 

and bandpass filter circuit are constructed in GCPW. The PCB of the 

complete design is fabricated on RO4003C substrate with a thickness of 

0.203 mm. 

 

 

Fig. 5.13: Layout of the main gain block for channel (1). 

As shown in Fig. 5.14, the input and the output of the fabricated gain block 

is constructed with SMA end launch connectors which are needed to 

Amplifier 
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BPF 1 BPF 2 

Output 
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connect the designed module to the measurement equipment and the other 

subsystems. 

 

 

Fig. 5.14: Photograph of the fabricated main gain block for channel (1). 

The S-parameters of the fabricated subsystem are measured using a vector 

network analyzer E5071C from Keysight. Fig. 5.15 shows the measured 

S-parameters of the fabricated main gain block. 

 

 

 

Fig. 5.15: (a) Input and output reflection coefficients S11, S22, (b) Gain S21 and isolation 

S12, (c) Stability factor of the main gain block for channel (1). 
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The measured S-parameters shows the fabricated main gain block has 

reflection coefficient less than -10 dB in the input and output ports for the 

frequency range of 1.1 GHz to 1.65 GHz. The measured gain S21 is higher 

than 27 dB and the isolation S12 less than -55 dB. The measured S-

parameters proved that the fabricated module is stable, and the stability 

factor is higher than 1 in the frequency range from 0.8 GHz to 3 GHz. 

 

 

Fig. 5.16: Measured noise figure of the main gain block for channel (1). 

The noise figure of the fabricated module is measured using a signal 

analyzer FSV30 from Rohde & Schwarz. As shown in Fig. 5.16, in the 

frequency range of 1.16 GHz to 1.6 GHz, the measured noise figure is 

around 2.5 dB. 

An additional gain block was needed to increase the total system gain for 

the channel (1). The secondary gain block consists of one stage of designed 

low noise amplifier (see Section 4.3.1) and one stage of the designed 

bandpass filter, which was introduced in Section 4.4.1. 

 

 

 

Fig. 5.17: Photograph of the fabricated secondary gain block for channel (1). 
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The secondary gain block was fabricated, as shown in Fig. 5.17. The 50 Ω 

interconnection transmission lines between the LNA circuit and bandpass 

filter circuit are constructed in GCPW. The PCB of the complete design is 

fabricated on RO4003C substrate with thickness of 0.203 mm. 

The S-parameters of the fabricated module are measured using a vector 

network analyzer E5071C from Keysight. Fig. 5.15 shows the measured 

S-parameters of the fabricated secondary gain block. 

 

 

 

Fig. 5.18: (a) Input and output reflection coefficients S11, S22, (b) Gain S21 and isolation 

S12 (c) Stability factor of the secondary gain block for channel (1). 

The measured S-parameters show the fabricated main gain has reflection 

coefficient less than -10 dB at the input and output ports for frequency 

bandwidth (1.1 GHz to 1.65 GHz) of the system channel (1). The measured 

gain S21 is almost 20 dB over the whole range and the isolation S12 less 

than -80 dB. The measured S-parameters proved that the fabricated module 

is stable, and the stability factor is higher than 1 in the frequency range 

from 0.8 GHz to 3 GHz. 
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Fig. 5.19: Measured noise figure of the secondary gain block. 

The noise figure of the fabricated module is measured using a signal 

analyzer FSV30 from Rohde & Schwarz. As shown in Fig 5.19, in the 

frequency range of 1.1 GHz to 1.6 GHz, the measured noise figure varies 

between 0.5 dB to 0.6 dB. 

5.2.2 Gain Block for the Channel (2) 

In the channel (2), the gain block consists of three stages of low noise 

amplifier and two stages of the bandpass filter. The low noise amplifiers 

are in Section 4.3.2, which are built using amplifier SKY67151 MMICs 

from Skyworks. The bandpass filters are described in Section 4.4.2, which 

are built using a ceramic bandpass filter (3600BP15M600E) from Johanson 

Technology. To keep the gain block in stable condition, a chip attenuator 

from International Manufacturing Service (IMS) is implemented between 

the second stage of the bandpass filter and the second stage of LNA. 

Fig. 5.20 shows the schematic of the gain block. Table 5.5 shows the 

values of all lumped components. 



 

 96 

 

Fig. 5.20: Schematic of the gain block for channel (2). 

Table 5.5: Values of lumped components for the gain block in channel (2). 

Component Symbol Value Units Manufacturer Circuit Function 

C1=C19=C23 1.3 pF Murata 

Input Matching Network of LNA 
C2=C20=C31 0.7 pF Murata 

L1=L12=L21 2.7 nH Coilcraft 

C3=C13=C30 6 pF Murata 

C4=C12=C28 100 pF Murata 

Bias Network of LNA 
C5=C17=C24 10 nF Murata 

C6=C15=C26 10 pF Murata 

C7=C18=C29 1 nF Murata 

L2=L11=L20 9 nH Coilcraft 

Bias Network of LNA 
L3=L10=L19 1 nH Murata 

R1=R4=R5 9 kΩ Vishay 

R2=R3=R6 0 Ω Vishay 

C8=C14=C19 100 pF Murata Output Matching Network of LNA 



 

 97 

C9=C16=C25 0.6 pF Murata 

C10=C11=C21=C22 100 pF Murata 

Bandpass Filter Circuit 

L4=L5=L16=L17 1 nH Coilcraft 

L6=L9=L13=L18 1 nH Coilcraft 

L7=L8=L14=L15 4.7 nH Coilcraft 

Attenuator 1.5 dB IMS 

 

To fabricate the gain block, the layout is built, as shown in Fig. 5.2. The 

50 Ω interconnection transmission lines between the amplifier circuit and 

bandpass filter circuit are constructed in GCPW configuration. The PCB of 

the complete design is fabricated on RO4003C substrate with thickness of 

0.203 mm. 

 

 

Fig. 5.21: Layout of the gain block for channel (2). 

As shown in Fig. 5.21, the input and the output of fabricated gain block are 

constructed with SMA end launch connectors which are needed to connect 
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the designed module to the measurement equipment and the other 

subsystems. 

 

 

Fig. 5.22: Photograph of the fabricated gain block for channel (2). 

The gain block was fabricated as shown in Fig. 5.22. The S-parameters of 

the fabricated module are measured using a vector network analyzer 

E5071C from Keysight. Fig. 5.23 shows the measured S-parameters of the 

fabricated gain block. 
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Fig. 5.23: (a) Input and output reflection coefficients S11, S22, (b) Gain S21 and isolation 

S12 (c) Stability factor of the gain block for channel (2). 

The measured S-parameters shows the fabricated gain block has reflection 

coefficient less than -6 dB in the input and output ports for frequency range 

from 3.25 GHz to 4.25 GHz of the system channel (2). The measured gain 

S21 is higher than 45 dB and the isolation S12 less than -60 dB. The 

measured S-parameters proved that the fabricated module is stable, and the 

stability factor is higher than 1. 

 

 

Fig. 5.24: Measured noise figure of the fabricated gain block of channel (2). 

The noise figure of the fabricated module is measured using a signal 

analyzer FSV30 from Rohde & Schwarz. As shown in Fig. 5.19, in the 

frequency range of 3.25 GHz to 4.25 GHz, the measured noise figure 

varies between 1.5 dB to 3 dB. 

 

 

(c) 



 

 100 

5.3 Overall Verification of Subsystems Channels 

After finishing the realization process and the performance verifications for 

all subsystems in both system channels, the overall performance 

verification can be done by connecting all fabricated subsystems. The aim 

of overall verification is to measure the total system gain, total system 

noise figure, input and output system reflection coefficients, and the 

operation frequency bandwidth.  

Fig. 5.25 shows the complete front-end of the radiometer system by 

connecting all subsystem modules. 

 

 

Fig. 5.25: Complete connected subsystems front-end for both system channels. 

To protect the complete system from interference signals, the PCBs of the 

fabricated switched LNA modules of both channels and the three-way 

reference noise source are shielded by metallic boxes as shown in 

Fig. 5.25. The gain blocks are shielded by metallic box as well. 
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5.3.1 Channel (1) 

As shown in Fig. 5.26, the block diagram of the front-end for the channel 

(1) consists of the switched LNAs and two gain blocks (main and 

secondary block). 

 

 

 

Fig. 5.26: Block diagram of the front-end for channel (1). 

The S-parameters of the front-end for the channel (1) are measured using a 

vector network analyzer E5071C from Keysight. Fig. 5.27 shows the 

measured S-parameters of the channel (1). 
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Fig. 5.27: (a) Input and output reflection coefficients S11, S22, (b) Gain S21 and isolation 

S12 (c) Stability factor of complete front-end of channel (1). 

The measured S-parameters show that the complete front-end of the 

channel (1) has reflection coefficient less than -10 dB at the input and 

output ports for frequency range from 1.1 GHz to 1.65 GHz. The measured 

total system gain S21 is around 70 dB and the isolation less S12 than -150 

dB. The measured 3dB gain bandwidth f3dB is around 550 MHz. The 

measured S-parameters proved that the fabricated module is stable, and the 

stability factor is higher than 1 in the frequency range from 0.8 GHz to 3 

GHz. 

 

 

Fig. 5.28: Measured noise figure of complete front-end of the channel (1). 

The noise figure of the fabricated module is measured using a signal 

analyzer FSV30 from Rohde & Schwarz. As shown in Fig. 5.28, in the 

frequency range of 1.1 GHz to 1.65 GHz, the measured noise figure varies 

between 0.6 dB to 0.75 dB. 
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5.3.2 Channel (2) 

As shown in Fig. 5.29, the block diagram of the front-end for the channel 

(2) consists of the switched LNAs and the gain block (three stages of LNA 

and two stages of the bandpass filter).  

 

 

 

Fig. 5.29: Block diagram of front-end for channel (2). 

The S-parameters of the front-end for the channel (2) are measured using a  

vector network analyzer E5071C from Keysight. Fig. 5.30 shows the 

measured S-parameters of the channel (2). 
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Fig. 5.30: (a) Input and output reflection coefficients S11, S22, (b) Gain S21 and isolation 

S12 (c) Stability factor of complete front-end of the channel (2). 

The measured S-parameters show that the complete front-end of the 

channel (2) has reflection coefficient less than -6 dB in the input and output 

ports for frequency range from 3.25 GHz to 4.25 GHz. The measured total 

system gain is around 60 dB and the isolation less than -80 dB. The 

measured 3dB gain bandwidth f3dB is around 1 GHz. The measured S-

parameters proved that the fabricated module is stable, and the stability 

factor is higher than 1 in the frequency range from 1 GHz to 6 GHz. 

 

 

Fig. 5.31: Measured noise figure of complete front-end of the channel (2). 

The noise figure of the fabricated module is measured using a signal 

analyzer FSV30 from Rohde & Schwarz. As shown in Fig. 5.31, in the 

frequency range of 3.25 GHz to 4.25 GHz, the measured noise figure 

varies between 0.82 dB to 1.12 dB. 

(c) 
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Chapter 6 

Radiometric Verification of Microwave Radiometer 

System  

The final step of the realization process for the complete design of the 

radiometer system is done by directly soldering the PCBs of the switched 

LNA modules for both channels to the antenna ports, as shown in Fig. 6.1a,b. 

The modules integration of the antenna-coupler and the switched LNAs aims 

to remove any passive components like connectors or cables between the 

antenna and the first stage of LNA which leads to reduce the total noise 

figure of the radiometer system. Additionally, as shown in Fig. 6.1c, the 

three-way noise source is connected to the coupling port of the antenna-

coupler module by semi-rigid coaxial cable. A 50 Ω coaxial termination is 

connected to the isolation port of the antenna-coupler module, as shown in 

Fig. 6.1b. The combination of three modules (antenna-coupler, switched 

LNA, and three-way noise source) in one structure is called the radiometric 

detection head of the microwave radiometer system. 

 

    

Fig. 6.1: Inside the radiometric detection head of the radiometer system, (a) Switched 

LNA module for channel (1), (b) Switched LNA module for channel (2), (c) 

Three-way noise source. 

(a) (b) (c) 
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A metallic conical housing structure was designed and realized to shield the 

radiometric detection head from the interference signals and to ease the 

measurement process when the radiometer system is placed over the 

observed medium. Fig. 6.2 shows the complete radiometric detection head 

of the radiometer system (the dimensions of the metallic conical housing 

structure can be found in Appendix D). 

 

 

Fig. 6.2: Radiometric detection head of the radiometer system. 

Before starting the radiometric measurements, all parts of the radiometer 

system are connected using coaxial cables, as shown in Fig. 6.3. The output 

cables of the radiometer system for both channels are connected to the 

back-end of the radiometer system (presented in Appendix C). 
 

 

Fig. 6.3: Complete realization of the microwave radiometer system. 
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6.1 System Calibration 

The purpose of system calibration is to create a connection between four 

levels of the radiometer output signal and a calibrated phantom which is 

loaded over the antenna of the radiometer system. The calibrated phantom is 

a human tissues phantom made from a plastic bag filled with 3 liters of 6 g/ℓ 

saline water solution. The internal temperature of the human tissues phantom 

was monitored by using an optical temperature sensor from OPTOCON 

(FOTEMP4) as shown Fig. 6.4. 

 

 

Fig. 6.4: Temperature calibration setup of radiometer system. 

The radiometer system was calibrated by placing the human tissues phantom 

over the radiometric detection head. Fig. 6.5 shows the measured internal 

temperature of the human tissues phantom captured by the optical 

temperature sensor during the calibration process. 
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(a) 

 

(b) 

Fig. 6.5: Measured internal temperature of the human tissues phantom captured by the 

optical temperature sensor, (a) Hot human tissues phantom, (b) Cold human 

tissues phantom. 

The radiometer system was calibrated by using cold and hot human tissues 

phantoms. The hot human tissues phantom was heated up to 33 °C, which is 

6 K higher than the room temperature (27 °C). The cold human tissues 
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phantom was cooled down to 20 °C, which is 7 K less than the room 

temperature (27 °C). The integration time of the radiometer system was set 

to 4.5 sec during the calibration process. For the hot human tissues phantom, 

Fig. 6.6 shows the measured power of four levels for the output signal of the 

radiometer system (hot antenna noise P1, cold antenna noise P2, hot reference 

noise P3, and cold reference noise P4) for both system channels. 
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(c) 

 

(d) 

Fig. 6.6:   Measured output powers of the radiometer system during the calibration process 

of the hot human tissues phantom, (a) Measured power levels P1 and P2 for 

system channel (1), (b) Measured power levels P3 and P4 for system channel 

(1), (c) Measured power levels P1 and P2 for system channel (2), (d) Measured 

power levels P3 and P4 for system channel (2). 

As shown in Fig. 6.6, both channels of the radiometer system were detecting 

the temperature reduction change of the human tissues phantom. Therefore, 
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for the channel (1), the output power levels P1 and P2 of the radiometer 

system change by 0.16 µW per 1 K (P2
 0 sec = 22.2 µW, P2

7000 sec = 21.7 µW, 

for the phantom temperature reduction range between 33.1 °C and 29.9 °C). 

For the channel (2), the output power levels P1 and P2 of the radiometer 

system changes by 47 nW per 1 K (P2
 0 sec = 6.7 µW, P2

7000 sec = 6.55 µW, for 

the phantom temperature range between 33.1 °C and 29.9 °C).  

For the cold human tissues phantom, Fig. 6.7 shows the measured power of 

four levels for the output signal of the radiometer system (hot antenna 

noise P1, cold antenna noise P2, hot reference noise P3, and cold reference 

noise P4) for both system channels. 
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(c) 

 

(d) 

Fig. 6.7: Measured output powers of the radiometer system during the calibration process 

of the cold human tissues phantom, (a) Measured power levels P1 and P2 for 

system channel (1), (b) Measured power levels P3 and P4 for system channel (1), 

(c) Measured power levels P1 and P2 for system channel (2), (d) Measured power 

levels P3 and P4 for system channel (2). 

As shown in Fig. 6.7, both channels of the radiometer system were also 

detecting the temperature rising change of the human tissues phantom. 
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Therefore, for the channel (1), the output power levels P1 and P2 of the 

radiometer system changes by 0.16 µW per 1 K (P2
 0 sec = 21.37 µW, P2

6000 sec 

= 21.69 µW, for the phantom temperature rising range between 20 °C and 

22 °C). For the channel (2), the output power levels P1 and P2 of the 

radiometer system changes by 47 nW per 1 K (P2
 0 sec = 6.5 µW, P2

6000 sec = 

6.595 µW, for the phantom temperature rising range between 20 °C and 

22 °C).  

The measured output power levels (P1, P2, P3, and P4) of the radiometer 

system can be inserted into Eq. 3.20 to retrieve the radiometric antenna 

temperature TS. For the hot human tissues phantom, Fig. 6.8 shows the 

retrieved radiometric antenna temperature of the radiometer system 

compared to the measured phantom temperature by the optical sensor. 
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(b) 

Fig. 6.8: Retrieved radiometric antenna temperature of the radiometer system for the hot 

phantom compared to the measured phantom temperature captured by the 

optical sensor, (a) for the system channel (1), (b) for the system channel (2). 

As shown in Fig. 6.8, the retrieved radiometric temperature of  the phantom 

measured by both channels of the radiometer system was decreased from 33 

°C to 31.5 °C, while the measured phantom temperature by the optical sensor 

was decreased from 33 °C to 30 °C. There is a difference of around 1.5 K in 

the phantom temperature measurements because the optical temperature 

sensor measured only at the location of the probe inside the phantom, 

whereas the radiometer system measured the average temperature of the 

sensed volume inside the phantom. 

For the cold human tissues phantom, Fig. 6.9 shows the retrieved radiometric 

antenna temperature of the radiometer system compared to the measured 

phantom temperature captured by the optical sensor. 
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(a) 

 

(b) 

Fig. 6.9: Retrieved radiometric antenna temperature of the radiometer system for the cold 

phantom compared to the measured phantom temperature captured by the 

optical sensor, (a) for the system channel (1), (b) for the system channel (2). 

 

As shown in Fig. 6.9, the retrieved radiometric temperature of  the phantom 

measured by both channels of the radiometer system was increased from 20.1 

°C to 21.9 °C, while the measured phantom temperature by the optical sensor 
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was increased from 20 °C to 22 °C. There is around 0.1 K different in the 

phantom temperature measurements because the optical temperature sensor 

measured only at the location of the probe inside the phantom, while the 

radiometer system measured the average temperature of the sensed volume 

inside the phantom. 

6.2 Radiometric Target Measurement Setup 

The approach of the biomedical measurement setup has been designed based 

on [53], as shown in Fig. 6.10. The measurement setup consists of three 

saline water baths (main bath and two secondary baths), two pumps, two 

heaters, and two thermostats. The main bath is filled by 6g/l saline water with 

a temperature of 31 °C which represents the temperature of the human skin 

tissue. The secondary baths are also filled by 6g/l  saline water with 

temperatures of 31 °C and 40 °C, respectively. The bath with higher 

temperature controls the temperature of the phantom tumor (target). The 

secondary baths have the heaters and the thermostats to set and control the 

temperature of the baths. Two pumps are connected through plastic tubes 

between the two secondary baths and the main bath, which are used to cycle 

the saline water and stabilize the temperatures inside the main bath. 
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Fig. 6.10: Radiometric measurement setup of the radiometer system. 

 

Radiometer System 
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6.3 Radiometric Target Measurements 

By using a 3D printer from Rapide Lite 200, three hollow plastic balls with 

input and output tubes are realized in different sizes as a tumor phantom 

target. Fig. 6.11 shows the printed tumor phantom targets. 

 

 

Fig. 6.11: Tumor phantom targets. 

The printed tumor phantom target was immersed inside the main bath in 

different depths over the radiometer system. Additionally, the optical 

temperature sensor has monitored the temperature the tumor phantom inside 

the main bath. Three probes of thermocouple sensors were used to monitor 

the temperature inside the main and secondary baths. The target 

measurement procedure is done by the following steps: 

1- Set the temperature at each bath. 

2- Putting the target phantom inside the main bath. 

3- Set the distance between the target phantom and radiometer system. 

4- Sweep the temperature of the target phantom by sweeping the 

temperature of the target bath. 

5- Start the measurement of the radiometric temperature. 

6- Start the measurement of the optical and thermal coupled temperature 

sensors 

7- Stop the target temperature sweep by switching off the heater inside 

target bath.  

8- Remove the target phantom from the main bath. 

 20 mm 

 10 mm 
 6 mm 



 119 

6.3.1 Phantom Tumor Target of 6 mm Diameter 

The radiometer system was tested in the radiometric measurement setup to 

detect a 6 mm diameter tumor phantom target in a depth of 8 mm inside the 

main bath, as shown in Fig. 6.12. 

 

Fig. 6.12: Tumor phantom target inside the main bath. 

During the target measurement, the temperature of the phantom tumor target 

was swept from 31 °C to 40 °C, as shown in Fig. 6.13. The target temperature 

sweep represents the internal temperature contrast (∆Tt = 9 K) between the 

target and the observed medium (main bath). The temperature of the main 

bath was kept at 31°C. 
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Fig. 6.13: Measured temperatures of the 6 mm tumor phantom target and the main bath. 

Fig. 6.14 shows the measured output power levels of the radiometer system 

for both channels. 

 

 

Fig. 6.14: Measured output power levels of the radiometer system with a 6 mm diameter 

target in a depth of 8 mm inside the main bath. 
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Fig. 6.15 shows the retrieved radiometric antenna temperature of the 

radiometer system for both channels. It can be seen clearly that the 

radiometer system detected the phantom tumor target in both two channels. 

 

 

 

Fig. 6.15: Retrieved radiometric antenna temperature of the radiometer system with a    6 

mm diameter target in a depth of 8 mm inside the main bath. 

As shown in Fig. 6.15, for the channel (1), the radiometric temperature 

contrast ∆Ts is around 0.5 K (30.3 °C – 29.8 °C) when the internal 

temperature contrast ∆Tt is around 6 K (maximum target temperature of 

40 °C). For the channel (2), the radiometric temperature contrast ∆Ts is 

around 1 K (31.5 °C – 32.5 °C) when the internal temperature contrast ∆Tt is 

8 K (maximum target temperature of 40 °C). 
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6.3.2 Phantom Tumor Target of 10 mm Diameter 

In the same procedure, the radiometer system was tested in the radiometric 

measurement setup to detect a 10 mm diameter tumor phantom target in a 

depth of 15 mm inside the main bath. The temperature of the phantom tumor 

target was swept from 31 °C to 40 °C, as shown in Fig. 6.16. The target 

temperature sweep represents the internal temperature contrast (∆Tt = 9 K) 

between the target and the observed medium (main bath). The temperature 

of the main bath was kept at 31 °C. 

Fig. 6.16: Measured temperatures of the 10 mm phantom tumor target and the main 

bath. 

Fig. 6.17 shows the measured output powers of the radiometer system for 

both channels. 
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Fig. 6.17: Measured output powers of the radiometer system with a 10 mm diameter target 

in a depth of 15 mm inside the main bath. 

Fig. 6.18 shows the retrieved radiometric antenna temperature of the 

radiometer system for both channels. It can be seen clearly that the 

radiometer system detected the phantom tumor target in both channels. 
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Fig. 6.18: Retrieved radiometric antenna temperature of the radiometer system with a  

10 mm diameter target in a depth of 15 mm inside the main bath. 

As shown in Fig. 6.18, for the channel (1), the radiometric temperature 

contrast ∆Ts is around 0.5 K (30.1 °C – 29.6 °C) when the internal 

temperature contrast ∆Tt is around 7 K (maximum target temperature of 

40 °C). For the channel (2), the radiometric temperature contrast ∆Ts is 

around 0.6 K (30.7 °C – 30.1 °C) when the internal temperature contrast ∆Tt 

is 7 K (maximum target temperature of 40 °C). 

6.3.3 Phantom Tumor Target of 20 mm Diameter 

In the same procedure, the radiometer system was tested in the radiometric 

measurement setup to detect a 20 mm diameter tumor phantom target in a 

depth of 30 mm inside the main bath. The temperature of the phantom tumor 

target was swept from 31 °C to 40° C, as shown in Fig. 6.19. The target 

temperature sweep represents the internal temperature contrast (∆Tt = 9 K) 

between the target and the observed medium (main bath). The temperature 

of the main bath was kept at 31 °C. 
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Fig. 6.19: Measured temperatures of the 20 mm phantom tumor target and the main bath. 

Fig. 6.20 shows the measured output powers of the radiometer system for 

both channels. 
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Fig. 6.20: Measured output power levels of the radiometer system with a 20 mm diameter 

target in a depth of 30 mm inside the main bath. 

Fig. 6.21 shows the retrieved radiometric antenna temperature of the 

radiometer system for both channels. It can be seen roughly that the 

channel (1) of the radiometer system has been detected the phantom tumor 

target when the internal target temperature higher than 34 °C i.e., the internal 

temperature contrast ∆Tt is higher than 4 K.  
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Fig. 6.21: Retrieved radiometric antenna temperature of the radiometer system with 

20mm diameter target in depth of 30mm inside the main bath. 

As shown in Fig. 6.21, for the channel (1), the radiometric temperature 

contrast ∆Ts is around 0.25 K (30.5 °C – 30.25 °C) when the internal 

temperature contrast ∆Tt is around 4 K (maximum target temperature of 

40 °C). For the channel (2), the radiometer system was not able to detect the 

target because the antenna has very low radiometric efficiency in the 

frequency range 3.25 GHz to 4.25 GHz for this specific target and 

penetration depth. 

Table 6.1 shows the summarized results of the radiometric target 

measurements. It can be concluded that the channel (1) of the radiometer was 

able to detect the targets, which were placed deeper inside the human tissues 

phantom, whereas the channel (2) was able to detect small size targets inside 

the human tissues phantom. 

Table 6.1: Summarized results of the radiometric target measurements. 

Target Diameter 

(mm) 

Depth 

(mm) 
Channel (1) Channel (2) 

6 8 
∆Ts =  0.5 K 

for ∆Tt = 8 K 

∆Ts =  1 K 

for ∆Tt = 8 K 
∆Ts

total
 =  1.5 K 

10 15 
∆Ts =  0.5 K 

for ∆Tt = 7 K 

∆Ts =  0.6 K 

for ∆Tt = 7 K 
∆Ts

total
 =  1.1 K 

20 30 
∆Ts =  0.25 K 

for ∆Tt = 4 K 

Target was not 

detected  
∆Ts

total
 =  0.25 K 

No 

Target Detected 
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Chapter 7 

Conclusion and Future Work 

 

7.1 Conclusion of  Research Keys 

In this research, the procedures of design, realizations, and performance 

verifications were successfully accomplished to build a microwave 

radiometer system for thermography medical applications. In comparison 

with the single frequency band radiometer systems, the multi-frequency of 

microwave radiometer system was designed with two frequency bands to 

improve the spatial resolution inside the human body. One of the essential 

system properties was achieved by designing a new concept of the passive 

stabilization technique which does not need to inject a noise signal into the 

human body. The stabilization technique was successfully designed in the 

microwave radiometer system to remove the systematic errors like gain 

variations, system temperature variations, and the reflection variations 

between the antenna and the human body. This unique technique was 

realized by introducing a novel design of Archimedean spiral antenna-

coupler. This innovative integration allowed to connect the antenna directly 

to the first stage of the low-noise amplifier in the front-end of the 

radiometer system to reduce the total noise figure. 

Additionally, the spiral antenna-coupler was successfully designed with 

dual spiral structures to get maximum radiometric antenna efficiency in 

both frequency bands (1.1 -1.65 GHz, 3.25 - 4.25 GHz) of the radiometer 

system. The integrated coupler inside the spiral antenna was designed 

under the active regions of the spiral structures to operate in both frequency 

bands of the radiometer system. The prototype of the spiral antenna-coupler 

has a reflection coefficient less than -10 dB in both frequency bands of the 

radiometer system. To estimate the radiometric antenna efficiency, SAR 

measurements were performed using a new phantom material made from 

floral foam immersed by 6 g/l saline solution. For 10 mm diameter target in 

15 mm depth inside the human body phantom, the radiometric antenna 
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efficiency was higher than 1% which gives 50 mK of radiometer antenna 

contrast when the internal temperature contrast 5 K.  

In the first level of the system development, a radiometric signal model was 

successfully constructed to derive the operation equations of the microwave 

radiometer system. The specifications of the radiometer system were 

estimated to obtain the temperature sensitivity and the radiometric antenna 

contrast to detect a specific target inside the human body. 

In the second level of the system development, the components in the front-

end of the radiometer system were successfully designed, realized, and 

verified. In the channel (1), the designed low-noise amplifier achieved a 

gain higher than 15 dB and noise figure lower than 0.9 dB. For the channel 

(2) the designed low noise amplifier was achieved gain higher than 19 dB 

and noise figure lower than 0.6 dB. The bandpass filters were designed and 

realized with adding the notch filters to improve the filtering performance 

for both channels of the radiometer system. The three-way noise source 

was successfully designed and realized with using a noise diode and three 

stages of the resistive power splitters to generate three noise signals to 

realize the stabilization technique of the radiometer system. The ENR 

measurements of the noise source were performed using the Y factor 

method. Using a Schottky diode, the power detectors were successfully 

designed and realized in voltage doubler circuit topology to enhance the 

voltage sensitivity of the detectors for both channels. 

In the third level of the system development, the radiometer subsystems 

were successfully realized and verified. For the first subsystem, the 

switched low noise amplifier modules were designed and realized to verify 

the S-parameters, gain, and noise figure performances. The gain blocks of 

both channels were also designed, realized, and verified with distributing 

the bandpass filters between the amplifier stages to keep the complete 

radiometer system in a stable condition. The overall performance 

verification of the complete radiometer system was achieved by connecting 

all fabricated subsystems. For the channel (1), the total gain is around 

70 dB, and the total noise figure is around 0.6 dB. In the channel (2), the 

total gain is 60 dB, and the total noise figure is around 0.9 dB. 

In the fourth level of the system development, the radiometric detection 

head of the radiometer system was successfully constructed in the final 

realization process . The complete radiometer system was calibrated by 

using hot and cold human body phantoms. The calibration process proved 

that the radiometer system was detecting the temperature change of the 
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human tissues phantom. The radiometric measurement setup was 

successfully constructed to verify the detectability range of the radiometer 

system inside the human body phantom. Using a 3D printer, three phantom 

targets were realized to test the radiometer system. The radiometric target 

measurements proved that the channel (1) of the radiometer was able to 

detect the targets which were placed deeper inside the phantom, whereas 

the channel (2) was able to detect small size targets inside the phantom.  

7.2 Future Work 

As future work, the system development process can be continued by 

assembling all parts of the radiometer system inside one housing to build a 

complete compact handheld equipment. This will ease to use the system for 

diagnosing real clinical cases in different medical application.  

For more improvement in the spatial resolution of the radiometer system, it 

is recommended to add a third channel with a frequency range between 

 2 GHz and 3 GHz to detect smaller target size located deeper inside the 

human body phantom. 

Combining the spiral antenna-coupler module with the first stage of the low 

noise amplifier in a multilayered structure will reduce the size of the 

radiometric detection head and the possibility of building an array of active 

spiral antenna-coupler can be realized to create a 3D image of the 

temperature profile inside the human body. 



 131 

Appendix A 

Power and Temperature Relationship 

Any radiometric antenna can be characterized by its radiation pattern F(θ,φ). 

For the blackbody radiation, the total power Pbb received by the antenna from 

all directions in the frequency range from f1 to f2 is given by [19] 

 

 𝑃𝑏𝑏 = 𝐴𝑟 ∫ ∬ 𝐵𝑓 𝐹(𝜃, 𝜙) 𝑑

4𝜋

Ω 𝑑𝑓

𝑓2

𝑓1

 (A.1) 

 

Where Ar is the receiving aperture of the antenna. The integration of the 

radiation pattern is over the complete solid angle of 4π. For the linear 

polarization antennas, the electromagnetic energy can be detected along a 

single polarization  direction  [19]. Therefore, the antenna can detect only 

half of the radiated power, which is received by its aperture. This leads to 

add a factor of 1/2  to the Eq. A.1 

 

 𝑃𝑏𝑏 =
1

2
𝐴𝑟 ∫ ∬ 𝐵𝑓 𝐹(𝜃, 𝜙) 𝑑

4𝜋

Ω 𝑑𝑓

𝑓2

𝑓1

 (A.2) 

 

For microwave frequency range, it can apply the Rayleigh-Jeans 

approximation to Eq. A.2 . The total power of the antenna becomes. 

 

 𝑃𝑏𝑏 =
1

2
𝐴𝑟 ∫ ∬

2𝑘𝑇

𝜆2
 𝐹(𝜃, 𝜙) 𝑑

4𝜋

Ω 𝑑𝑓

𝑓2

𝑓1

 (A.3) 

 

For narrow frequency bandwidth Δf=(f2−f1), the power equation can be 

simplified by  
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 𝑃𝑏𝑏 = 𝑘𝑇Δ𝑓
𝐴𝑟

𝜆2
∬  𝐹(𝜃, 𝜙) 𝑑

4𝜋

Ω (A.4) 

 

The integration of the antenna radiation pattern can be defined as a solid 

angle Ωp, which is related to to the effective receiving antenna aperture Ar 

[19] 

 

 ∬  𝐹(𝜃, 𝜙) 𝑑

4𝜋

Ω = Ω𝑝 =
𝜆2

𝐴𝑟
 (A.5) 

 

By applying the solid angle of the radiation pattern to Eq. A.4, the total 

received power of the antenna becomes 

 

 𝑃𝑏𝑏 = 𝑘𝑇Δ𝑓 (A.6) 

 

This result stated the direct relationship between the power and the 

temperature, which was derived by Nyquist in 1928. 
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Appendix B 

Medium Temperature Equation Ts 

By using the PTC Mathcad software, the temperature of the observed 

medium Ts can be extracted from the operational equations of the radiometer 

system. As shown in Fig. B.1, the steps of the medium Ts temperature 

equation solution. 
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Fig. B.1: Steps of the medium Ts temperature equation solution. 
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Appendix C 

Back-End of the Radiometer System 

 

The back-end of the radiometer system consists of two main parts: hardware 

and software parts. As shown in Fig. C.1, the hardware part consists of 

WASCO EXDUL-122 system, which includes analog IO, digital IO, analog 

to digital converter, and the USB interface. Additionally, the control circuits 

for the switching signals are included in the hardware part. The hardware and 

software parts are designed by Mr. Carl Sandhagen. The software part is 

written in Scilab. It includes three tasks: 

 

• Processing the output signal of the power detector and saving the 

measurement data for all four operation modes of the radiometer 

system which are described in Section 3.3.2. 

• Supplying and controlling the switching signals of the reference noise 

sources and the switch part of the switched LNA module for both 

channels of the system front-end. 

• Controlling the integration time of the radiometer system. 

 

 

Fig. C.1: Back-end of the radiometer system. 

Channel 1 

Channel 2 

Control circuits 

A/D converter 
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Appendix D 

Dimensions of Radiometric Detection Head 
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Fig. D.1: Dimensions of Radiometric detection head. 
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