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Abstract— Microwave radiometry is a technique used to measure and analyze thermal radiation in
the microwave frequency range. Due to the very low power levels of this radiation, it is imperative
to determine the basic design requirements and the radiometer's parameters. The article discusses
the issue of measuring the radiation power emitted by matter at temperatures above 0 K. The
design and principle of operation of a total noise power radiometer and a Dicke modulation
radiometer are presented. The design of a radiometric head for the 1.3 — 1.4 GHz band is described,
and its transmission characteristics are presented. The microwave head of the radiometer was
designed and manufactured using MMICs. The Dicke switch and the amplification path were
designed using suspended-substrate coplanar line technology. The results of a simulation test of
a microwave radiometer antenna matched to the electrical parameters of biological tissues are also
presented.

Keywords: Dicke receiver, Radiometry, Thermal radiation, Thermography

INTRODUCTION

All bodies at temperatures above 0 K emit electromagnetic radiation and absorb
electromagnetic energy from their surroundings [1]. Based on the principles of quantum theory,
M. Planck formulated a relationship describing the spectral emissive power of an ideal blackbody
EBB 1.
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where: ¢ [m/s] — speed of light, T [K] — body temperature, f [Hz] — frequency, h [J-s] — Planck
constant, k [J/K] — Boltzmann constant

For a perfectly black body, which is the Lambertian radiator, the spectral radiance %5 is related to
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its emissivity E®%7 by a relationship resulting from the quantum nature of matter in the form [2]:
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where: ds — element of the radiating surface, ¢ — the angle between the radiation direction and
the surface normal ds, @, — spectral density of radiation intensity in the direction determined by
angle ¢.

This relationship is illustrated in Figure 1. For a body at 310 K, the maximum radiation
intensity occurs at a frequency of 1.8-10% Hz (far-infrared range: 16,7 um) and is 5,65 pW/m?2-sr-Hz,
while at a microwave frequency of 3 GHz it is about 107 times smaller.
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Fig. 1. Spectral density of the energy radiance of a perfectly black body at a temperature
of 310 K.

In the low frequency range, i.e., assuming that the energy of the quantum hfis much smaller than
the average energy of the oscillator kT, Planck's formula coincides with Rayleigh—Jeans law, and
the energy radiance L%, (surface power density of radiation) of a black body in the band (fi—f) is:
o2k
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Equation (3) shows that the power of the received noise radiation depends linearly on body
temperature, allowing detection of local inflammation, for example, in biological tissues.
Microwave radiation is attenuated less in tissues than infrared radiation, enabling the detection of
pathological changes at greater depths [3-6].

Since the mid-1970s, when medical microwave radiometers were pioneering solutions [7],
microwave technique and digital technology has made intense progress. Designers incorporate the
latest technological advances into the construction of modern microwave radiometers [8 - 11].
Modern microwave radiometers are used in the following fields:
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»  Astronomy — for measuring radiation from numerous objects in our galaxy, as well as
from objects originating from other galaxies.

»  Special applications — for detecting or locating metallic objects such as mines, weapons,
etc. [12], or for monitoring the temperature of high-voltage power lines [13].

» Environmental research — in hydrology, for predicting flood risk in river areas. In
agriculture, for forecasting crop yields by assessing soil moisture. In oceanography, for
monitoring ocean surface wind speeds and determining sea surface temperature and
salinity, as well as for assessing the scale of oil-related environmental disasters. In
meteorology and climatology, it is used to monitor tropical cyclones, create rainfall maps,
create atmospheric temperature, air humidity, water vapor distribution, and determine
the condition of polar regions, particularly marine and continental ice sheets [14].

» Medical applications —the proposal to use the radiometer in the diagnosis and treatment
of breast cancer [15] is worth noting.

Microwave radiometers measure the thermal radiation emitted by physical bodies [16]. Due to
the method of measuring thermal noise power, microwave radiometers can be divided into
compensating and modulating types. In modulation radiometer system solutions, the receiver
input is switched at several hundred Hz between the antenna input and a reference signal source,
typically an electronically controlled noise source. This highlights the noise received by the antenna,
allowing it to be distinguished from the receiving system's noise and its magnitude to be
determined relative to the reference generator's known noise level.

1 SELECTED MICROWAVE RADIOMETER SYSTEMS

1.1 TOTAL POWER RADIOMETER

The basic design of a microwave radiometer (MWR) is the total power radiometer (TPR) [17].
Figure 2 shows its block diagram.

FPP —>— FDP

Antenna F

Fig. 2. Block diagram of the radiometer measuring total noise power.

The amplification of the G radiometer is determined by high-frequency amplifiers, the statistically
equivalent noise bandwidth Bs is determined by the band-pass pre-detection filter FPP, and the
equivalent noise bandwidth Bn is determined by the low-pass post-detection filter FDP. The
microwave detector is most often a square-wave diode detector. For this type of detector, the
output voltage Uwy is proportional to the measured thermal radiation power. The detector output
signal is fed to the FDP input, where its variable component is reduced. This reduction exceeds that
of the smaller Bn bandwidth. The following relationship describes the output voltage:

Uy :7(TA +Te)G (4)
where: y— proportionality constant, Ta—antenna noise temperature (quantity proportional to the
measured thermal radiation power according to (3)), Te — effective input noise temperature of the
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radiometer (quantity proportional to the internal noise power of the radiometer receiver).

Due to the random nature of the measured noise signal, the radiometer output voltage is not
constant. The standard deviation of the variable component of this voltage determines the
minimum temperature change at the input AT that the radiometer can distinguish. This value is
referred to in the literature as the radiometer's sensitivity [18].

(5)

For an ideal system in which the gain is constant, i.e., AG/G = 0, only the receiver noise determines
the sensitivity of the radiometer. If the gain changes during measurements, the radiometer's
sensitivity decreases. Depending on their magnitude, gain fluctuations can reduce the radiometer's
sensitivity by a factor of 100.

1.2 DICKE MODULATION RADIOMETER

R.H. Dicke proposed a radiometer design that reduces the impact of gain fluctuations on the
measurement of thermal radiation power [19]. A block diagram of the radiometer is shown in
Figure 3. In this radiometer, using a GK keying generator, the receiver input is continuously
switched at the fm frequency between the antenna and a matched load at a known constant
temperature. This load is a source of thermal noise with a Toon value and acts as a reference signal
generator. During the switching period, it is assumed that the radiometer receiver gains G remain
constant.

FPP > FDP
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Fig. 3. Block diagram of the Dicke radiometer

The use of a synchronous detector allows distinguishing between the noise signal received by the
antenna and the noise generated by the radiometer receiver itself (intrinsic noise). The modulated
signal is amplified and then detected as a square wave in a microwave detector. The amplitude of
the detector output signal carries information about the magnitude and direction of changes in the
noise power introduced into the antenna in relation to the noise power of the reference generator.
The radiometer's output signal is proportional to the difference between the antenna noise
temperature and the matched-load noise temperature. The following relationship describes the
output voltage of the radiometer in this case:

Uy = 7(TA _TODN)G (6)
Although the frequency of the GK keyed generator is high enough that the gain value can be
considered constant during measurement, fluctuations in the gain AG of the radio frequency
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amplifier circuit of the radiometer receiver still occur. The relationship determines the sensitivity
of the radiometer in this case [18]:

AT= \/4(TA +T,) ZBB” +[(TA ~Toon )(%D (7)

S

Machin, Ryle, and Vonberg [20] proposed a solution to the problem of the impact of gain changes
on measurement accuracy in a Dicke radiometer by using a system with an adjustable reference
temperature Toon. The measurement principle consists of adjusting the reference temperature so
that, for a given antenna noise temperature, the difference between Ta and Toon is close to zero,
implying that Uwy is also close to zero. The second component of expression (7) is then eliminated,
and such a radiometer is called a Dicke radiometer with zero reading.

This paper presents a new solution for the Dicke modulation radiometer. This solution
involves the use of a ferrite isolator in the input circuits of the microwave receiving head and the
use of MMIC (Monolithic Microwave Integration Circuits) technology to build a stable, very high-
gain microwave amplifier. The use of a ferrite isolator allows for a constant load of Zo = 50 Q at the
low-noise amplifier input, thus maintaining stable parameters such as gain and noise figure.

The design of the microwave radiometer was based on the block diagram of the radiometer
described in section 1.2. It consists of an antenna, an compact microwave head, a power supply,
a control system and an information display system

13 RADIOMETER ANTENNA — DESIGN AND SIMULATIONS

The antenna was designed as an open cylindrical waveguide with a dipole antenna as an
electromagnetic field exciter. The antenna design is shown in Figure 4.

A

Fig. 4. Open-end waveguide antenna design

The circular waveguide was filled with a dielectric material with an electrical permeability similar
to that of biological tissues. This enabled energy matching between the antenna and biological
tissues, e.g., animal tissues. Simulations of the antenna model shown in Figure 5 were performed
using CST Studio [21].
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\

Fig. 5. Simulation model of an open-ended waveguide antenna for CST Studio.

The simulations were performed in the frequency range of 1.3 — 1.4 GHz. The cylindrical waveguide
was filled with a dielectric with a relative permittivity of & = 64. In CST Studio, the antenna’s
directional characteristics were determined by assuming electromagnetic wave propagation
through biological tissues and by matching the antenna to the characteristic impedance of the
coaxial transmission line, Zo =50 Q.

14 COMPACT MICROWAVE RADIOMETER HEAD

The integrated microwave radiometer head was designed and manufactured using MMICs
and suspended-substrate coplanar transmission lines. The cross-section of the coplanar line with
a suspended substrate is shown in Figure 6. The line was designed for a characteristic impedance
of Zo=50 Q.
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Fig. 6. The cross-section of the coplanar line with the suspended ground.

The line structure consists of two FR4 laminate layers. The 1.5 mm-thick layer serves as a substrate
for the 0.2 mm-thick laminate. A microwave planar structure for the radiometric head system was
designed on a 0.2 mm-thick laminate. The head was manufactured according to the schematic
diagram shown in Figure 7.
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Fig. 7. MWR receiver schematic diagram
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The radiometer receiver head consists of an MSW2-50+ microwave switch, a RUIYSI20A-
135071450 ferrite isolator, an LNA MALL-011078 microwave amplifier, a filtration system
consisting of an LFCG-1800+ low-pass filter and a CBP-1400BD+ bandpass filter, a series of ERA-3
microwave amplifiers, and a square microwave detector. The entire assembly is housed in a single
shielded enclosure. Figure 8 shows a view of the integrated microwave radiometer head.

Fig. 8. View of the L band integrated microwave radiometer head

The head is powered by a dedicated stabilized power supply with constant voltages of +3V, +5V,
and +12 V. Under normal operating conditions, the entire system consumes 155 mA. The Det_Out
voltage is fed to a measuring amplifier with a gain of k = 100 and then sampled by a 12-bit A/C
converter. Det_Out signal processing is performed in a specialized signal processor. The processor
performs synchronous detection and low-pass filtering with variable bandwidth: Bn: = 0.5 Hz,
Bn2=0.17 Hz, Bn3 = 0.05 Hz.

2 SIMULATIONS AND MEASUREMENT RESULTS

The simulation results are presented in Figures 9 and 10. Figure 9 shows the normalized
directional characteristics of the antenna, while Figure 10 shows its reflection characteristics.

Farfild Drectivty Abs (Phi~0)

— farfeld (f=1.4)

ude = 104 dB
be drecton = 10,0 deg.

i vickh (3 dB) = 63.1 deg.
Sde lobe level = 113 dB

Fig. 9. Antenna Farfield directivity at frequency 1.4 GHz

13



Compact L-band microwave radiometer for veterinary diagnostic applications
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Fig. 10. Frequency response of the antenna reflection coefficient 1S111?

Figure 9 shows that, by filling the open end of the cylindrical waveguide with a dielectric with
relative permittivity r = 64, the antenna directivity was 10 dBi at 1.4 GHz when the electromagnetic
wave propagates in biological tissues. Figure 10 shows that the antenna is impedance-matched to
the characteristic impedance of biological tissues in the designed frequency range.

The results of measurements of the power transmittance module 152112 of the head for two

states of the PD input switch are shown in Figures 11 and 12.

$21 [dB]
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Fig. 11. Frequency response of the I1S211> microwave radiometer head for the reference
input.

The ISx11? parameter was measured using a Keysight Technologies P9373B vector network analyzer
[22]. The instrument was calibrated using an N7553A Series 2-port Economy ECal module, and
a 50 dB attenuator was then connected to the reference input. Figure 11 shows that the average
effective power gain of the RF path of the head for the reference input is 60 dB, the radiometer's
center frequency is 1385 MHz, and the 3 dB bandwidth B is 255 MHz. This bandwidth corresponds
to the pre-detection bandwidth Bs is 410 MHz [8].
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Fig. 12. Frequency response of the 1S2:11> microwave radiometer head for the antenna
input.

The characteristics for the antenna input shown in Figure 12 were measured in the same way as
the characteristics in Figure 11. The difference is a slight 2 dB decrease in the average effective
power gain of the radiometer head's RF circuit. The other parameters remained unchanged.

Figure 13 shows the recorded output voltage of the square-wave microwave detector. An
N-type, low-barrier, remarkably high-frequency-to-Ka-band Schottky detector silicon diode,
MA40146, from M/A-COM, was used as the nonlinear element in the detector.
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Fig. 13. Output voltage of the microwave detector of the microwave head.

The detector was measured under laboratory test conditions. A signal from a microwave
generator at 1385 MHz was applied to its input, which was amplitude-modulated by a square wave
with a 100% duty cycle and a 1 kHz frequency. The tangential sensitivity of the detector was also
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measured with a measuring amplifier having a gain of 100 V/V and an operating bandwidth
of 6 kHz. The tangential sensitivity of the detector is Tss =-56 dBm.

3  CONCLUDING REMARKS

An original approach to the design of transmission lines enabling the construction of microwave
hybrid circuits has been proposed. The presented line design enables the integration of MMIC
microwave integrated circuits. The circuits have exceedingly small housing. The standard housings
are: 6 Lead 2x2 mm SMT Package: 4 mm?, Lead-Free 2 mm 8-LD PDFN Package, tiny 3x3mm QFN
package rated MSL1, 32-Lead, 4.9 mm x 4.9 mm ceramic leadless chip carrier, 24 Lead 4x4 mm
SMT Package: 16 mm?2. The signal pins in these packages have a typical width of 0.25 mm and are
matched to impedance 50 Q. To achieve a transmission line with such impedance and waveguide
width, laminates with an exceptionally low dielectric thickness of 0.1-0.2 mm must be used. Such
structures are mechanically unstable. To ensure mechanical stability, a second laminate served as
a support structure and was electrically integrated with a coplanar line structure on a suspended
substrate.

A proposal for a compact radiometric head integrated with a PD switching key and a detector,
allin a single housing, is presented. This head is characterized by a very high and, importantly, stable
effective power gain of over 60 dB in the 1200-1500 MHz band.

The presented head, together with the antenna and the UDS (Synchronous Detector System),
constitutes an L-band microwave modulation radiometer. This radiometer is planned for use in
veterinary diagnostics.
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