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Abstract: A new configuration of a pseudo-correlation type radiometer is proposed for a microwave
biomedical application, such as diabetic foot neuropathy. The new approach as well as its simulated
performance are thoroughly assessed using commercial off-the-shelf components and custom de-
signed subsystems. We configured a pseudo-correlation receiver, centred at 3.5 GHz, to validate
the proposal, comparing its simulated response with a measured alternative based on a 90◦ hybrid
coupler pseudo-correlation prototype. We custom designed a balanced Wilkinson power divider and
a 180◦ hybrid coupler to fulfil the receiver’s requirements. The proposed configuration demonstrated
an improved noise temperature response. The main advantage is to enable the recalibration of the
receiver through simultaneous measurable output signals, proportional to each input signal, as well
as the correlated response between them.

Keywords: biomedical applications; microwave radiometry; pseudo-correlation radiometer; receiver
configuration

1. Introduction

Microwave Radiometry (MWR) is the measurement technique involved in the char-
acterization of the natural electromagnetic radiation in the microwave spectrum. This
technique has been commonly employed in many areas, encompassing physics, chemistry,
and engineering [1]. In connection with the radio astronomy field, its typical receiver con-
figurations have been applied to biomedical applications for the detection and diagnosis
of pathologies in which an internal temperature gradient has been observed [2,3]. As a
non-ionizing, non-invasive and inherently safe technique, MWR enables the measurement
of internal body temperatures with or without contact for the early diagnosis of several
pathologies [3–5].

Microwave technology has confirmed its effectiveness to provide temperature patterns
at a depth of several centimetres [6,7]. The internal temperature of human body tissues can
differ several degrees from that of the surface or skin [8]. Thus, monitoring both internal as
well as superficial temperatures and analysing their differences constitutes a significant
issue for a variety of medical diagnostic and treatment procedures [9]. In this regard,
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several medical applications have already implemented MWR systems for the detection
of superficial breast cancer, atherosclerosis, rheumatoid arthritis, diabetic pathologies,
urogenital diseases, as well as the measurement of internal brain temperatures [2,3,5,10–18].
MWR has been also demonstrated in preclinical research for the analysis of the thermal
radiation of internal tissues, assessing temperature changes in malignant tumours that may
serve as a diagnostic marker [19].

X-rays, ultrasound, and magnetic resonance imaging (MRI) are widespread techniques
used in clinical applications. However, these techniques show some disadvantages or
limitations, such as cost, sensitivity or discomfort depending on the application [10]. MRI
and X-rays are generally expensive and non-portable, but show high spatial resolution [20].
In addition, X-rays are considered as ionizing radiation. On the other hand, internal
thermometers are also employed to measure temperatures within the body, but they are
invasive, not convenient for long-term monitoring and cause discomfort to patients [21].
Thus, the main goal of MWR is to provide a non-ionizing, non-invasive, fast, low-priced,
and passive system that is able to penetrate into the tissues.

Microwave frequencies improve transmission features in comparison with infrared
thermography when applied to human body tissues [22]. The infrared transmission depth
within tissues is truly small, and the detected radiation essentially comes from the surface
of the skin [22]. MWR is directed at detecting the thermal radiation originating from
the internal layers or tissues, minimizing the effect of the skin. The penetration depth of
microwave radiation depends on the dielectric properties and water content of the targeted
tissues; however, lowering the frequency has demonstrated greater detection depths [2,23].
Human body tissues behave as partially transparent layers for the electromagnetic radiation
at microwave frequencies, particularly below 6 GHz. Thus, microwave thermal radiation
can be detected up to a few centimetres since penetration depth is in the same order of the
radiation wavelength [6].

However, a significant difference is still noticed between the radiated energy at the
infrared and microwave ranges. The radiation intensity at microwave frequencies is
considerably lower than the one at the infrared spectrum, and close to detection limits [5].
Therefore, a very sensitive receiver is required to detect the tiny power levels naturally
radiated from biological tissues.

MWR systems proposed for medical applications have been commonly implemented
following a Dicke topology, using a switch at the input [9,24–32]. The incoming signal is,
therefore, periodically switched with a known reference, providing a differential output
of the detected signals in correspondence to each input. These systems usually provide
long-term continuous measurements in which gain and noise fluctuations are removed by
selecting an appropriate switching frequency.

Alternative solutions for biomedical applications based on pseudo-correlation topolo-
gies can be implemented [33]. This configuration is typically employed on astrophysical
instrumentation [34–36] and presents an improved performance. The system offers a simul-
taneous observation of two signals with a smaller dependence on gain fluctuations [37],
a longer observation time, as well as higher stability. The receiver should be calibrated
to convert the input power to temperature and remove gain fluctuations to provide a
continuous output signal during a long-term period of time.

Significant differences are found between astrophysical and medical applications.
A narrow input dynamic range is required to measure body temperatures at short dis-
tances [26], opposite to the large bandwidths and huge distances relevant in astrophysical
applications. MWR systems can be designed using commercial off-the-shelf (COTS) com-
ponents that reduce the size of the receiver. In addition, long and continuous observation
times are employed on astrophysical instrumentation to improve the minimum detectable
temperature or sensitivity, enabling the detection of faint radio sources [1]. Thus, the re-
ceiver requires periodical calibrations to overcome and correct fluctuations on the receiver
noise temperature and gain.
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Although this effect is also important and calibration is required for MWR receivers
aimed at biomedical applications, instantaneous measurements should be performed to
avoid patient discomfort due to extended examination times. For these reasons, a new
receiver configuration is required to provide a reduced contribution to the total noise
temperature as well as additional output signals to calculate drift effects and recalibrate its
response.

In this context, the final goal is to define a clinical workflow for diabetic foot neu-
ropathies in which superficial and internal temperature measurements are combined.
Initially, an infrared sensor acquires images from the skin surface [38–40], providing the
superficial temperature. Subsequently, after image processing, anomalous temperature
patterns are detected over specific areas, in which MWR is employed to provide comple-
mentary in-depth measurements for further analysis [33]. Thus, a MWR system able to
detect significantly small radiated power differences from tissues is required, while adding
the lowest achievable noise contribution.

The measured temperature is derived from the system calibration, which requires the
extraction of the receiver response curve and the correction of any drift on its performance.
The proposed system is dedicated to providing clinical practitioners a diagnostic tool to
improve their capabilities, which, in combination to already established technologies, may
provide significant advances in monitoring the targeted pathologies. In this particular
case, the proof-of-concept technology provides a diagnostic tool intended for diabetic foot
neuropathies [16,41], although other soft tissue pathologies, in which diagnosis, detection,
and monitoring based on temperature measurements, can be targeted.

The diagnosis of lung complications derived from COVID-19 disease is also supported
by internal measurements yielded by a MWR system [42]. The microwave system supplies
internal temperature measurements of body tissues, which complements the superficial
measurement given by infrared sensors [43]. MWR has already demonstrated a significant
detection improvement when applied to diabetic patients, with satisfactory sensitivity
and specificity rates [16], and new approaches are being modelled to early detect foot
ulcers [41]. Thus, potential risks can be detected prior to a visible sign on the skin surface
or irreversible damage is caused.

This paper is focused on the design of a new receiver configuration based on a
pseudo-correlation type radiometer for a medical application, particularly diabetic foot
neuropathies. The aim of the proposed balanced topology is to provide measurable
detected signals to correct drifts in its performance, and to simultaneously reduce the
noise introduced by the receiver. Thus, the main advantage is the possibility to obtain
an unknown input temperature after the initial calibration is performed, employing the
set of signals provided by the receiver, adjusting the calibration and correcting its drifts
during the measurement. The output signals are proportional to the input ones and,
simultaneously, to the combination between them, using 180◦ hybrid couplers together
with power splitters.

Then, the analysis of this set of signals provides additional information to extract
the noise contributions of each component in the receiver chain and possible fluctuations
in the output signals that can be subsequently corrected. The receiver is designed using
commercial COTS measured microwave devices and custom designs with electromagnetic
simulations of hybrid couplers and power splitters. The proposed receiver is centred at
3.5 GHz for comparison to a previously implemented pseudo-correlation radiometer [33].
Additionally, at this frequency, a reasonable compromise is achieved between the spa-
tial resolution and depth measurements in lossy tissues, as well as less electromagnetic
interferences than at lower frequencies [28].

2. Background Overview of MWR Systems for Medical Applications

MWR systems are intended to detect very small temperature variations in subcuta-
neous layers. Thus, the radiometer should be configured to provide high sensitivity, low
noise, and low gain drift for a continuous measurement [9]. In addition, the operation
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frequency of the receiver should be low enough to provide a penetration depth of several
centimetres into tissues [6].

The Dicke topology has been typically employed in MWR systems for biomedical
applications [9,24–29]. They have been designed using COTS components, centred at
diverse frequency bands and focused on monitoring internal body temperatures of a
single tissue or a stack of tissue layers. Figure 1 illustrates the commonly implemented
configuration, in which a switch located at the antenna output alternates the incoming
signal with a single- [28] or two-reference load [9,26].

Thus, a two-level half-cycle output signal of the sequential input measurements is
provided at the output port of the receiver. This topology is able to remove gain fluctuations
by appropriately selecting the switching frequency [34]. Then, the receiver is calibrated at
the sample rate defined by the switching signal, since the receiver periodically measures a
known input signal and corrects the drifts in its response. The amplification stage should
be designed considering the detectable power window at the detection stage, as well as the
low noise power level radiated from body tissues. The noise power radiated from an object
in the microwave spectrum is approximated by Rayleigh-Jean’s law and expressed as

P = k · T · B (1)

where k is the Boltzmann constant, T (K) is the temperature, and B (Hz) is the effective
bandwidth. Then, an equivalent power of around −174 dBm/Hz is radiated from body
tissues at a temperature of 310 K (37 ◦C).

The analysis of the Dicke receiver shown in Figure 1 provides two alternating half-
cycle detected output signals, expressed as

Vout1 = C · G · k · B · (Tant + Trec) (2)

and

Vout2 = C · G · k · B · (Tre f + Trec) (3)

where C is a proportionality constant, G is the gain of the receiver, k is the Boltzmann
constant, B is the effective bandwidth, Tant is the noise temperature measured by the
antenna, Tref is the noise temperature of the reference load, and Trec is the equivalent noise
temperature of the receiver, which is calculated as

Trec = Tph · (LSW − 1) + TLNA1 · LSW +
Tph · (LBPF1 − 1) · LSW

GLNA1
+

+
TLNA2 · LSW · LBPF1

GLNA1
+

Tph · (LBPF2 − 1) · LSW · LBPF1

GLNA1 · GLNA2
(4)

where TLNA1 and TLNA2 are the equivalent noise temperatures of LNA1 and LNA2 with
gains GLNA1 and GLNA2 respectively. LSW , LBPF1, and LBPF2 are the losses of the switch,
BPF1, and BPF2, respectively, all at a physical temperature Tph, equivalent to the ambient
temperature.

Figure 1. A typical radiometer configuration for medical applications using a switched Dicke topology.
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Dicke radiometers cancel gain fluctuations in the system for a sufficiently high modu-
lating frequency [34], despite the radiometric sensitivity being degraded since the target is
only measured half of the time [44].

A Dicke configuration is not unique for biomedical applications. Other commonly
used schemes implemented in astrophysical instrumentation, such as correlation or pseudo-
correlation topologies [34,35], can be applied [33]. The main advantage of correlation
schemes is to avoid the input switch to alternate between signals. A correlation radiometer
multiplies different input signals coming from antennas employing identical receivers
connected in parallel and providing a single correlated output [45]. The pseudo-correlation
radiometer combines the comparison with a reference load from the Dicke radiometer with
the combination of signals from the correlation radiometer but providing additional output
signals [36].

Using the latter topology, a simultaneous observation of two voltage signals, antenna
and reference load inputs, are available during the measurement process, providing a
continuous output voltage proportional to the difference between the two input signals [33].
In addition, a higher stability, voltage sensitivity, and observation time are improved in
comparison to the Dicke scheme [36,37,46]. Finally, correlation techniques reduce the
impact of intrinsic gain and noise temperature fluctuations in comparison to conventional
configurations [47]. Table 1 lists some microwave radiometers employed for biomedical
applications for comparison purposes. Simulation results based on real measurements
are compared with other MWR systems, and a significant noise temperature reduction is
observed with the proposed new configuration.

Table 1. Comparison between the proposed radiometer and other MWR systems for biomedical
applications.

Reference Configuration Operation Bandwidth Noise
Frequency (GHz) (GHz) Temperature (K)

[9] Dicke switched 1.4 ≈0.03 127.30
[26] Switched 3 0.23 >148.94
[27] Dicke switched 3.5 0.66 217.20
[29] Dicke switched 1.3 0.33 <288.60
[33] Pseudo-correlation 3.5 1.33 140.26

This work Pseudo-correlation 3.5 1.26 82.57

From a simplified analysis of the scheme proposed in [33], which considers a perfect
isolation between hybrid coupler ports and avoids mismatching effects, two in-phase
voltage signals are provided at output ports prior to combining them. These are pro-
portional to the individual incoming signals at the reference load and the antenna ports,
respectively [33].

For the calculation of the equivalent noise temperature of the pseudo-correlation
receiver, Trec2, identical subsystems are considered in both branches, which means that,
for example, the noise of the amplifiers are equal in magnitude, although they are not
correlated [48]. Thus, it is expressed as

Trec2 = Tph · (LH901 − 1) + TLNA11 · LH901 +
Tph · (LBPF11 − 1) · LH901

GLNA11
+

TLNA12 · LH901 · LBPF11

GLNA11
+

+
Tph · (LBPF12 − 1) · LH901 · LBPF11

GLNA11 · GLNA12
+

TLNA13 · LH901 · LBPF11 · LBPF12

GLNA11 · GLNA12
+

+
Tph · (LH902 − 1) · LH901 · LBPF11 · LBPF12

GLNA11 · GLNA12 · GLNA13
+

Tph · (LBPF13 − 1) · LH901 · LBPF11 · LBPF12 · LH902

GLNA11 · GLNA12 · GLNA13
(5)

where TLNA1i is the equivalent noise temperatures, GLNA1i is the gains of each LNA1i (with
i = 1, 2, 3), and Li is the losses associated with band-pass filters (i = BPF1j, with j = 1, 2,
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3) or 90◦ hybrid couplers (i = H90j, with j = 1, 2), respectively, all of them at a physical
temperature Tph, equivalent to the ambient temperature.

3. Microwave Receiver Analysis
3.1. 180◦ Hybrid Coupler Pseudo-Correlation Configuration

A new receiver topology is proposed for biomedical applications. This configuration
is based on a pseudo-correlation scheme using 180◦ hybrid couplers, with added power
splitters, prior to the second hybrid coupler stage. Figure 2 shows the proposed schematic.
This proposal enables the receiver to provide a sample of both output signals proportional
to the input ones and, at the same time, their combination.

Figure 2. The new pseudo-correlation schematic using 180◦ hybrid couplers to correlate the signals and Wilkinson power
dividers.

Analysing the receiver configuration, the output voltages of the first hybrid coupler,
H180#1 in Figure 2, are defined as

SOH11 ∝
1√
2
· (Sant · e−jπ/2 + Sre f · e−j3π/2) =

−j√
2
· (Sant − Sre f ) (6)

SOH12 ∝
1√
2
· (Sant · e−jπ/2 + Sre f · e−jπ/2) =

−j√
2
· (Sant + Sre f ). (7)

These outputs are equally split into two using Wilkinson power dividers. Then, one of
the outputs of each power divider is directly detected, whereas the other one corresponds
to an input signal of the second 180◦ hybrid coupler. This coupler correlates the split SOH11
and SOH12 signals, providing output voltage signals proportional to the input ones Sant and
Sref. The output signals of the second hybrid are expressed as

SOH21 =
1

2 ·
√

2
· [(Sant · e−jπ/2 + Sre f · e−j3π/2) · e−jπ/2 + (Sant · e−jπ/2 + Sre f · e−jπ/2) · e−j3π/2] ∝

∝
1

2 ·
√

2
· Sre f · e−j2π =

1
2 ·
√

2
· Sre f (8)

SOH22 =
1

2 ·
√

2
· [(Sant · e−jπ/2 + Sre f · e−j3π/2) · e−jπ/2 + (Sant · e−jπ/2 + Sre f · e−jπ/2) · e−jπ/2] ∝

∝
1

2 ·
√

2
· Sant · e−jπ =

−1
2 ·
√

2
· Sant (9)

Both signals SOH21 and SOH22 are detected using square-law microwave diode detec-
tors and, simultaneously, the combinations of the input voltage signals are also provided
and detected.

3.2. Noise Analysis

This section describes the equivalent noise temperature of the proposed receiver. The
equivalent noise temperature when the system is under operation, Top, is defined as
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Top = Tant + Trec3 (10)

where Tant is the noise temperature measured by the antenna, and Trec3 is the equivalent
noise temperature of the receiver. Therefore, as both noise temperatures are additive, a
minimum noise temperature contribution of the receiver is desired.

The equivalent noise temperature, Trec3, of the new proposed configuration, consider-
ing the same assumptions as for Equation (5), can be calculated as

Trec3 = TLNA11 +
Tph · (LH1 − 1)

GLNA11
+

TLNA12 · LH1

GLNA11
+

Tph · (LBPF11 − 1) · LH1

GLNA11 · GLNA12
+

+
Tph · (LS1 − 1) · LH1 · LBPF11

GLNA11 · GLNA12
+

Tph · (LH2 − 1) · LH1 · LBPF11 · LS1

GLNA11 · GLNA12
(11)

where TLNA11 and TLNA12 are the equivalent noise temperatures of LNA11 and LNA12,
GLNA11 and GLNA12 are the gains of LNA11 and LNA12, Li is the losses associated with the
180◦ hybrid couplers (i = Hj, with j = 1, 2), band-pass filter (i = BPF11) and power splitters
(i = S1), respectively, all of them at a physical temperature Tph, equivalent to the ambient
temperature.

This receiver topology provides a lower noise temperature than the Dicke receiver or
the pseudo-correlation radiometer based on 90◦ hybrid couplers [33], since the first element
is a low-noise amplifier with low noise temperature and high gain.

3.3. Receiver Analysis

The microwave receiver was analysed to obtain the output expressions at each output
port [49]. The voltages Sant and Sref, coming from the antenna and reference load inputs,
are the propagation inputs through the system. A simplified schematic of the receiver
was employed to perform the analysis, without considering the detection. In addition, the
amplification and filtering stage after H180#1 was considered as a single element, including
the noise contributions of both LNA and BPF.

The schematic is shown in Figure 3. Each signal initially goes through two low-noise
amplifiers LNA#11 and LNA#21, prior to accessign the 180◦ hybrid coupler H180#1. The
voltages are further amplified and filtered before they are divided into two equal parts in
S#1 and S#2. Finally, H180#2 provides the combination of the two output voltages coming
from the first hybrid coupler.

Figure 3. Simplified schematic of the proposed receiver to perform its analysis.

The output signal of each subsystem in the receiver is obtained using the transfer
function of each one that is defined and listed in Table 2. The low-noise amplifiers are
considered to show a voltage gain gi > 1, whereas the passive subsystems have a voltage
loss ai < 1, and ni the noise added by each subsystem.
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Table 2. The microwave receiver subsystem transfer functions for the proposed configuration, with k = 1 for the upper
branch #1, and k = 2 for the lower branch #2 of the schematic in Figure 2.

Subsystem Output Signal

Low-noise Amplifier LNA#k1 voak1 = gak1·(Sink + nak1)·e−jϕak1 ; Sin1 = Sant, Sin2 = Sref

Hybrid 180◦ H#1
voH11 = (1/

√
2)·aH1·[(voa11 + nH11)·e−j(π/2)−(voa21 + nH12)·e−j(π/2)]

voH12 = (1/
√

2)·aH1·[(voa11 + nH11)·e−j(π/2)+(voa21 + nH12)·e−j(π/2)]

Low-noise Amplifier LNA#k2 voafk = gafk·(voH1k + nafk)·e−jϕafk
+ Band-pass Filter BPF#k

Power Splitters S#k voski = (1/
√

2)·ask·(voafk+nsk)·e−jϕsk with i = 1, 2

Hybrid 180◦ H#2
voH21 = (1/

√
2)·aH2·[(vos12 + nH21)·e−j(π/2)−(vos21 + nH22)·e−j(π/2)]

voH22 = (1/
√

2)·aH2·[(vos12 + nH21)·e−j(π/2)+(vos21 + nH22)·e−j(π/2)]

The analysis considers that every pair of subsystems in each branch (amplifiers, band-
pass filters, hybrids couplers, and power splitters) has identical voltage gain or loss and
phase. This means that, for example, the amplifiers LNA#11 and LNA#21 show identical
gains ga11 = ga21 and phases ϕa11 = ϕa21, but different noise contributions, na11 and na21,
for each input LNA.

The output signals are a combination of the input signals, together with the noise
added by the receiver subsystems. Therefore, the output voltages at the different ports can
be expressed as

v1 = v1signal + v1noise =

=
1
2
· gT · (Sant − Sref) · e−j(ϕT+π/2) +

1
2
· gT ·

[
(na11 − na21) · e−j(ϕT+π/2)+

+
(nH11 − nH12)

ga11
· e−j(ϕaf1+ϕs1+π/2) +

√
2 · naf1

ga11 · aH1
· e−j(ϕaf1+ϕs1) +

√
2 · ns1

gaf1 · ga11 · aH1
· e−jϕs1

]
(12)

v2 = v2signal + v2noise =

=
1√
2
· gT · aH2 · Sref · e−jϕT +

1√
2
· gT · aH2 ·

[
na21 · e−jϕT +

nH12

ga11
· e−j(ϕaf1+ϕs1)+

+

√
2 · e−jπ/2

2 · ga11 · aH1
· (naf1 − naf2) · e−j(ϕaf1+ϕs1) +

√
2 · e−jπ/2

2 · gaf1 · ga11 · aH1
· (ns1 − ns2) · e−jϕs1+

+
e−jπ/2

gT
· (nH21 − nH22)

]
(13)

v3 = v3signal + v3noise =

=
−1√

2
· gT · aH2 · Sant · e−jϕT +

1√
2
· gT · aH2 ·

[
− na11 · e−jϕT − nH11

ga11
· e−j(ϕaf1+ϕs1)+

+

√
2 · e−jπ/2

2 · ga11 · aH1
· (naf1 + naf2) · e−j(ϕaf1+ϕs1) +

√
2 · e−jπ/2

2 · gaf1 · ga11 · aH1
· (ns1 + ns2) · e−jϕs1+

+
e−jπ/2

gT
· (nH21 + nH22)

]
(14)
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v4 = v4signal + v4noise =

=
1
2
· gT · (Sant + Sref) · e−j(ϕT+π/2) +

1
2
· gT ·

[
(na11 + na21) · e−j(ϕT+π/2)+

+
(nH11 + nH12)

ga11
· e−j(ϕaf1+ϕs1+π/2) +

√
2 · naf2

aH1 · ga11
· e−j(ϕaf1+ϕs1) +

√
2 · ns2

gaf1 · ga11 · aH1
· e−jϕs1

]
(15)

where
gT = as1 · gaf1 · aH1 · ga11 (16)

ϕT = ϕa11 + ϕaf1 + ϕs1. (17)

Subsequently, these signals are detected using square-law detectors, and the corre-
sponding output voltages Vi are expressed as

V1 = V4 ∝
1
2
· gT

2 ·
( |Sant|2 + |Sref|2

2
+
|na11|2 + |na21|2

2

)
(18)

V2 ∝
1
2
· gT

2 · aH2
2 ·
(
|Sref|2 + |na21|2

)
(19)

V3 ∝
1
2
· gT

2 · aH2
2 ·
(
|Sant|2 + |na11|2

)
(20)

As can be seen, a negligible contribution to the noise from the hybrid couplers, filters,
and power splitters is considered since a high gain value in the low-noise amplifiers is
expected. Therefore, the main noise contribution is assumed to be provided by the first
amplifier as expected.

Finally, the equivalent electrical temperature at each output port, Teqi, can be calcu-
lated as

Teqi ∝
Vi

k · B (21)

where Vi represents the output voltage at each port, k is the Boltzmann constant, and B si
the effective bandwidth for each output.

Using Equations (12) to (15), the noise temperature at each output port, prior to
detection, can be measured. Then, the system can be solved in terms of the output powers
at each port to calculate the set of parameters of the receiver. The output powers are
expressed as

PV1 = PV4 =
1
4
· k · GT · B · (Tant + Tre f + 2 · Trec3) (22)

PV2 =
1
2
· k · Gh · B · (Tre f + Trec3) (23)

PV3 =
1
2
· k · Gh · B · (Tant + Trec3) (24)

where GT and Gh represent the power gains from input to power splitter output (equivalent
to gT

2) and to the second hybrid output (equivalent to gT
2·aH2

2), respectively, and Tant,
Tref, and Trec3 are the equivalent noise temperatures of the antenna, the reference load,
and receiver, respectively. The detected voltages at each output are proportional to the
powers described in Equations (22) to (24), applying the sensitivity value of the microwave
detectors, expressed as

Vi = γ · PVi (25)

where γ is the voltage sensitivity (V/W) of the detectors.
The receiver noise temperature is obtained applying the Y-factor [50] using two loads

with different temperatures, Thot and Tcold, at the receiver input, as

Trec3 =
Thot −Y · Tcold

Y− 1
(26)
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where Y=Phot/Pcold, with Phot and Pcold as the noise powers for both source states at the out-
put of the receiver. As Tref is a known parameter, Gh can be calculated using Equation (23) as

Gh =
2 · PV2

k · B · (Tre f + Trec3)
. (27)

Subsequently, Tant is calculated as

Tant =
2 · PV3

k · B · Gh
− Trec3. (28)

Lastly, once these parameters are obtained, GT can be calculated as

GT =
4 · PV1

k · B · (Tant + Tre f + 2 · Trec3)
. (29)

As the initial step to demonstrate Equations (22) to (24), an ideal noiseless simplified
receiver, including ideal hybrid couplers and power splitters, is simulated to validate
the noise analysis, without any amplification or filtering included. The simulated results
in terms of noise temperatures are listed in Table 3, when three sets of input signals are
applied to the receiver: Tant = 400 K and Tref = 100 K; Tant = 500 K and Tref = 250 K; and
Tant = 310 K and Tref = 290 K.

The simulated values demonstrate the described performance in Equations (22) to
(24), since the theoretical electrical temperatures obtained in the different predetection
points are proportional to the input temperatures considering a completely balanced and
noiseless receiver, as listed in the last column of Table 3.

Table 3. Simulated temperatures at 3.5 GHz at each predetection point for different input signals for a noiseless receiver
(Trec3 = 0 K) and without amplification and filtering stages.

Tant = 400 K Tant = 500 K Tant = 310 K Theoretical TemperatureTref = 100 K Tref = 250 K Tref = 290 K

Predetection Point Temperature Temperature Temperature Temperature
in Figure 2 (K) (K) (K) (K)

(2) 124.96 187.44 149.96 1
4 · (Tant + Tref)

(3) 49.98 124.96 144.96 1
2 · Tref

(4) 199.94 249.93 154.95 1
2 · Tant

(5) 124.96 187.44 149.96 1
4 · (Tant + Tref)

4. Receiver Design and Results
4.1. System Design

The proposed receiver is partially designed using COTS components. They are
listed in Table 4, in which their typical performances are summarized as provided by the
manufacturer [51,52], and shown in Figure 4. However, some of the involved subsystems
are custom designed to fulfill the requirements of the receiver.

Table 4. COTS components employed in the receiver design.

Device Part Number Technical Features

Low-noise Amplifier (LNA) TAMP-362GLN+ 3.3–3.6 GHz, 20 dB gain,
(MiniCircuits) 0.9 dB noise figure

Band-pass Filter (BPF) BFCN-3600+ 3.3–3.9 GHz, 1.3 dB insertion loss(MiniCircuits)

Schottky diode detector ACSP-2643NZC3 Zero bias, 1000 mV/mW sensitivity,
(Aeroflex) −46 dBm tangential sensitivity



Electronics 2021, 10, 1427 11 of 22

Figure 4. Photographs of the COTS components: (a) Low-noise amplifier TAMP-362GLN+ (case
style JQ1382) assembled on its evaluation board. (b) Band-pass filter BFCN-3600+ (case style FV1206)
assembled on its evaluation board. (c) Schottky diode coaxial detector ACSP-2643NZC3.

The input power at the antenna port is estimated to be around −174 dBm/Hz for
tissues at 310 K (37 ◦C). Thus, each branch is composed of three-stage low-noise amplifiers
to achieve the detectable window of microwave detectors. The first pair of LNAs are
located prior to the first hybrid, just after the antenna and reference load inputs. After the
hybrid coupler, a cascaded two-stage set composed of LNA+BPF are placed to provide
further amplification and confining of the band. At this point, both signals are equally split
using the power dividers. Finally, two samples of these signals are correlated again.

The custom designed subsystems correspond to the hybrid couplers and the power
dividers. The 180◦ hybrid coupler is configured using a rat-race topology, whereas the
power divider follows a two-way Wilkinson topology [53]. Further design details are
explained in the next section.

4.2. Performance Results

This section shows the simulation results of the designed subsystems for the receiver,
as well as its whole performance.

The 180◦ hybrid coupler, designed in a rat-race topology on a CLTE-XT substrate (a
0.254-mm thickness, εr = 2.94, and 0.017-mm copper layer), is shown in Figure 5. This
displays the optimized impedances and lengths of the microstrip lines to achieve an im-
proved overall response in terms of the phase and amplitude balances as well as impedance
matching. The CLTE-XT substrate was selected since it provides a reasonable trade-off
between matching, coupling factor, losses, size, and ease in the manufacturing process
compared with higher dielectric constant substrates.

Initially, the theoretical classical configuration was considered for the hybrid coupler [53],
and thus the ports were placed at a quarter wavelength away from each other around the
first half of the ring, whereas the second half of the ring had three-quarter wavelengths.
The impedance of the transmission lines was selected as

√
2 times the port impedance

(50 Ω). This theoretical configuration provided a narrow band response; therefore, during the
optimization process using the momentum from ADS software (Keysight Technologies), both
the impedances and the lengths of the transmission lines within the ring were modified to
achieve a better performance in a wider frequency band.

The optimization goals were simultaneously defined in the frequency range from 2 to
5 GHz in terms of low deviations in phase (±3◦) and amplitude (±0.5 dB) balances from
the theoretical ones, as well as return loss higher than 15 dB at each port. Figure 6 depicts
the results in terms of input matching at each port, transmission of direct and coupled
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branches from P1 and P3 as input ports, phase and amplitude imbalances, ∆φ and ∆A,
between outputs.

Figure 5. 180◦ hybrid coupler designed on a CLTE-XT substrate. Size: 31.5 mm × 15.6 mm.

Figure 6. 180◦ hybrid coupler electromagnetic simulation.

The proposed Wilkinson power divider was designed on the same substrate and is
shown in Figure 7. The 100 Ω resistor is not included in the layout; however, the points in
which it is placed are indicated. Considering the theoretical configuration of a Wilkinson
power divider [53], the 50 Ω input line is split into two quarter wavelength transformers
with an impedance of

√
2 times the port impedance (50 Ω), and the resistor connects the

end point of both transformers as shown in the figure. This configuration simultaneously
provides equal split, isolation, and matching.

The lines were slightly optimized using electromagnetic simulations (momentum) to
fulfil the requirements in terms of phase and amplitude balances. The final impedances
and the lengths of the lines are described in Figure 7. The electromagnetic simulation of the
circuit was performed and, then, an electrical model simulation was performed, including
the surface-mount-device (SMD) resistor using a model from ADS. The simulation results
are depicted in Figure 8, showing input matching at each port, transmission between
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input and both output ports, as well as the phase and amplitude imbalances, ∆φ and ∆A
respectively, between the transmitted signals from input to outputs.

Figure 7. Wilkinson power divider designed on the CLTE-XT substrate, showing the ports and the
location of the 100 Ω SMD resistor (imperial code 0805). Size: 13.5 mm × 10.4 mm.

Figure 8. Wilkinson power divider electromagnetic simulation.

Once these two subsystems were designed and their responses in terms of phase
and amplitude balances were verified and validated, the whole proposed receiver was
simulated in terms of scattering parameters and noise figure using ADS. Each subsystem
in the schematic shown in Figure 2 was replaced with data including their performances.
Both LNA and BPF, listed in Table 4, are COTS components, and their measurement results
were employed, whereas the presented electromagnetic simulations described above were
used for the hybrid couplers and power dividers.

The simulation of the input matching at each port, the transmission from antenna
port to each output port correspondingly labelled in the schematic shown in Figure 2, and
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the noise figure and noise temperature, from antenna input to predetection port labelled
as (4), are shown in Figure 9. The receiver noise simulation exhibited an average noise
figure of 1.09 dB and noise equivalent temperature of 82.57 K within 2.5 GHz to 4.5 GHz.
These values improved the described ones for the 3.5 GHz pseudo-correlation radiometer
originally proposed, with 1.39 dB and 109.37 K as the average simulated values and 1.71
dB and 140.26 K as the average measurements within the same band for the noise figure
and noise temperature, respectively [33].

The effective bandwidth B of a the radiometer can be expressed as [34,44,46]

B =
[(
∫ ∞

0 G( f )d f )]2∫ ∞
0 [G( f )]2d f

(30)

where G(f) is the power gain prior to the detection stage. According to the simulated gain
of the direct output port corresponding to the antenna input (OH22 in Figure 2 and S41 in
Figure 9), an effective bandwidth of 1.26 GHz was calculated.

Subsequently, the receiver, including the scattering and noise performances of the
subsystems and, therefore, the simulated noise of the receiver shown in Figure 9, was
simulated for Tant = 400 K and Tref = 100 K; and Tant = 310 K and Tref = 290 K. In addition,
Table 5 lists the measurable output power at each predetection point when Tant = 310 K
and Tref = 290 K were employed as inputs, using the calculated effective bandwidth at
each output.

Figure 9. The simulated scattering parameters from the antenna input to each output port, noise figure, and equivalent
noise temperature of the proposed receiver.
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Table 5. The simulated output power at each predetection point in the schematic of Figure 2 for an
input signal at antenna port equivalent to body tissues temperature Tant = 310 K (Tref = 290 K).

Predetection Point in Figure 2 Power (dBm)

(2) −27.17
(3) −27.56
(4) −27.31
(5) −27.22

Furthermore, the analysis introducing a varying power level broadband noise-like sig-
nal at antenna port was also performed. Laboratory noise sources provided an excess noise
ratio, ENR, which was modified using attenuators. Thus, a varying ENR was configured in
the simulations, with values from 3 to 12 dB in 3 dB steps, to provide the input power of
the noise signal TENR, calculated as

TENR = T0 · (10
ENR

10 + 1) (31)

where T0 = 290 K and ENR (dB) is the simulated excess noise ratio value. The reference
load port was properly matched with a 50 Ω load. The results of the simulated output
powers at each predetection point are listed in Table 6.

Table 6. The simulated output power at each predetection point in the schematic of Figure 2 for varying power level
noise-like input signals at the antenna port using a noise source (Tref = 290 K).

ENR = 3 dB ENR = 6 dB ENR = 9 dB ENR = 12 dB ENR = 15 dB

Predetection Point Power (dBm) Power (dBm) Power (dBm) Power (dBm) Power (dBm)

(2) −24.60 −22.95 −20.84 −18.35 −15.64
(3) −27.52 −27.47 −27.39 −27.21 −26.89
(4) −23.35 −21.26 −18.81 −16.11 −13.27
(5) −24.82 −23.24 −21.18 −18.74 −16.05

4.3. Receiver Calibration Procedure and Application

The described receiver in the previous section was composed of non-ideal components,
showing limited isolation or amplitude and phase balances. Therefore, a calibration was
required to correct its performance and calculate the output values in an accurate way.
The proposed calibration procedure was based on applying a set of noise temperatures at
each input port, whereas the other one was loaded with a fixed value. Then, two noise
temperatures were applied at both receiver’s inputs, Tant and Tref, to calculate the power
conversion considering the limitations of the receiver. At each output, the output powers
were calculated and correction coefficients were obtained.

Ideally, the power associated with Tref is delivered to the predetection point labelled as
(3) in Figure 2, in which PV2 is measured. However, a small contribution coming from Tant
was present due to the isolation limitations of the hybrid couplers. Thus, when calibrating
the output associated with this port, two noise temperatures were provided at the reference
port, Tref, as well as at the antenna Tant, giving a combination of power levels obtained as

PV2@Tij = α2 · (Trefj + Trec3) + β2 · Tanti (32)

with i = 1, 2 for each input noise temperature at Tanti, and with j = 1, 2 for both noise
temperatures at Trefj. The parameters α2 and β2 correspond to the direct and leakage
contributions coming from each input port, respectively, and are calculated as

α2 =
PV2 @ Tref2 − PV2 @ Tref1

Tre f 2 − Tre f 1
(33)
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and

β2 =
PV2 @ Tant2 − PV2 @ Tant1

Tant2 − Tant1
(34)

Then, the receiver noise temperature Trec3 is calculated using the Y-factor as

Trec3 =
α2 · (Tre f 2 −Y · Tre f 1) + β2 · (1−Y) · Tant1

α2 · (Y− 1)
(35)

where Y=PV2 @ Tref2/PV2 @ Tref1 and Tant1 the fixed value for both temperature values at Trefj.
This expression provides a corrected calculation for the equivalent noise temperature of
the receiver instead of Equation (26), including the receiver’s limitations.

Similarly, the procedure was also applied to calibrate the predetection point (4) in
Figure 2, in which PV3 is measured and ideally proportional to Tant, defined as

PV3@Tij = α3 · (Tanti + Trec3) + β3 · Trefj (36)

and calculating the parameters α3 and β3 as

α3 =
PV3 @ Tant2 − PV3 @ Tant1

Tant2 − Tant1
(37)

and

β3 =
PV3 @ Tref2 − PV3 @ Tref1

Tre f 2 − Tre f 1
(38)

These parameters enable calculation of the corrected version of Equation (28), obtain-
ing Tant as

Tant =
PV3 @ T11 − β3 · Tre f 1

α 3 − Trec3 (39)

PV1 and PV4 correspond to the output power levels at predetection points (1) and (5)
in Figure 2, after being split by the first hybrid coupler. They are calibrated following the
same procedure, employing the above calculated parameters, and the output powers are
expressed as

PV1@Tij = α11 · Tanti + α12 · Trefj + 2 · α13 · Trec3 (40)

and

PV4@Tij = α41 · Tanti + α42 · Trefj + 2 · α43 · Trec3 (41)

with i = 1, 2 for each input noise temperature at Tant and j = 1, 2 for both noise temperatures
at Tref.

The new set of parameters, α11, α12, α13, α41, α42, and α43, are required to calibrate the
receiver. These parameters α11, α12, α13, α41, α42, and α43 are then calculated as

αk1 =
PVk @ Tant2 − PVk @ Tant1

Tant2 − Tant1
(42)

αk2 =
PVk @ Tref2 − PVk @ Tref1

Tre f 2 − Tre f 1
(43)

αk3 =
PVk @ T11 − αk1 · Tant1 − αk2 · Tref1

2 · Trec3
(44)
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with k = 1, 4 for each output of the receiver corresponding to PV1 and PV4, respectively.
Considering a common α parameter, the set of output powers can be expressed as a

single equation, given by

PVk = α · (Ak · Tant + Rk · Tref + Nk · Trec3) (45)

with α = α2, and Ak, Rk, and Nk are constant values for each parameter as defined in
Equations (33), (34), (37), (38), and (42) to (44) normalized to α2 corresponding to each
temperature at the antenna access, reference access, and equivalent noise temperature of
the receiver, respectively. These normalized values are defined in Table 7.

The proposed procedure was applied to the system, with input temperatures of 290 K
and 500 K employed at both inputs and swapped between them. Then, the power levels at
each predetection point were simulated, and the calibration parameters were calculated
and are listed in Table 7 for α2 = 4.750 × 10−9 W/K. In addition, an equivalent noise
temperature of the receiver, Trec3, of 81.73 K was obtained applying Equation (35). This
value takes into account the radiometer response integrating its whole gain and noise
performances across the band.

Table 7. The calibration parameters calculated for a set of temperatures of 290 and 500 K applied to
both inputs normalized to α2 = 4.750 × 10−9 W/K.

Parameter Output
k = 1 k = 2 k = 3 k = 4

Ak α11 = 0.509 β2 = 0.007 α3 = 1.008 α41 = 0.564
Rk α12 = 0.550 1 β3 = 0.007 α42 = 0.507
Nk 2 · α13 = 1.053 1 α3 = 1.008 2 · α43 = 1.064

Once these calibration parameters are obtained, any temperature at antenna port
can be measured. Two reference loads at the reference port enable the correction of the α
parameter and Trec3 in real-time without requiring a new calibration. These values were
applied to calculate Tant, correcting the receiver’s gain and noise temperature drifts. The
two reference noise temperatures are provided by a noise source on its ON and OFF states,
TrefH and TrefC, respectively. Then, two output power levels are measured for the unknown
antenna temperature. The αmed parameter was obtained employing the output powers PV1
and PV4 at predetection points (1) and (5) in Figure 2, from Equation (45) as

αmed =
(PV1 + PV4)@ TrefH − (PV1 + PV4)@ TrefC

(TrefH − TrefC) · (R1 + R4)
(46)

whereas the output power at predetection point (2) in Figure 2, PV2, was employed to
obtain the value of Trec3med as

Trec3med =
(TrefH − Ymed · TrefC)

(Ymed − 1)
(47)

where Ymed = PV2 @ TrefH /PV2 @ TrefC . Finally, the measured value of the antenna tempera-
ture, Tantmed, was calculated using PV3, the previous measured αmed, and Trec3med, and the
calibration parameters as follows

Tantmed =
(

PV3 @ TrefC

αmed
− R3 · TrefC −N3 · Trec3med)

A3
· (1 + A2) (48)

The latter expression takes into account the correction of the leakages in the receiver.
The R3 parameter defines the leakage of the added power from Tref to the predetection
point (4) in Figure 2 (proportional to β3), while the A2 parameter corrects the leakage from
Tant to the predetection point (3) in Figure 2 (proportional to β2).
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4.4. Validation of the Measurement Procedure Employing the Foot’s Temperature Patterns

The MWR system is intended to be employed in the analysis of diabetic foot neu-
ropathies, in a combined clinical workflow with thermal infrared sensors [38]. As a proof of
concept, the validation of the proposed measurement procedure was performed employing
known temperatures obtained from thermal images. Despite the values correspond to
superficial temperatures, they can be used as reference values to validate the method since
the temperature gradient observed is of the same order of magnitude as that expected for
internal temperature measurements.

Then, images of two volunteers were acquired using a Thermal Expert TE-Q1 Plus
infrared camera. After image processing to remove the background and segment the foot’s
soles [39], the temperature patterns of the right foot for each volunteer were obtained
and are shown in Figure 10. Heterogeneous temperature patterns were observed for both
volunteers, thus, enabling the receiver to validate its response with different input values.
Single dimension arrays of temperatures along the x- and y-axis lines were selected from
each pattern as depicted in the figure in the form of a black line. Five temperature points
were considered within each foot’s soles, in which a gradient was observed, and these are
listed in Table 8 as Treal-1 and Treal-2 for each pattern.

Once the foot’s sole temperatures were known, they were employed as input tem-
peratures for the microwave receiver at the antenna port to validate the measurement
procedure and the radiometer’s simulations were performed. Subsequently, using the
parameters obtained from the receiver calibration listed in Table 7, using Equations (35)
and (39), the temperatures, Tant-1 and Tant-2 for both volunteers, were calculated from the
receiver’s simulations using the proposed formulas and are also listed in Table 8. As can be
observed, the listed temperatures show a precise calculation. The real values and those
provided by the receiver show an error of 0.03 K, validating the measurement procedure to
correct the non-ideal performance of the involved components.

Figure 10. The temperature patterns of the right foot acquired employing the infrared camera (temperature values in
degrees Celsius, equivalent to T (◦C) = T (K) − 273.15). (a) Volunteer #1. (b) Volunteer #2.
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Table 8. The temperatures obtained from the simulation of the radiometer using the temperatures
patterns of the volunteers.

Volunteer #1 Volunteer #2

Treal-1 (K) Tant-1 (K) Treal-2 (K) Tant-2 (K)

303.46 303.43 305.23 305.20
305.11 305.08 306.65 306.62
308.19 308.16 308.67 308.64
306.30 306.27 308.07 308.04
302.39 302.36 307.72 307.69

5. Discussion

The described receiver presents an improved configuration in terms of noise tempera-
ture as compared with previously described systems aimed at biomedical applications. As
noticed in the noise temperature equations, the main contribution was due to the low-noise
amplifiers, placed at the front part of the receiver. Then, the contribution to the receiver
noise of the input hybrid coupler and subsequent components in a pseudo-correlation
topology were minimized by the gain of the first amplifier. Considering the Dicke configu-
ration, the switch located at the antenna output introduced losses to the receiver, degrading
the overall system noise temperature. Furthermore, the sensitivity of the receiver was also
improved, since the object under test was measured during the whole observation time.

The proposed configuration focused on instantaneous measurements of body tissues;
however, long-time operation of this kind of receiver involves a periodic calibration to
avoid drifts in the receiver performance. The presented radiometer enables the end user to
correct receiver drifts after a single calibration employing the set of output signals provided.
The receiver is initially calibrated, and then, for further tests, it could remain switched on.
Although the receiver could suffer from amplitude, phase, and noise temperature drifts,
these could be corrected using the described method by employing the set of outputs.

The LNAs employed in the receiver were the model TAMP-362GLN+ from Mini-
Circuits [51,54], and its performance can be analysed using the data provided by the
manufacturer. According to these data, typical gain and noise figure drifts lower than
0.008 dB/K and 0.004 dB/K, respectively, are expected for measurements performed at
ambient temperatures of 233.15, 298.15, and 358.15 K. The radiometer presented is focused
on biomedical applications, in which the measurement scenario is under controlled ambi-
ent temperature conditions, since it is a mandatory requirement for human body tissues
characterization. Thus, the LNAs will be employed under small changes in the ambient
temperature, and thus their drifts in gain or noise are expected to be small. In addition,
the drifts in the LNAs performance are considered to be in the same way for the all units
regarding the manufacturer’s data.

Noise, gain, or phase drifts can occur in any component of the receiver branches. The
measurement of the antenna temperature is accurate when these changes occur proportion-
ally for each pair of amplifiers, as the most critical subsystems, without imbalance between
branches, that is, their responses vary in the same way. This means that an increase in the
operating temperature would produce the same gain reduction, noise increase, or phase
drift, respectively. Then, the initial calibration would be still valid, whereas the real-time
measurements of αmed and Trec3med avoid a large error. Applying the proposed method and
avoiding any gain or noise drift, the error in the antenna temperature is lower than 0.05 K.

On the other hand, a change up to 3 dB in the gain for both branches simultane-
ously would imply an error lower than 0.5 K in the antenna temperature using the initial
calibration and real-time measurements. In addition, a gain or noise difference between
amplifiers connected to antenna and reference ports can be corrected during the real time
measurement, and the obtained error is below 1 K for a 0.5 dB gain imbalance. However, a
gain imbalance of the amplifiers in the branches between 180◦ hybrid couplers provides
relative errors larger than 1 K if it becomes greater than 0.2 dB during the simulations.
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For phase drifts up to 4◦ between the branches between the couplers, an error of
0.6 K is obtained in the value of the antenna temperature. However, through the values
obtained for the output powers PV1 and PV4, the imbalance can be evaluated to perform
a new calibration. Therefore, by simply evaluating the power splitter outputs, different
drift responses in each amplifier would imply that the radiometer should be calibrated
again. Finally, further research will be performed after fabrication, assembly, and experi-
mental characterization of a set of multifrequency radiometers designed with the proposed
topology.

The limitations of the described configuration involve more devices compared with
the Dicke receiver. This higher amount of COTS and custom designed components for
the radiometer requires a precise and careful assembly. In addition, the receiver requiers
the design of 180◦ hybrid couplers with balanced amplitude and phase responses. These
circuits are typically commercially available in coaxial connectors. However, they do
not allow a high level of integration and compactness of the radiometer, so a dedicated
microstrip design is employed.

6. Conclusions

A new configuration of a pseudo-correlation type radiometer aimed at biomedical
applications was presented. The proposed receiver was based on astrophysical instru-
mentation used at microwave frequencies for radio astronomy applications. The receiver
is intended to perform instantaneous measurements in a short period of time to prevent
patient discomfort, however, enabling a subsequent measurement after a short period of
time without calibrating again. The theoretical analysis was thoroughly described and
simulated to demonstrate its feasibility.

The described topology enables the simultaneous measurement of output signals
proportional to the incoming signal at the antenna port, the reference one, and combinations
between them. This set of signals enables the correction of the receiver’s performance,
facilitating its recalibration as a consequence of drifts on its gain or noise temperature,
whereas measurement of the object’s temperature was performed. Moreover, the proposed
radiometer presented an improved sensitivity since its configuration provided a reduction
in the noise contribution compared to other used topologies.
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