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A Novel Noncontact Ku-Band Microwave Radiometer for Human
Body Temperature Measurements

Hang Tian!, Xiaodong ZhuGe!, Anyong Hu', Qingli Dou?® *, and Jungang Miao®> "

Abstract—In emergency departments and ICUs, a novel noncontact thermometer is urgently required
to measure physical temperatures through common clothing to accomplish body temperature precise
measurement for critical patients. Hence, a Ku band digital auto gain compensative microwave
radiometer is proposed to get a higher theoretical temperature measurement sensitivity than a Dicke
radiometer, benefit miniaturization design, and reduce attenuation caused by common clothing.
Meanwhile, a novel compensation method for receiver calibration is proposed to improve temperature
sensitivity under non-ideal conditions, and the revised systematic calibration method is elaborated.
Furthermore, in order to invert body physical temperatures through clothing, a microwave thermal
radiation transmission model of clothed human body is constructed, and the microwave radiation
apparent temperature equation of clothed human body is derived. Importantly, three groups of
experiments are set up to confirm the designed radiometer’s performance, especially the biological
tissue temperature measurement. Results show that: 1) the designed radiometer has high temperature
sensitivity and accuracy for unsheltered targets; 2) amplitude attenuation caused by cotton cloth for Ku
band microwave is much smaller than that for infrared thermal radiation; 3) the designed radiometer
can track physical temperatures of targets (such as water and swine skin tissue) sheltered or covered
by cotton cloth relatively accurately. In conclusion, our designed Ku band microwave radiometer is
certificated to have outstanding performance in temperature measurement for biological tissue through
common clothing, which can be developed into a promising product in medical monitoring.

1. INTRODUCTION

In emergency departments (EDs) and ICUs of hospitals, there exist a large number of critical patients.
A lot of them suffer from emergent diseases encounter serious traffic accidents or accidents caused
by other harsh environments, making these patients weak and seriously ill. Due to pathogenetic
conditions, restraints, sedation, and other factors, most of them cannot cooperate with doctors to
take vital signs independently, even they have no time to wait to measure body temperatures by
undressing with assistance of medical staffs. Therefore, the contact temperature measurement by
a mercurial thermometer is dangerous and inconvenient. For examples, when the oral temperature
is measured by a mercurial thermometer, the mercurial thermometer is easy to be bite off; when
the anal temperature is measured, the condition of the patient’s fecal incontinence may exist, so
that the mercurial thermometer may be polluted, and the measurement may be affected; when the
axillary temperature is measured, there exists the condition that some critical patients cannot move
and need assistance from medical staffs. Moreover, most environments where diseases occur are harsh,
so deviations made by infrared thermometers for human forehead temperature measurements to indicate
body temperatures become large. For example, when the outdoor environment temperature is below
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0°C, their forehead temperatures will be very low if people stay outside long time, so that their forehead
temperatures cannot reflect changes of their body temperatures in a long period of time. Such data
cannot be used as evidences for doctors to determine patients’ conditions. For temperature measurement
requirements of critical patients in ICUs and isolation wards, such as the diagnosis and treatment of
infectious diseases, doctors also hope to use non-contact devices to measure and monitor vital signs
of patients round the clock, to assist patients in treatment and reduce the chance of doctors being
infected. Since many patients with infectious diseases cannot keep their heads still for a long time when
they are in bed, there will be large deviations in measuring forehead temperatures using an infrared
thermometer when being unattended. Thus, for these patients, doctors are trying to use other body
parts as new temperature measuring points. It is noted that there exist abundant muscles, fat, and
numerous organs in the torso, which can produce a lot of heat via metabolic pathways. And critical
patients above often wear clothes or stay in bed for a long time in ICUs, so that the torso skin is close
to clothes or bedding, forming a relatively closed environment, resulting in less heat dissipation of the
patient ’s torso. It is confirmed by experiments that there is no significant difference between the torso
waist temperature and the axillary temperature under this condition. For such patients, doctors also
want to use the torso covered with clothes or quilts as a new temperature test point. As mentioned,
since mercurial thermometers and infrared thermometers cannot meet requirements in EDs and ICUs
of hospitals, it is urgent to develop a novel thermometer as a complement, which can measure patients’
forehead temperatures directly or patients’ axilla or torso temperatures through clothes or quilts, and
then calculate body temperatures by corresponding them to equivalent axillary temperatures of the
human body with an algorithm.

Hence, in order to satisfy the needs above, a novel non-contact Ku band microwave radiometer is
proposed for human body temperature measurement in this work. Importantly, the reason for choosing
the Ku microwave band of our designed microwave radiometer is that, compared with the infrared band,
multiple clothing materials have much smaller attenuation to microwave [1,2], and also it has benefit
for miniaturization.

Here, the design goal in this work is different from [3-8]. Reasons for choosing Ku band are
explained below. According to the research of Gabriel et al. [11-13] on electromagnetic properties of
human tissues in microwave band, when the frequency is higher than 9 GHz, penetration depths of
both dry skin and wet skin are less than the maximum average skin thickness of 4.5 mm, as shown
in Fig. 1. Although microwave radiometers with frequencies above 9 GHz have not been widely used
in medical radiation measurements in recent years, many scholars have made active explorations since
the 1970s. In [14], the theory of microwave radiometry of biological systems is outlined. An X-band
microwave radiometer of the correlation radiometer has been built. Preliminary experiments were
performed on different parts of a human subject, including head, hand, and back. In [15-17], a high
sensitivity radiometer operating at 9 GHz was used for investigations on breast cancer patients and
on patients with tumors of various localizations and histologic types. In [18], more than a hundred
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Figure 1. (a) Human skin model [2,9,10]; (b) Penetration depth and Emissivity of Human Skin.
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cases of thyroidal, osteoarticular, facial, or intracranial pathologies have been explored with microwave
thermography at 9, 30, and 68 GHz. Deep lesions such as those of femoral head or lumbar spine, or
cerebral tumors were detected. In [19], a scanning microwave thermograph with the band 9-10 GHz
has been built, which produced a video display of the variations in the emission temperature of the
human body. Preliminary medical studies on a number of patients suffering from occlusive vascular
disease of the lower limbs have been launched. In [20], a microwave thermometer RT-20 was used to
carry out the study for making a microwave temperature chart of the whole cows’ body surface. In
[21], a Ka band contact radiometer was studied theoretically and experimentally for the accuracy of
human-body temperature measurements. In [22], a 10 ~ 12 GHz microwave radiometer was used for
early breast cancer detection, and an analysis of physical principles of microwave thermography was
made. In [23], a 12.5 GHz low-cost radiometric temperature sensor system was designed for biological
tissue surface temperature measurements in the food industry, but its measurement sensitivity was not
high. In [24], a microwave radiometer at 10.68 ~ 10.70 GHz was designed for non-contact surface body
temperature measurement with a horn antenna24. However, for the reason that its working bandwidth
was only 20 MHz, its temperature sensitivity was not high. It is noteworthy that a horn antenna with
high directivity was also adopted in our work the same as [24]. Referencing but better than these
mentioned examples, considering the size of the horn antenna and waveguide, the working frequency
band is selected in Ku band ultimately for miniaturization and integration of the designed microwave
radiometer.

Next, the designed microwave radiometer is optimized into a digital auto gain compensative
microwave radiometer, as shown in Fig. 2. Compared with the traditional Dicke radiometer, both
of them use one internal reference source, while their operating principles and theoretical maximum
sensitivities are quite different. The radiometer designed in this work has the same theoretical maximum
temperature sensitivity as a total power radiometer, but the receiver structure is simpler than a Dicke
radiometer so that the synchronous demodulator is not used. Until now, many research institutions in
China have also used digital auto gain compensative technique to improve sensitivities of microwave
radiometers, which is widely used in priority projects such as ground object detections and astronomical
observations [25, 26].
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Figure 2. Block diagram of the designed digital auto gain compensative microwave radiometer.

2. MATERIALS AND METHODS

2.1. Working Principle of Digital Auto Gain Compensative Microwave Radiometer

The system structure and photograph of the digital auto gain compensative microwave radiometer
designed in this work are shown in Fig. 2 and Fig. 5, respectively. The main body is a super-heterodyne
receiver instead of a direct-conversion receiver. Owing to high costs of Ku band microwave elements, the
noise power of the measured target is down-converted to intermediate frequency (IF) band through a
superheterodyne receiver, so that related components are easy to obtain and have low cost. A reference
noise source Trrr and microwave electronic switch SWITCH are added between the horn antenna and
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the super-heterodyne receiver to smooth gain fluctuations of the radiometer. The data acquisition board
DAQ is used to control data flows of the radiometer, collect and store output voltage data from the
detector. TRL is a short coaxial transmission line used to test targets with different sizes. During the
measurement process, the radiometer receiver is periodically switched between Trpr and the antenna
by means of SWITCH.

As shown in Fig. 2, assuming that equivalent noise temperature of the super-heterodyne receiver
is Trpc [27], Trec can be determined by the following formula:

Tn Trr
+ + ... 1
Grr GgrrGum (L)

Here, Grp is the power gain of Ku band low noise amplifier LNA1, Trr the equivalent input noise
temperature of LNA1, Gj; the RF-to-IF power gain of MIXER, Tjs the equivalent input noise
temperature of MIXER, and T7r the equivalent input noise temperature of IF band circuits.

When the electronic switch SWITCH is added, the equivalent noise temperature Ty~ of the
receiver can be expressed as

Trec = Trr +

Trpe = (Ls — )Tswircn + Ls ® Trec (2)

Here, Tswircm is the physical temperature of SWITCH, and Lg is the loss factor of SWITCH.

Assume that antenna temperature T4 becomes Try after entering into SWITCH through TRL.
Expressions of T4 and T7y are given in Section 2.4. When the antenna is connected to the receiver by
SWITCH, the output voltage (Vourrn) of the radiometer is

Vourin = Gs(Tin + Trpc) (3)

When the noise source Tgrgp is connected to the receiver by SWITCH, the output voltage (Vourr)
of the microwave radiometer is

Vourr = Gs(Trer + Trec) (4)

Here, Gs (V/K) is the total system gain including the detector voltage sensitivity.

When the system gain G'g changes to G’ with time, assuming that the time is so short that Trrr,
Trn, and T are not changed. At this time, when Trpp or the antenna is connected to the receiver,
output voltages of the radiometer respectively are:

Vourr = G's (Trer + Tripc) (5)
Vourin = Gs (Tiy + Tric) (6)
Here, to distinguish measured results, T7x is written as 17, .

Then the output voltage corresponding to 77, is compensated when the system gain changes. The
compensation formula is:

" Vourr

OUTIN = Vourin = Gs (Tin + Trec) (7)

Vourr
Finally, T} is determined by

1
, _ Youriy —Vourr

Trn Co + TrEF (8)

Here, G is solved according to Equation (22).

2.2. Design of Microwave Radiometer
2.2.1. Antenna of Microwave Radiometer

In noncontact human body temperature measurements, a horn antenna with high directionality is
selected [24] to reduce environment noise contributions to the radiometer, which is a standard gain
horn with 15dBi gain. It should be noted that the horn antenna used in this design is not the final
horn antenna style, and its physical size can be reduced by a variety of methods by referencing [28-36].
However, the requirement to reduce its physical size or not is determined by specific clinical applications.
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The reason that a standard gain horn with 15 dBi gain is selected in this work is that its radiation pattern
and other indicators are standard, and its performance is appropriate for clinical applications discussed
in this paper. Its performance can be queried in many websites and companies [37,38]. In processes
of the performance verification and temperature inversions for the designed microwave radiometer, the
error caused by the antenna performance uncertainty can be reduced, and the temperature measurement
accuracy can be improved. The basic parameters and photograph of the antenna are shown in Fig. 3
and Table 1.

Table 1. Devices’ basic parameters of the designed microwave radiometer.

Symbol Basic Parameters
RF Frequency: Ku band; Radiation Efficiency »;: 94.5% at 14 GHz
Size: 50mm (L) x 40mm (W) x 85mm (H)
RF Frequency: DC ~ 18 GHgz;
VSWR: < 1.1; Insertion loss: 0.3 ~ 0.4dB
RF Frequency: 10 ~ 20 GHz;
Insertion Loss: 1.8dB

Antenna

TRL (Transmission Line)

SWITCH

S11idB)

) i H i i i H i
12 125 13 13.5 14 14.5 13 15.5 18
Frequency [ GHz?

(b)

Figure 3. Antenna parameters. (a) Antenna in the design; (b) S1; (dB) measured.

2.2.2. Switching Time of Microwave Switch

Although calibration devices of the designed radiometer are similar to the Dicke radiometer, their
calibration principles are quite different. For the Dicke radiometer, the Dicke switch needs to be
switched twice over the entire integration time 7 due to the synchronous demodulator, so that the
switching time ¢4 of the Dicke switch is t5 = 7/2 [27].

For the designed radiometer in this work, the microwave switch needs to be switched only once over
7. After the output voltage signals have been integrated over 7, the analog to digital (AD) converter
on the DAQ board samples them. After sampling is completed, the switch is switched to other ports.
The switch completes the above repeated action under the control of the DAQ board. Therefore, the
switching time tgwrrog of SWITCH is:

tswircg =T +netap, n=123 ... (9)

where T4p is the sampling time of the AD converter, and n is a positive integer. n e T4p means that
the AD converter samples the output voltage signals for n times after the output voltage signals have
been integrated over time 7.
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2.2.8. Microwave Internal Reference Noise Source

The microwave reference noise source Trpp is a specially designed and manufactured matched load,
whose equivalent noise temperature Trgp is given by [39]

Trer = (1 - |FREF|2> T, (10)

Here, T, and I'rgr are the physical temperature and terminal reflection coefficient of the microwave
internal reference noise source, respectively. T, is measured by a RTD PT100, so as to avoid using
temperature-controlled equipment with huge volume. Fig. 4(a) shows the terminal reflection coefficient
I'rer of the microwave reference noise source.

2.2.4. Receiver Predetection Total Gain

The receiver predetection total gain G plays a critical role in obtaining excellent system performance.
In order to guarantee that the radiometer works well, two important criteria must be met for Gyp:
First, it must be large enough to ensure the noise figure required by the receiver; second, the power
detector must operate in the square law region.

To satisfy the first key criterion, Gy must meet the following equation:

A,—TV min
T 11
AT'min ( )

Here, A is a constant determined by the specific receiver and generally 10; ATy, is the temperature
measurement sensitivity of the radiometer; ATy pin is the minimum detectable temperature for the
square law detector and terminal amplifier, which is expressed as:

2 VBLr
ATy min = ——~ ¢ /ToRy Fyr » 12
\% CdO\/E ofwr'y B ( )

where Cy is the sensitivity of the square law detector (V/W); Ry is the low frequency resistance of
the detector (€2); Fy is the noise figure of the terminal amplifier (DC voltage amplifier); Brr is the
bandwidth (Hz) of the terminal amplifier; B is the noise bandwidth (Hz) of the receiver; k is the
Boltzmann constant; Ty = 290 K.

In order to satisfy the second key criterion, the operating point should be selected appropriately
according to the characteristic curve of the detector, so that the maximum output power of IF band
circuits can be in the square law region of the detector. After the maximum allowed input power Prp
of the detector is determined, Gy is determined as

Gur > A

Prr
Guyrp < ———
E = 9kT,,.B

where T, is the equivalent noise temperature of the radiometer.

In this work, a square law detector is used for the radiometer whose working band is 0.6 ~ 4 GHz.
The input power point 1.1mW ~ 1.4mW (0.41 ~ 1.46 dBm) is selected which is enough by referencing
Table 2. A practical measurement and linear fitting were carried out, as shown in Fig. 4(b). The
linearity of the detector is better than 0.9995 at 2.7 GHz.

(13)

Table 2. Values of equivalent noise temperatures.

Symbol Basic Parameters
REC 692.6481 K
Trn 289.7775 ~ 294.727K
Toys = Thpe + 1IN 982.4256 ~ 987.3751 K

Psysin =k o (Thpe +Tin) e B —73.2375 ~ —73.2157 dBm
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Figure 4. (a) The terminal reflection coefficient I'rpr of the microwave internal reference noise source.
(b) Output Voltage VS Input Power at 2.7 GHz for the detector.

By substituting the selected power point and the parameters of the device in this work into
Equation (11) ~ (13), 51.2dB < Gyr < 68.7dB is obtained. In addition, the IF band circuits should
provide an extra gain of about 10 dB to compensate the loss.

2.2.5. Basic Performance of Designed Microwave Radiometer Receiver

The development of hardware circuits went through two stages for the designed Ku band microwave
radiometer. In the first stage, discrete circuit modules were assembled to verify feasibility and
performance of the designed radiometer, as shown in Fig. 5(a). In the second stage, miniaturization
design was made, as shown in Fig. 5(b). The measured gain and noise figure of the radiometer are shown
in Figs. 5(c) and (d). Values of equivalent noise temperatures are listed in Table 2. B is about 3.5 GHz.
Here, the emissivity of the skin is regarded as 0.48 [11-13], and temperature range for calculation is
30 ~ 42°C.

2.3. Temperature Measurement Sensitivity Analysis and Revised Calibration Method
under Non-Ideal Conditions

In this section, in the first place, the maximum temperature sensitivity of the designed radiometer
under ideal conditions is given and compared with classical types of microwave radiometers. Then, the
temperature sensitivity of the designed radiometer under non-ideal conditions is analyzed. Since the
physical temperature of the internal reference noise source Trpp is measured in real time rather than
at a fixed temperature point, the temperature sensitivity of the designed radiometer would get worse
by only applying the ideal calibration method proposed by Equations (3)—(8). In order to improve the
temperature sensitivity of the designed radiometer, a novel compensation method related to the physical
temperature of Trpp is proposed for receiver calibration, and the systematic calibration method for the
designed radiometer is given in detail.

2.8.1. Temperature Sensitivity of Designed Radiometer under Ideal Conditions

The radiation measurement sensitivity of a microwave radiometer is affected by both noise uncertainty
ATy and gain uncertainty ATq. The radiation measurement sensitivity of a microwave radiometer can
be expressed as [27]:

1/2

e AG

2
2 2 2 2
AT = \/(ATN) + (ATg) = Tsys ° Br =+ TNE ° ( G )

(14)
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Figure 5. Designed Ku band microwave radiometer. (a) Photograph of the designed radiometer
assembled with discrete modules; (b) Photograph of the designed radiometer after miniaturization; (c)
Receiver predetection total gain measured; (d) Noise figure measured.

Here, 7 is the integration time, a a constant related to the receiver, AG the system gain fluctuation,
and Ty the weight coefficient related to system noise temperature for AG.

Since tgwrrom is longer than 7 for the designed radiometer, the uncertainty caused by ATy is
the same as that in a total power microwave radiometer (that is, a ~ 1), and AT can be reduced
to zero theoretically after compensation, so that the designed radiometer has a high temperature
measurement sensitivity. Table 3 shows the temperature sensitivity expressions of several typical
microwave radiometers.

Table 3. Temperature sensitivities of typical microwave radiometers.

. TS S
Type of radiometer ATy = % ATg =TnE ® %
Total power microwave radiometer a=1 Toys ® %
Dicke microwave radiometer a=2 (Ts — TR)A—GG [17]
Digital auto gain compensative radiometer a~1 Tys ® % -0

2.3.2. Analysis of Temperature Sensitivity and a Novel Compensation Method under Non-Ideal
Conditions for Designed Radiometer

As mentioned above, the ideal temperature sensitivity of the designed radiometer is the same as that
of a total power radiometer under ideal conditions 7. But under non-ideal conditions, the physical
temperature of the internal reference noise source may change from Trpr to Trpr + ATRpr; the system
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equivalent noise temperature may change from Th - to Thpe + ATgrec; and the system gain changes
from Gg to G’y = Gg + AGg between two adjacent radiometer calibration cycles. Then Equations (5)
and (6) can be rewritten as:

AT +AT
Vourr = G's (Trer+ATrEr+Trpc+ATrec) =Gl <1+ TREF / REC) (Trer + Tree) (15)
REF+Thpo
ATrec
Vourin = G's (Tin + Thpe + ATrec) = G (1 + T (Tin + Tric) (16)
IN T LRrEC

Here, (ATrpr + ATrec)/(Trer + Thpe) and ATgpc/(Tiy + Thpe) can be regarded as gain
fluctuations caused by equivalent noise temperature changes. Then Equation (7) becomes:
ATrpc ® (Tiy — Trer) + ATger @ (Tiy + Thrpc)
(T} + Thpe) (Trer + Thpe + ATrer + ATgrpc)
Equation (17) is the result of the real situation after the correction process on the basis of Equations (3)
and (4) and Equations (5) and (6). In Equation (17), let

AGg _ ATrec ® (T}N —Trer) + ATrpr ® (T}N + T]/?EC) (18)

Gg (TI/N + T}/%EC) (TREF + TI/%EC + ATRrpr + ATREC)

Here, Equation (18) can be regarded as gain fluctuations caused by equivalent noise temperature
changes after correction. Thus, by only applying the ideal calibration method by Equations (3)—(8),
the temperature sensitivity of the designed radiometer is:

AG 2 1/2
o S1
AT, = Tgyg By + < Co >

r 01 1/2
1 ATgpc @ (Tiy —Trer) + ATger © (Tiy + Thrpc)
Bt (TI/N + TI/'%EC) (TREF + T;%EC + ATgrgr + ATREC)

Vourin = Gs (1 - ) (Tin + TrEc) (17)

[ 1

= Tsys (19)

According to Equation (19), the temperature sensitivity of the designed radiometer is shown in Fig. 6(a).
Here, parameters used in Equations (18) and (19) come from Table 2. As shown in Fig. 6(a), when
ATrpr = 0K and ATgrpc varies between 0 and 30K, the temperature sensitivity of the designed
radiometer varies between 0.0155K and 0.2K only. It means that when ATgrpr is maintained at a
fixed temperature point, the ideal calibration method is effective to reduce fluctuations caused by AGg
and ATgrpc, and keeps the digital auto gain compensative microwave radiometer working with a high
temperature sensitivity. When ATrpr # 0K and varies from 0.1 K to 1K, with ATrgc varying from
0 to 30K, the temperature sensitivity of the designed radiometer varies from 0.1 K to 1.2K. It can be
seen that the temperature sensitivity of the designed radiometer is quite sensitive to ATgrpr and gets
worse with the existence of ATrpr by only applying the ideal calibration method, so that an external
calibration source must be applied to reduce AGg; repeatedly according to Equation (22) to maintain
a high sensitivity of the designed radiometer.

In order to reduce the influence of AGg1/Gg on the temperature sensitivity ATj, a novel
compensation method is proposed here. Because AT} is sensitive to ATrgr, the influence of ATrpr
on the temperature measurement sensitivity must be reduced. It is well known that ATrpc is difficult
to measure accurately, whereas Argpr and Trpr + ATrpr can be measured by RTD PT100 easily, so
that Equation (17) can be revised as

(ATppr+ATrec) ® (Tiny —TrEF —ATREF)
(T;N+TI/%EC) (TREF"‘V‘T]/%ECJFATREF‘FATREC

Then, the temperature sensitivity of the designed radiometer becomes:

Vourin+Gse ATrpr =Gy <1 - )> (Tin+Trec) (20)

97 1/2

ATy, =Tsys

(21)

1 (ATrpr + ATrec) ® (T7y — TrEF — ATREF)
Bt (Tin + Thee) (Trer + Thpe + ATrer + ATrEC)
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According to Equation (21), the temperature sensitivity AT5 is shown in Fig. 6(b). As can be seen
from Fig. 6(b), AT> becomes less sensitive to ATrpr and is greatly decreased when ATgrpr exists,
so that the designed radiometer can work at a high temperature sensitivity 0.1 K with conditions
ATrpr < 10.0K and ATgpc < 15.0K met after Equation (21) being applied compared with
Equation (19). After Equation (17) is revised to Equation (20), the designed radiometer no longer
has to be calibrated repeatedly by an external calibration source.
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Figure 6. (a) The temperature sensitivity according to Equation (19); (b) The temperature sensitivity
according to Equation (21).

2.8.8. Revised Calibration Method for the Designed Radiometer

In order to calculate T7,, Gs must be calculated with the help of an external calibration source whose
equivalent noise temperature is Tprpr after the radiometer works stably, as shown in Fig. 7. Considering
existences of ATrgr and ATgrgc, the revised calibration method proposed is as follows:

Step (1) Control SWITCH to point to the antenna. The aperture of the antenna is focused
on an external calibration source (Tgrpr is fixed and should be different from Trgr), as shown
in Fig. 7(a). Teprgr becomes Tgprrn after entering into SWITCH through TRL. Tgrry can be
calculated since parameters of ANTENNA and TRL are measured and definite, and the voltage
Vourer = Gs (TeriN + Thp) output by the radiometer is recorded at the same time.

==
/ |
SWITCH / \

RECEIVER

TREF f

ExternalCalibration Source

(a) (b)

Figure 7. (a) Diagram of external calibration; (b) The external calibration source.

Step (2) Record Trer and Vourr = Gs (Trer + Trpeo) output by the radiometer when SWITCH
points to the internal reference source Trpr.
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Step (3) Calculate the initial gain Gg of the designed radiometer from records as

Vi — Vi
Gg = Yourr = VouTer (22)
Trer — TERIN

Step (4) After that, the antenna is aimed at the measured target for temperature measurements.
Control SWITCH to switch between ANTENNA and Trpr periodically, and record Trrpr and
voltages output by the radiometer. Calculate V5,5 according to Equations (5)—(7), and revise it
according to Equations (20). Then calculate T7,; according to Equation (8).

Step (5) When the conditions ATrrpr < 10.0K and ATgrpc < 15.0K are not met, repeat steps (1)
~ (4) in sequence. Otherwise, only step (4) is needed to calculate T7 .

2.4. Temperature Inversion of Targets in Near Field

When a target is measured, the antenna temperature T4 can be solved from voltages output by the
radiometer. The process of solving the apparent temperature from the antenna temperature T4 is called
inversion of apparent temperature [40,41]. The brightness temperature T of the target can be solved
by subtracting the ambient scattered radiation temperature from the apparent temperature [42,43].
And the target’s physical temperature T}, can be solved from the target’s brightness temperature Tz.

In this section, the method of temperature inversion for uncovered skin in near field is firstly
presented, and then the microwave thermal radiation transmission model of clothed human skin is
proposed and applied to the temperature inversion for clothed human skin.

2.4.1. Physical Temperature Inversion for the Uncovered Human Skin in Near Field

Assuming that the physical temperature of the measured target is T}p; the emissivity is €p; and the
brightness temperature of the measured target is Tz, then the following relationship exists:

TB = EhTh (23)
In the indoor environment, the apparent temperature of the human body Tapy is:
Tapu =epTh + (L —ep)Ts =T+ (1 —ep) T (24)

In this work, a horn antenna with high directivity is selected, and the non-contact measurement distance
is relatively close. Thus, when the antenna aperture is oriented in the direction of a specific part of a
human body, T4 pp can be considered as one constant within the detection range of the antenna. Ideally,
the room ambient brightness temperature is consistent in all directions and is equal to Ts. Considering
that an actual antenna is not ideal, T4 can be written as:

Ta = (e Tap + (L= mg) T+ Tpa (1= m)] @ (1= [T (25)
When T4 enters SWITCH through TRL, T7x can be expressed as [18]:

2
T[N = [(nMTAPH + (1 — 77M) Ts) m + Tpa (1 — 7’]1)] ° (1 — ‘FF) ° % —+ (1 =+ @) <1 — 11_1> Tpl (26)

Here, for an antenna, 7 is its radiation efficiency; T}, is its physical temperature; and I is its reflectivity
coefficient. 7,/ is the weighting coefficient of the antenna for the measured target. For TRL, T}y is its
physical temperature, and L is its loss factor.

Thereby, for the inversion of physical temperature T}, of uncovered human skin or objects without
shelter in near field, Equations (23)—(26) are adopted.

In the near field of the antenna, the weighting coefficient 75 is defined:

//Fn(ﬂ,cp)dQ

(27)
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where F,, (0, ¢) is the antenna weighting function, €2 the solid angle, and Q7 the solid angle subtended
by the measured target.

As the antenna almost works in near field, 1, is a function of the distance between the target and
the antenna aperture, and it is related to the size and work frequency band of the antenna as well as
the size of the target, but not invariable. The actual measurement for n;; is very tedious and cannot
include all instances. Based on the above facts, the simulation method is adopted in this work to obtain

M -

2.4.2. Physical Temperature Inversion for Clothed Human Skin in Near Field

When the human body is in common clothes or quilts, the apparent temperature distributions of the
human body finally received by the radiometer are comprehensive. They can be described as radiation
components, including radiation temperatures of clothing/quilt, human body, and surroundings which
are finally incident upon the antenna aperture after repeated reflection and transmission at every
interface.

In order to invert the physical temperature of human skin through clothing or quilts, a microwave
thermal radiation transmission model of clothed human body is proposed based on the knowledge
of microwave security [44]. According to the transmission model, the microwave radiation apparent
temperature equation of clothed human body is derived, so that the physical temperature of human
skin in clothes can be solved.

2.4.2.1. Microwave Thermal Radiation Transmission Model of Clothed Human Body

The microwave thermal radiation transmission model of clothed human body proposed in this work is
shown in Fig. 8. The transmission model can be evolved into a 4-layer hierarchical structure, that is,
air-clothing-air-human body. Fig. 8 shows the contribution of ambient radiation temperature, clothing
radiation temperature, and human body radiation temperature to human body apparent temperature.
The radiation transmission model will be analyzed in detail below.

Air Air

1
6/' ! Microwave
Radiometer

Apoq uewng

Skin Clothing

Figure 8. Microwave thermal radiation transmission model of clothed human body.

As shown in Fig. 8, the apparent brightness temperature of human body mainly includes three
parts: first, the radiation temperature of clothing itself (2 in Fig. 8); second, the radiation temperature
reflected by clothing coming from environment (5 in Fig. 8); third, radiation temperatures penetrating
through clothing (1, 3, 4, 6 in Fig. 8). Among them, the third part is complicated, which includes
the radiation temperature of human body itself (1 in Fig. 8) and the radiation reflected by human
body coming from the equivalent environment temperature. The equivalent environment temperature
includes the environment temperature penetrating through clothing and reflected by human body (6 in
Fig. 8), the radiation temperature reflected by human body coming from clothing itself (4 in Fig. 8),
and the radiation temperature reflected by clothing coming from human body (3 in Fig. 8). Therefore,
the apparent brightness temperature of human body can be expressed by the following formula (the
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human body transmittance is regarded as 0):
TapHs = [EhTh + Tslph]tc +elde+ pTds = [5hTh + (Tstc +ed: + PcTh)Ph]tc +ecde + pcTs (28)

Here, Tapps is the apparent brightness temperature of human body, K; € is the emissivity of the
human body; t. is the transmissivity of clothing; p. is the reflectivity of clothing; T} is the physical
temperature of the human body, K; T, is the physical temperature of clothing, K; Ty is the ambient
temperature, K; 77 is the equivalent ambient temperature, K.

2.4.2.2. Physical Temperature Inversion Equation for Clothed Human Skin

Considering that the actual antenna is not ideal, substitute Equation (28) into Equation (26), so that
the antenna temperature T4gg for human skin with shelter can be expressed as:

Tams = [(miTarms + (L= 1) T) i+ Ty (1= m0)] o (1= 1) (29)
When T4pgg enters SWITCH through TRL, it becomes T7yps:

U

Tivis = (i Tapns + (- ) T -+ Ty (1= )]s (1 - D) 01 4 (1 - L) (1- 1) 7 0

Therefore, for the inversion of physical temperature T;, of human skin with shelter in near field,
Equations (28)—(30) are adopted.

3. RESULTS

To verify the performance of the designed microwave radiometer, several measurement setups are
introduced in this work by referencing [45-49]. Firstly, the performance of the designed radiometer
is verified by measuring the temperature of water. Water is easy to obtain in nature, and its specific
heat capacity is relatively large. Temperature variation of water is slow and uniform in the process
of temperature decline, so the long-term performance and temperature sensitivity of the designed
radiometer can be verified simultaneously. Then in order to test the response of the designed radiometer
under clinical conditions, the temperature of swine skin tissue is measured.

To model the indoor environment, the designed radiometer is not placed in a microwave anechoic
room, but directly in an ordinary room only with an air conditioning system. During the measurement
process, no objects are allowed to move inside, and the air conditioning system is always working to
keep the room temperature relatively constant.

3.1. Temperature Measurement of Water and Parameter Evaluations for Designed
Radiometer

3.1.1. Temperature Measurement of Water

According to ITU-R [50], the normal direction emissivity of semi-infinite pure water within the physical
temperature range of 0°C ~ 80°C in Ku band varies in the range of 0.38 ~ 0.41, which is relatively
close to that of human skin.

Figure 9 shows the experimental setup. Water is placed in a beaker, and the horn antenna aperture
is above water surface by D1 = 7T0mm. The aperture center of the horn antenna is aligned with the
subface center of water. Values of 7ys are obtained by simulation, as shown in Table 4. In order to
verify the performance of the designed radiometer in indoor scenes, the environment is not shielded
by any microwave absorber. Physical temperatures of water and reference noise source are measured
in contact by two RTDs (PT100, TS1, and TS2), whose temperature sensitivities can reach 0.01 K. In
order to prevent heat convection of water vapor from affecting the physical temperature of the antenna,
an extremely thin plastic film with high wave permeability is placed on the water surface. As the indoor
temperature is relatively constant during the measurement process, T),, 1) and T} are assumed to be
equal to T, that is, Tpq = Ty = T, = T.
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Table 4. Simulation results of weighting coefficient 7, for water in a beaker.

Distribution Parameters

Distance D1 (mm)

M 1-nm
50 0.90294 0.09706
70 0.84528 0.15472
90 0.81130 0.18870
110 0.77957 0.22043
130 0.73655 0.26345

The actual measurement results and temperature inversion results of the microwave radiometer are
shown in Figs. 9(b) and (c). The measurement time is about 2 hours. Recorded data points for each
curve are more than 2000 in Figs. 9(b) (c¢). According to Fig. 9(c), the temperature inversion results
basically coincide with the physical temperatures of the measured water. The designed radiometer has
the ability to track water temperature changes.
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Figure 9. The measurement and calibration results of the water temperature by the designed
radiometer with time. (a) Experimental setup; (b) Original measurement voltage data and calibrated
voltage data; (c) Temperature inversion results of the microwave radiometer and physical temperatures
measured by PT100 TS2.

3.1.2. Basic Parameter Fvaluations of Designed Radiometer

Here, the temperature sensitivity and linearity of the designed radiometer are calculated. The
corresponding relationship between output voltages calibrated by the reference noise source and the
microwave apparent temperature of the measured water is plotted in Fig. 10(a). The linear regression
analysis is carried out to calculate the linearity.

According to above test, the calculation method of the radiometer receiver sensitivity is as follows.
Step 1: Gather all measured output voltages in all noise temperature input points, and calculate the
average U and standard deviation o of output voltages at each noise temperature input point. Step 2:
Select two temperature point data randomly, and calculate the temperature sensitivity AT, of the
receiver. The calculation formula is
(oitoy)  Ti—Tj

2 Ui — U;j

Here, T; and T} are two temperature point data selected randomly, where T; # Tj; U; and U; are
measured output voltages; o; and o are standard deviations for T; and 7, respectively.

(31)

AT’min =
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Figure 10. (a) Corresponding relationship between output voltages calibrated by the internal
calibration source and the microwave apparent temperature of the measured water. (b) Temperature
measurement accuracy for pure water.

Then the absolute accuracy AT 4pg for the temperature of pure water measured by the radiometer
can be expressed as ~
ATaps=T—-T (32)

Here, T is the physical temperature estimate after inversion by Equations (23)—(27), and T is the physical
temperature measured by RTD PT100 TS2. According to Equation (32), the absolute accuracy for the
temperature of pure water measured by the radiometer is plotted in Fig. 10(b). The basic parameters
of the designed microwave radiometer are listed in Table 7.

3.2. Attenuation Caused by Cotton Cloth and Temperature Measurement through
Cotton Cloth

Experiments are designed to verify the amplitude attenuation of Ku band microwave thermal radiation
and infrared thermal radiation caused by cotton cloth and the temperature measurement performance
of the designed microwave radiometer for the target sheltered by cotton cloth. The reason for choosing
cotton cloth is that hospital gowns and quilts prepared for patients in EDs, ICUs, or general wards of
hospitals are almost all made of cotton cloth and cotton fiber. The single layer thickness of the cotton
cloth selected for the test is about 0.7 mm.

Experiments are carried out in three aspects: 1) Amplitude attenuation of infrared thermal
radiation caused by cotton cloth. 2) Amplitude attenuation of Ku band microwave thermal radiation
caused by cotton cloth. 3) The physical temperature measurement and inversion of water through
cotton cloth by the designed microwave radiometer.

3.2.1. Amplitude Attenuation of Infrared Thermal Radiation Caused by Cotton Cloth

A calibrated infrared thermometer is used to measure apparent temperatures of water through cotton
cloth. Water is placed in a high transmittance beaker. The infrared probe measures water from the right
side of the beaker in order to reduce the influence of heat convection by water vapor on cotton cloth,
so that the heat transfer mode is mainly heat radiation. Experimental setup is shown in Fig. 11(a).

The infrared probe is perpendicular to water surface through the wall of the beaker, and their
positions are fixed. Measurement procedures are as follows. Step 1: Measure the apparent temperature
of unsheltered water by the infrared thermometer. Step 2: Shelter water by cotton cloth rapidly and
measure the apparent temperature of water through cotton cloth when cotton cloth stays for 2s. Then
cotton cloth is removed immediately. Step 3: Repeat Step 1 and Step 2 every 3 minutes for 12 times in
total.
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Figure 11. (a) Experimental setup; (b) Apparent temperature measurement results by the calibrated
infrared thermometer. Here, the ambient temperature is about 25.2°C.

Measurement results are shown in Fig. 11(b). Phenomena can be observed as follows. (a) When
water is unsheltered, the apparent temperature received by the infrared thermometer is decreased from
about 345K to 323K over time. (b) When cotton cloth stays for 2s between water and the infrared
probe, the apparent temperature received by the infrared thermometer has only slight difference from
room temperature and cannot follow apparent temperature changes of unsheltered water.

According to phenomena (a) and (b), the attenuation of infrared thermal radiation caused by cotton
cloth is serious, which is above 0.90 [1, 2].

3.2.2. Amplitude Attenuation of Microwave Thermal Radiation Caused by Cotton Cloth

Because of microwave security applications, studies on the amplitude attenuation of microwave thermal
radiation caused by common clothing materials are mostly concentrated in Ka band and above [1, 2],
but studies are relatively few in Ku band.

In order to prove amplitude attenuation of Ku band microwave caused by cotton cloth, the designed
radiometer is used to measure water through cotton cloth. The experimental setup is shown in Fig. 12(a).
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Figure 12. (a) Experimental setup; (b) Microwave apparent temperature measurement results for
unsheltered water and water sheltered by 5 layers of cotton cloth.
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To reduce the influence of heat convection on cotton cloth, the water is measured from the bottom of the
beaker. The beaker has a high transmittance, which has negligible effect on the apparent temperature
of water in Ku band. The antenna aperture is perpendicular to the water surface, and their positions
are fixed.

Measurement procedures are as follows. Firstly, water sheltered by 5 layers of cotton cloth is
measured. After that, cotton cloth is removed from Fig. 12(a) to measure the unsheltered water only.
During two measurements, water is heated to 50°C and cooled naturally to 30°C over time. Physical
temperatures of water are measured by RTD TS2.

Apparent temperatures measured by the designed radiometer are shown in Fig. 12(b). Both
apparent temperatures of sheltered water and unsheltered water measured by the designed radiometer
can follow physical temperature changes of water. By comparison, the slope of apparent temperature
of the sheltered water is slightly lower than that of the unsheltered water, indicating that microwave
thermal radiation emitted by water is attenuated by cotton cloth, but attenuation is small. After
calculation, the attenuation of Ku band microwave caused by 5 layers of cotton cloth is about 0.02
(about 0.09dB).

According to above measurements, attenuation caused by single-layer cotton cloth to infrared band
is more than 10dB, while that to Ku band microwave is about 0.02 dB. Compared to infrared band,
cotton cloth is almost transparent to Ku band microwave.

3.2.3. Temperature Measurement of Water through Cotton Cloth by the Radiometer

According to above conclusions, water sheltered by 5 layers of cotton cloth is measured by the designed
radiometer, and the temperature inversion is carried out by using the microwave thermal radiation
transmission model of clothed human body.

The experimental setup is shown in Fig. 12(a) and Fig. 13(a). Temperature inversion results of
the microwave radiometer and physical temperatures measured by PT100 TS2 are shown in Fig. 13(b).
According to Fig. 13(b), temperature inversion results basically coincide with physical temperatures of
water.
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Figure 13. (a) Photograph of the Experimental setup; (b) Temperature inversion results of the
microwave radiometer and physical temperatures measured by PT100 TS2.

After calculation, when the temperature of water changes from 55.1°C to 31.5°C through cotton
cloth, the noncontact temperature measurement accuracy is about 4+0.3°C which is lower than that
in Table 5. The reasons are as follows. The calculation model for the temperature of cotton cloth is
different from its actual temperature. And there exists slight attenuation caused by cotton cloth for Ku
band microwave.
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Table 5. Swine skin tissue in test and Comparison with that of humans.

Thicknesses of Biological Materials (mm)

Biological tissue layer
Human skin tissue Swine skin tissue in test

Skin 0.8 ~4.5 2.5
Hypodermis 3.0 ~ 10.0 8.0
Muscle and Fat e 2.0

3.3. Temperature Measurements of Swine Skin Tissue through Cotton Cloth

In order to test the response of the designed radiometer to clothed human skin under clinical conditions,
swine skin tissue covered with 2 layers of cotton cloth is measured, and the temperature measurement
for uncovered swine skin tissue is used as a comparison group. In aspects of anatomical and physiological
characteristics, swine skin is very similar to human skin, and the skin of swine aged 2 and 3 months is
most similar to human skin [51-53]. Swine skin tissue can be heated and cooled rapidly by heating and
refrigerating, which is conducive to observe change of skin temperature by the microwave radiometer
in a short time. In reality, thicknesses of most cotton shirts are in the range of the 1.4 mm thickness of
2-layer cotton cloth.

As shown in Fig. 14(b), the biological tissue used in this experiment is swine chest skin tissue, which
is composed of skin, hypodermis, some muscle, and fat, with a size about 20cm x 20cm x 1.25cm,
and thicknesses of all parts are shown in Table 5.

The block diagram and photographs of experimental setups are shown in Figs. 14(a), (b), (d), and
D = 70mm. Measurement procedures were as follows. Step 1: Heat the swine skin tissue evenly in
order that the overall temperature is close to 50°C. Step 2: Carry out temperature measurement for
uncovered swine skin tissue in non-contact as shown in Fig. 14(b). Step 3: Repeat Step 1. Cover swine
skin tissue with two-layer cotton cloth and carry out non-contact temperature measurement as shown
in Fig. 14(d).

During the two measurements, an RTD PT100 is used to measure the skin-side physical temperature
of swine skin tissue. The values of 1,; are obtained by simulation, as shown in Table 6. Since swine skin
tissue used in test is similar to human skin tissue, relevant parameters such as emissivity are assumed
to be the same as human skin.

Table 6. Simulation results of weighting coefficient 7y, for swine skin tissue.

Distribution Parameters

Distance D (mm)

M 1-nm
50 0.98728 0.01272
70 0.96051 0.03949
90 0.91957 0.08043

Equations (28)—(30) are used for temperature inversion of test results in Figs. 14(b) and (d),
respectively. Temperature inversion results are shown in Figs. 14(c) and (e). According to Fig. 14(e),
after temperature inversion, non-contact temperature measurement results of covered swine skin tissue
are basically consistent with its physical temperatures measured by RTD PT100. Compared with the
results in Fig. 14(c), the accuracy of temperature measurement results in Fig. 14(e) is slightly worse
which is about +0.3°C.
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Figure 14. (a) Block diagram of the experimental setup; (b) Photograph of the experimental setup
for uncovered swine skin tissue; (c¢) Measurement results for (b); (d) Photograph of the experimental
setup for swine skin tissue covered by 2-layer cotton cloth; (e) Measurement results for (d).

Table 7. Basic parameters of the designed microwave radiometer.

Symbol Basic Parameters
Working band Ku
Integration time 7 ~1ls
Temperature sensitivity ~ 0.08 K
Linearity 0.9996

1) Pure Water: ~ +0.20°C (59.8°C to 30.3°C);

[\

Temperature accuracy

3

Swine skin tissue: ~ £0.18°C (45.1°C to 32.5°C);

)
) Water sheltered by 5-layer cotton cloth: ~ £0.30°C (55.1°C to 31.5°C);
)
)

4) wine skin tissue covered by 2-layer cotton cloth:
~ +0.30°C (44.5°C to 31.2°C).

4. DISCUSSION

This work is mainly focused on solving the problem of temperature measurement for critically ill patients
in hospital EDs and ICUs. According to the practical requirement, a Ku band microwave radiometer
is designed which can be conveniently used in measuring temperatures of patients’ foreheads directly.
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Notably, it can be applied to temperature measurements for patients’ axillae or torsos through common
clothes or quilts.

The designed microwave radiometer is a digital auto gain compensative microwave radiometer.
Compared with the Dicke radiometer, the digital auto gain compensative microwave radiometer
possesses a simpler receiver structure and a higher theoretical temperature measurement sensitivity.
In this work, discrete circuit modules are used to verify the microwave radiometer design principle.
Moreover, the miniaturized design and the assembled design are made for this radiometer. The
temperature measurement sensitivity of the designed radiometer under non-ideal conditions is analyzed,
and a novel compensation method related to the physical temperature of the internal reference noise
source for receiver calibration is proposed to improve the temperature measurement sensitivity of the
designed radiometer and reduce the frequency of external calibration in practice use. Furthermore,
the microwave thermal radiation transmission model of clothed human body is proposed for physical
temperature inversion of clothed human skin.

To demonstrate the performance of the designed radiometer for medical application standards,
several experiments are conducted. For our purpose, firstly, unsheltered water is selected as the tested
target, and the designed radiometer has the ability to track its physical temperature changes accurately
after calibration and temperature inversion. Secondly, experiments are designed to verify the amplitude
attenuation caused by cotton cloth of Ku band microwave and infrared thermal radiation, and the
non-contact temperature measurement performance of the designed microwave radiometer for water
sheltered by 5 layers of cotton cloth. The conclusion that amplitude attenuation caused by cotton cloth
for Ku band microwave is much smaller than that for infrared thermal radiation is proven in this work
by above experiment. Measurements show that temperature inversion results basically coincide with
physical temperatures of sheltered water. Thirdly, medical temperature measurements are considered.
A biological tissue, which is swine skin tissue, is selected for further testing. Results show that when it
is uncovered or covered by cotton cloth, the designed radiometer can track both temperatures of swine
skin tissue in above two conditions relatively accurately. Therefore, this designed radiometer does have
advantages in measuring human skin temperature through clothing or quilts compared with infrared
thermometers.

In aspects of working principle, system miniaturization design, temperature sensitivity derivation
correction, temperature inversion model construction, and experimental confirmation, the microwave
radiometer designed in our work is significantly different from those in [3-8,45-49]. Researches mainly
reported temperature measurements of human body internal tissues, and working frequency bands of
microwave radiometers used were low [3-8,24-28], so that antennas used must be carefully designed to
reduce their sizes. In particular, temperature measurements are usually carried out using an antenna
pressed against human skin in contact. In our work, the microwave radiometer designed is used to
measure human skin temperature. The selected Ku band is much higher than those in [3-8,45-49].

Table 8. Microwave radiometers above 9 GHz used for medical applications in references.

Basic Parameters

References Temperature  Temperature = Measuring
Working band Bandwidth e
sensitivity accuracy method
14] X band, CF*: 9.2 GHz 100 MHz 0.1K — noncontact
[15-17] X band, CF: 9.0 GHz 800 MHz — 0.2°C contact
[19] X band, 9.0 ~ 10.0GHz 500 MHz Order of 0.1K — noncontact
[21] Ka band, 32 ~ 35 GHz 4GHz  Order of 0.1K — contact
[22] X band, 10 ~ 12 GHz 2GHz  Order of 0.1K — noncontact
23] Ku band, CF: 12.5GHz 470 MHz 1.25K A Cloran o contact
absorber load
[24] X band, 10.68 ~ 10.70 GHz 20 MHz ~0.5K — noncontact

* CF means Centre Frequency.
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The antenna used is a high directional horn antenna, and the measurement method is non-contact. On
the other hand, although only a few researches were performed above 9 GHz for medical applications
with microwave radiometers pertinent literatures [14-24] from the 1970s are also listed in Table 8
for comparisons of the designed radiometer in this work. These microwave radiometers reported
in [14-24] are mainly used for body surface temperature measurement and imaging, breast cancer
detection, detections of deep lesions such as those of femoral head or lumbar spine, or cerebral tumors,
medical studies on occlusive vascular disease of the lower limbs, etc. On the basis of above researches,
medical applications of microwave radiometers above 9 GHz are extended by our work. Meanwhile, the
temperature sensitivity of the microwave radiometer for medical applications is further improved by our
work.

In addition, further work is required to optimize the calibration algorithm, and more deviations are
considered for the designed microwave radiometer. Importantly, clinical trials will also be conducted.
In summary, this designed microwave radiometer shows great significance in medical applications for
critical patients.
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