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Abstract — This paper deals with the sensitivity analysis
and tipping calibration of a developed W-band radiometer
system for radiometric measurements. Initially the
equivalent integration time of the cascaded hardware and
software integrators is derived and the radiometer
sensitivity is then analyzed based on the established
system measurement equation. Secondly, the applicable
tipping calibration of the W-band radiometer is
investigated and optimized to reduce calibration errors
according to the system parameters. Sensitivity
measurement and tipping calibration experiments of the
developed W-band radiometer are conducted. The
preliminary results show that the radiometer sensitivity
is 0.51 K with an integration time of 1 s, and the tipping
calibration has a better accuracy than the liquid nitrogen
calibration, with a maximum difference of 2.5 K between
both of the calibration methods.

Index Terms — Calibration, radiometric measurement,
remote sensing, sensitivity.

I. INTRODUCTION

Due to the advantages of relatively simple design
and high safety, radiometric sensors are increasingly
being seen in non-invasive monitoring in harsh and or
sensitive environments, such as the human body core
where direct contact to the object under investigation is
unachievable [1]. As lower microwave frequencies have
penetration depths in tissues on the order of centimeters,
microwave radiometric sensors have been employed to
continuously monitor core body temperature which
can provide a tool for monitoring drug delivery for
cancer treatment [2], breast cancer detection [3], and
hyperthermia temperature control [4,5]. While for the
ingestible capsules which employs short-range wireless
sensors to measure core body temperature [6], they
measure the temperature somewhere in the digestive
tract for a limited time and the device is still in the body.

At millimeter wave (MMW) frequencies, the
penetration depth is limited to the top skin layer and can
be used for surface temperature monitoring, such as in
the case of surface burns [2]. Also, MMW radiometers
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are widely applied in security screening due to the
advantage of clothes penetration. It is significant to
accurately characterize the radiation of interested items
like metal guns and knives, plastic explosives, ceramic
knives to offer database for the detection, classification
and identification [7].

A total power radiometer (TPR) for non-contact
biomedical sensing is presented in [8] as a precursor to
developing a health monitoring device. Unfortunately,
the radiometer sensitivity, which is a critical issue in
biomedical applications, is poor for the TPR due to
system gain fluctuation. The Dicke radiometers are
developed in [9,10] to stabilize the output for non-
invasive temperature monitoring. However, any method
that requires additional RF hardware will likely increase
its system cost significantly [11]. Of all the approaches
for radiometer sensitivity improvement, the noise-
adding radiometer has the great potential to achieve this
with minimal RF hardware added and has attracted a lot
of attention [11-13]. Recently, a W-band radiometer
which employs a receiver configuration based on the
proposed radiometer in [13] was developed for
radiometric characterization of interested items. It
reduces the influences of unavoidable system gain
fluctuations by injecting noise into the front end
periodically. However, the sensitivity of the whole
radiometer system was not presented in [13] which just
analyzed the sensitivity of individual channels. And the
both hardware and software integrators which contribute
to the system integration time are employed for the
flexibility in the receiver, so it is essential to derive the
system sensitivity and the cascaded system integration
time which determines the radiometer sensitivity
directly.

Additionally, it is significant for an antenna to have
a lower side-lobe level and a higher main-beam
efficiency for radiometry. In this paper, an offset
parabolic antenna is employed for the W-band radiometer
to improve the measurement accuracy [14]. However, it
is difficult to calibrate the developed radiometer with the
offset parabolic antenna using the two point calibration
method where a liquid nitrogen cooled absorber is
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preferred in practical outdoor operations. Fortunately,
the tipping calibration method which takes the atmosphere
under clear weather conditions as a calibration reference
is very convenient for the ground-based radiometer
[15,16].

Aiming for the sensitivity analysis and the tipping
calibration of the developed W-band radiometer with an
offset parabolic antenna for radiometric measurements,
this paper will be organized as follows. Section 2
introduces the developed radiometer receiver and
establishes the corresponding system measurement
model. The integration time of a cascaded integrator is
derived and the sensitivity of the radiometer is analyzed
in Section 3. The implementation of tipping calibration
for the W-band radiometer and the primary calibration
errors are described in Section 4. Experimental results
and analysis are presented in Section 5. The last section
is the conclusion.

Il. THE DEVELOPED W-BAND
RADIOMEER

Figure 1 shows the block diagram of an improved
W-band radiometer receiver based on the noise adding
type. While the radiometer working, the noise of antenna
or matched load is added with the injected noise
introduced by the noise source modulated with a periodic
square wave. The coupled signal is converted to an IF
signal via the mixer and goes through the IF amplifier,
and the square law detector and is then divided into the
direct current (DC) channel and the alternative current
(AC) channel. Compared with the DC channel, the extra
DC-block capacitor and the synchronous demodulator
are needed for the AC channel. The output signals of the
both channels are then acquired and processed by the
data acquisition and processing unit to deduce the
observed brightness temperature by applying the
radiometer system measurement equations.
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Fig. 1. Block diagram of the radiometer receiver.

The receiver front-end is housed in an insulated box
with the stable temperature accomplished by a thermal
controller. It is helpful to stabilize the receiver
temperature due to the gain of the radiometer front-end
is sensitive to the temperature variation. The W-band
radiometer is placed on a two-dimensional scanner
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driven by a servo controller when it works. A picture of
the W-band radiometer is shown in Fig. 2.
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Fig. 2. A picture of the developed W-band radiometer.

When the PIN switch is connected to the antenna,
the radiometer observes the scene to be measured.
Suppose Ta is the antenna temperature, Tr is the
equivalent system input noise temperature of the
radiometer receiver, Ty and T, are the noise temperatures
injected into the coupler when the noise source is on and
off, respectively. Then the radiometer system noise
temperature with the noise source switched on and off
can be respectively written as:

Ts_on :Ta +TR +TH ' (1)
Ts_off :Ta +TR +TL . (2)

The difference between Ts on and Ts o iS:
T, =T, -T,=C.-T,-ENR | 3)

where C. is the coupling factor of the coupler, T,=290 K
is the standard temperature, ENR is the excess noise ratio
of the noise source. So the mean voltage components of
DC channel and AC channel outputs can be expressed
respectively as:
Ve =74G:9akB (Ts Ty ) ) (4)
Ve =74Gc9ackBTi (5)
where, Vpc and Vac are the output voltages of DC
channel and AC channel respectively, yq is the square-
law detector sensitivity, G¢ is the common receiver RF
gain, gdc and gac are the video amplifier gains of DC
channel and AC channel respectively, k is the Boltzmann
constant, B is the system bandwidth pre-detection, Ts is
the receiver system noise temperature, and Tnw=Tn /2 is
half of the injected noise temperature difference. Define
a variable of K to be a ratio between the DC channel
output voltage Vpc and the AC channel output voltage
VAc:

K = \ﬁ _ gdc (Ts +TNM ) (6)

VAC gacTNM
In order to reduce impact of the receiver system
noise temperature drift to increase the measurement



accuracy, a periodic calibration technique is adopted
[17], that is, the matched load and the scene are observed
alternatively and the corresponding observation output
voltage ratio values of K¢ and Ky are obtained. Hence, the
brightness temperature of observed scene can be
determined by:

Tx :TC_M(KC_Kx):Tc_C(Kc_KX)v (7)
gdc

g acTNM

where, C = is the calibration coefficient and it

dc
can be determined by liquid nitrogen or tipping
calibration. Once the value of C is solved, Tx could be
obtained by the above expression.

I1. SENSITIVITY ANALYSIS OF THE
W-BAND RADIOMETER
As an important parameter for radiometer
performance evaluation, the theoretical sensitivity ATmin
which denotes the minimum detectable change in the
antenna temperature can be given with the following
expression:
AT . =CoK,, (8)
where, oKy is the standard deviation of Ky defined in Eq.
(6). Using the standard propagation of error to obtain oKy

as follows:
2 2 2
oK, = /iﬁi , )
VAC VAC

where, oVpc is the standard deviation of DC channel
output Vpc, and oVac is the standard deviation of AC
channel output Vac. Inserting Eq. (9) into Eq. (8),
2 2
AT . :CGKX:C\i %JFUV—ZAC .

AC VDC AC

It is known from the radiometric principle [18] that
the first and the second items in the above square root
symbol can be respectively derived as follows:

T+ 2T 2

(10)

T, )
oV2 _[(#Brdc/Z) +(1fBrdc/2) ]~ 4, 11
Ve (T 4T ) " Br,
T, + 2Ty 12 T, )
Vi _ o2 o AT AT, (12)

VAZC Ty ? B7Tum ’
where, 74 and zac indicate the integration time of the DC
and AC channel respectively, and have the same value of
7 due to possessing the identical integrator parameters in
this paper. So the obtained radiometer sensitivity is:

Z(TS +TNM ) T 2
AT n=——— [+ =) . 13
B (TR W

In the radiometer receiver a simple RC integrator
circuit is commonly utilized to smooth the random
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fluctuation of output signal. However, the integration
time of the hardware integrator is fixed and less flexible.
So a software digital integrator is generally implemented
by averaging digitized samples of the hardware
integrator smoothed signal. For a RC integrator with a
time constant of zrc, its pulse response function is:

0 t<0
hec (1) = iexp(—LJ 00 @

Tre Tre
and the pulse response function of a digital integrator can
be written as:

1 T T
= JImm o Tnum
B (1) =13 T~ 2 2, (15)
0 else

where, zm=Nts is the integration time of the digital
integrator, N is the number of samples to average, t; is
the sampling interval. Subsequently, the equivalent
integration time of the cascaded hardware and software
integrators can be determined by combining the
convolution computation, the Parseval theorem, and a
relationship between the integration time and the power

transfer function [19]:

2
T,

z_= num ) 16

Trum ~ Tre I:l_ exp(_rnum/TRC ):' ( )

Inserting Eq. (16) into Eq. (13), the ultimate

expression for the W-band radiometer sensitivity can be
rewritten as:

AT . = Z(TS T )\/T"“m ~Tre [1_exp(_rnum/TRc )J 1+(1+ T, )2 .

. Toum \/g TNM

(17)

IV. TIPPING CALIBRATION OF THE
W-BAND RADIOMETER
Tipping calibration has been widely applied in the
ground based radiometer to determine the calibration
coefficient by iterations. For the ideal plane stratified
atmosphere, atmospheric radiation transfer theory shows
that [20]:

Toy (0)=Tye 4T, (0)(1-e"),  (18)

where, @ is the zenith angle, Tsy(6) is the sky brightness
temperature at the direction of 6, () is the opacity of
total slant path, Tm(6) is the atmosphere mean radiative
temperature. Define a ratio of opacity between an
observation angle ¢ and the zenith as:
m, =7(0)/7(0). (19)
For the ideal plane stratified atmosphere, the opacity
at the direction of @ is proportional to the opacity at the
zenith as described as:

7(6)=7(0)sech. (20)
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Itis seen from Eq. (19) and (20) that m, =secé for

the case of plane stratified atmosphere, and the zenith
opacity can be obtained with Eq. (21):

(0)= n[nky(m L@ 1
Tey(0)-T,(0)  m, -1

where, Tsy(0) and Tay(#) are the measured sky
brightness temperature values at the directions of 0 and
6. When the opacity is lower, Tn(#) can be seen to be

constant for different zenith angles, that is, Tm(@) = Tm.
Based on Eq. (7), Eq. (21) can be rewritten as:

Ky O-K, ) 1
T(O)_I {Ksky(g)_KmJ m, _1,

where, Kyy(0) and Kgy(0) means the acquired voltage
ratio defined in Eqg. (6) with the sky brightness
temperature of Tsy(0) and Ts(0) respectively. Ky, is the
voltage ratio associated with mean radiative temperature
and can be deducted by Ky which is the voltage ratio of
ambient absorber with temperature of T, described by the
following equation:

K, :Kb—(Tb—Tm)/C, (23)
where, C is the estimated calibration coefficient. Tsy(0)
can be determined with the zenith opacity z(0) which is
calculated by substituting Ksy(0) Ksy(6)+ Kn and 6
into Eqg. (22), and hence the calibration coefficient can
be rewritten as follows:

C=(T, Ty (0))/(K, — Ky (0)) (24)

To improve the accuracy of calibration, the
technique of tipping curve is adopted by implementing
multiple measurements at different angles. Suppose

there is a set of measurement data {(a,,b;) -~ (a,.b, )},
K, (0)—K
ai _ In[ sky( ) m

(21)

(22)

], by=m, -1 so the zenith

Ksky (HI ) - Km
opacity can be calculated using linear regression:
y=7(0)x+b,, (25)
Ky (0)— K, )
where, x=m, -1, y=In| ——— [, 7(0) is the
Ky (0) - K,

slope of the linear function, b, is the intercept which
should be close to zero meaning that the fitted line
crosses through the origin. The calibration measurement
data are invalid unless the correlation coefficient of the
regression is greater than a threshold required for
accuracy. After renewing the calibration coefficient with
7(0), the zenith opacity 7(0) can be also updated and this
process is repeated until the intercept converges to zero.
It is important to note that the tipping calibration method
is based on the ideal plane stratified atmosphere which is
met by observations under clear weather conditions.
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V. EXPERIMENTAL RESULTS
AND ANALYSIS

A. Sensitivity measurement results

For the developed W-band radiometer system,
Tr=1340 K, B=2 GHz, Cc=10.6 dB, ENR=15 dB, the
integration time of RC integrator is zrc=50 ms, and the
sampling interval is t;=10 ms. The relationship between
the system equivalent integration time and the number of
samples to average is depicted in Fig. 3 according to the
Eqg. (16).

12 T T

10r /

Equivalent Integration Time/'s

0 200 400 600 800 1000
Number of Samples to Average

Fig. 3. The relationship between the equivalent integration
time and the number of samples.

It can be found from the figure that the system
equivalent integration time increases with the numbers
of samples almost linearly. Therefore, the integration
time of the radiometer can be adjusted by changing the
number of samples to average which will lead to a
subsequent adjustment of the sensitivity.

To estimate the practical radiometer sensitivity, an
ambient absorber with the temperature of 298 K and a
liquid nitrogen cooled absorber are observed as a hot and
a cold load respectively in the experiment. And the offset
parabolic antenna is replaced with a horn antenna for
convenience. A group of data with a time length of 10
minutes are acquired for both the hot and cold load
observations. And the practical radiometer sensitivity
can be calculated as follows:

AT, = 2287 Tz

oK

where, K, . and K, are the average output voltage

ratios for the ambient and cooled absorbers respectively.

T, 2 is the temperature of absorber soaked in the liquid
nitrogen and it can be estimated as [21]:

T\, =77.36+0.011(P —-760) , 27)

where, P is the atmospheric pressure with the unit of

oK,, (26)
Amb KLNZ



mmHg.

As presented in Fig. 4, the practical sensitivity is
measured under different values of the integration time
of 0.1s, 1 s, and 10 s which are achieved by adjusting
the number of samples to average. Also the theoretical
sensitivity of the radiometer varied with the integration
time is shown by inserting the corresponding parameters
into Eq. (17).

theroy
O measurement

Scnsitivity /K

10" 10° 10

Integration Time /s

Fig. 4. The radiometer sensitivity with different
integration time.

It can be seen that the a sensitivity of 1.56 K is
obtained when the integration time is 0.1 s, and its value
is reduced to 0.51 K and 0.18 K with a integration time
of 1 s and 10 s respectively. Also, the measurement
results are in good agreement with the theoretical values.

B. Tipping calibration results

To verify the presented calibration method,
calibration experiments of the W-band radiometer were
conducted under clear weather conditions in Nanjing,
China. The W-band radiometer was placed on the two-
dimensional scanner and the antenna pointing zenith
angle is set as 0°, 48°, 60°, 66.5° and 70.5° respectively.
The voltage ratios between the DC and AC signal output
channels at different observation angles are calculated by
the estimated calibration coefficient of C in the first
iteration of data processing. Then the zenith opacity is
obtained by fitting the calculated data using the least
square method and the calibration coefficient of
radiometer is renewed consequently. Repeat the above
iterative process until the intercept converges to zero.

As the tipping calibration errors might be caused by
the pointing angle offset, the mean radiative temperature,
the antenna beam width, and the earth curvature, some
measures are employed to reduce the calibration errors.
For the angular measurement error of scanner is less than
0.05°, the influences of the antenna zenith pointing error
on radiometer measurement accuracy could be
neglected. To reduce the error caused by the mean
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radiative temperature T, it is calculated by combining
the ground temperature, the relative humidity and the
meteorological statistics. While for the influence of
antenna beam width on calibration error, it could be
assessed with the following formula [15]:

_ HPBW? (T —Tig Je ™[ 2+(2-7(0))cot™ (6) |(0),

* 16In(2)

(28)
where, HPBW is the antenna half-power beam width in
radians. Since the half-power beam width of the
radiometer offset parabolic antenna is 0.96° the
maximum of temperature correction within the range of
observation angles is less than 0.03 K, and hence the
error caused by the antenna beam width is negligible.

In order to reduce the radiometer calibration error
caused by the earth curvature, an effective height as in
[15] is calculated by utilizing the MMW atmospheric
transport model in [22]. Then the ratio of opacity
between an observation angle 6 and the zenith should be
corrected to be:

m, =m, —Hm,(m,* -1)/r,, (29)
where H is the effective height, r. is the radius of the
earth.

In the iterative process of calibration, the application
of the above correction measures would contribute to a
more accurate calibration coefficient. Also, it is essential
that the correlation coefficient of the regression needs to
meet the accuracy requirement (the minimum value is set
to 0.998 in this paper). Two groups of measurement data
in the specified angles and the fitted line after 4 iterations
are shown in Fig. 5.

Measurement Data e
0.5 - —— Fitted Line

04

ln((Kj_h_(())-K V(K by (0)-K,,))

N

0.0 L L " L L L " L " I
0.0 0.5 1.0 15 20 25

Fig. 5. The measurement data and fitted line of W band
radiometer calibration.

The correlation coefficient of the regression is
0.9994, the intercept is 0.001, and the calculated zenith
opacity is 0.248. The ultimate radiometer calibration
coefficient is estimated to be 586.
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C. Evaluation of calibration accuracy
Also to assess the accuracy of the W-band
radiometer tipping calibration, a simple liquid nitrogen
calibration device is designed. The calibration device is
an incubator with wedge-shaped absorber covered
inside, and its size is 70cmx60cmx=40cm. Initially, the
radiometer observes the calibration device in the ambient
temperature whose value is measured with a high
precision thermometer. Then the device filled with liquid
nitrogen is observed by the radiometer and the
calibration coefficient can be deduced by processing the
measurement data. After observations of clear sky at
the different observation angles with radiometer, the
measurement brightness temperatures are obtained using
the calibration coefficient of tipping curve and liquid
nitrogen respectively. Define a measurement brightness
temperature error ATg:
ATB =TBiTP _TBiLNZ ) (30)

where, Tg_1piS the measured brightness temperature with
the tipping calibration method, Ts (n2 is the measured
brightness temperature with the liquid nitrogen
calibration method. The obtained mean brightness
temperature errors at the different directions are shown
in Table 1.

Table 1: The mean measurement brightness temperature
error at different observation angles

Observation Angle(°) AT, (K)
0 2.48
30 2.34
45 2.16
60 1.85
70 1.40

As can be seen from the table, the brightness
temperature deduced by liquid nitrogen calibration is
smaller than that deduced by tipping calibration. And the
brightness temperature error between the both reaches
the maximum to 2.48 K. Also with the increase of
observation angle, the mean measurement brightness
temperature error decreases and reaches to about 1.4 K
when the observation angle is 70°. The results of this
phenomenon are thought to be that real temperature of
absorber soaked in liquid nitrogen is higher than the
theoretical calculated temperature for the sake of
introduced ambient background temperature by
radiometer antenna side-lobe and the produced reversed
radiation by the liquid nitrogen surface. And then these
items lead to a larger radiometer calibration coefficient
C. However, it is seen from the W-band radiometer
system measurement equation as shown in Eq. (7), a
larger calibration coefficient will lead to that measured
brightness temperature of sky is lower than the actual
value. It is proved that the tipping calibration method has
a higher accuracy than the liquid nitrogen.
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In addition, the matched reference load with
ambient temperature is regarded as a standard for the W-
band radiometer. When the brightness temperature error
between the standard load and the measured object is
larger, the error of brightness temperature measurement
caused by the calibration coefficient error will be larger
due to a larger observation variable of (K¢-Ky).

Also the calibrated W-band radiometer is placed on
the two-dimensional scanner to image a tower with a
field of view 30°x14°. The distance between the
radiometer and the tower is about 105 m. A picture of the
tower is presented in Fig. 6 (a) and the acquired MMW
passive image is shown in Fig. 6 (b). The experiment was
conducted in a cloudy day with the surface temperature
about 310 K. It is shown from the figure that brightness
temperature of the scenario varies from 160 K to 300 K
where the coldest is the sky, whereas the middle part of
tower has the highest temperature. The profile of the
tower is clear due to a large contrast between it and the

cold sky.

: 300

280

260

n ﬁ

220

180

(b)

Fig. 6. (a) A picture and (b) a MMW passive image of
the tower.

(@)

VI CONCLUSION

In this paper, the sensitivity analysis and tipping
curve calibration of a developed radiometer for
radiometric  characterization are presented. The
experimental results show that the radiometer sensitivity
is 0.51 K with the integration time of 1 s, and the
maximum mean measurement brightness temperature
difference between tipping curve and liquid nitrogen
calibration is 2.48 K for the clear sky and prove the
accuracy of tipping calibration. Though the developed
radiometer has a mediocre sensitivity due to a high noise
figure, the sensitivity of this type of radiometer working
at microwave frequencies will be heightened greatly for
the noise figure improvements and it will have a great
potential for non-contact biomedical sensing. In addition,
the tipping calibration presented in this paper will also
be promising for the calibration of radiometers in
biomedical applications.
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