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Abstract: This manuscript describe a new type Ka-band airborne doublentenna
microwave radiometefADAMR) designedfor detecting atmospherisupercooled water
content(SCWC). The surce of the measurement erisrinvestigatedby analyzingthe
model of the system gain factandthe principle of theautogain compensative technique
utilized in the radiometerThen,a multipoint temperature correction methoased on the
two-point calibration methodor this radiometeis proposed The multipoint temperature
correction methodcan eliminate the effect of charggm environmentaltemperatureoy
establishinghe relationship between the measurement error and the physical temperatures
of the temperatureensitive unitsin orde to demonstratehe feasibility of the correction
method, the longterm outdoor temperature experiment is carried dbie multipoint
temperature correction equations are obtainedduygthe least square regression method
The comparison resudt show that the measuring accuracyf the radiometer can be
increasednoreeffectively byusing themultipointtemperatureorrection method.
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1. Introduction

Microwave radiometer have been widely used in many remote sensing applications in recent
decades 11 3]. It is known thatwhile total power radiometers have the simplest s$tmec and
measurement schemtheir sensitivity and stability are adrsely affected by both noise and gain
fluctuation [4]. Although some effective temperature compensation methagle been suggested
recently for total power radiometers [5,6], it is still difficult to use mieén practical applications.
Historically, in order to eliminate the effeaf the noise and gain variations, many switchguk
radiometers have been developpd 10], e.g., the Dicke radiometer, the rb#llancing Dicke
radiometer, the twoeference temperature radiometetec However, all of theseadiometers use
negative feedback control and synchronous detection circuits, attbtreatcomplexity and costo
the systera For this reason, the digital augain compensation microwave radiomgleGCMR) was
proposedl11].

The DGCMR adopts fast alogto-digital conversion and software compensation technique,
which can compensate the output value of the receiver according to the detected change of the syster
gain and greatly simplify the system structure. The remote sensing application exesim@nthat
the DGCMR has high sensitivity and stabilift2]. However, during the lonagerm outdoor
experimers, we found thatthe output of the solidtate noise source fluctuates with the environalent
temperature changewhich causes measurement esrowing to the digital autgain compensation
technique. Luan and Zhao analyzed the characteristics of DGCMR and proposed a method of
correcting the output value by using the physical temperature of the reference nois¢ljuhcehe
correction procedre, the twepoint calibration result can be corrected by the regression relationship
between the correction brightness temperature value and the physical temperature of the noise
reference source.

In this paper, firstly, a new type Kaand (frequency is31.65 GHz) airborne doublantenna
microwave radiomete(ADAMR) is introduced. The ADAMRbased on the digital uéo-gain
compensation techniquiss developed for detectingtmosphericsupercooled watecontent. The
detailed results of the sensitivity andlsligdy experiments for this radiometer can be found in [14].
Secondly, we describe the principle of the digital agdon compensation technique and analyze the
reasonfor the measurement ersoicaused by the compensation technique. Then, a -puitit
temperature correction method for the tpoint calibration equations is proposed. Finadliy outdoor
temperature experimens carried outfor the ADAMR. The multipoint temperature correction
equations are deduced by using the least square regressiond nagtthothe experiment results
demonstraté¢he efficiency of the correction method.

2. Radiometer Designand Temperature Correction Method

The ADAMR is designed for detecting the radiation brightriesgperaturdrom sky. It has been
successfully used to retrieve the spatial distributiorS6¥WC using tomography due to the high
sensitivity and the optimized doukdetenna structurfl5]. The block diagram of the radiometer is
shown in Figire 1. The main technical specifitons of the receiver and the antennalisted in the
following tables(Tables 1 and 2).
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Figure 1.Block diagram of the airborne doukdetenna microwave radiometer.
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Table 1.The main technical specifications of tfa@liometer receiver

Frequency Bandwidth Noise . Integration Rangeof .
. Sensitivity . . : Measurement Stability

(GHz) on IF Figure K) Linearity Time Temperature K)
(MHz)  (dB) ms) ‘(’K)

31.65 400 05 00. 2 r00.9995 300 10i 350 01

Table 2. The parameters of thadiometer antenna
Antenna Aperture Antenna 3dB Beam Antenna

Antenna Type (mm;) Gain Width Sidelobe Level VSWR
(dB) (deg) (dB)

Dielectric Lens 250 032 4.2 OHB2 O1.

The heterodyne receiver useshodularization structure, which consists of the rddkquency front
end unit(RF unit), intermediate frequency amplifier u@ife unit), noise source unit and digital circuit
unit. In order to detect ultralo<10 K) effective brightnesstemperature signsifrom the sky, the
noise coupled technique is ugd®]. The thermal noise signal of interest is received by the antennas
and coupled into an extra noise signal generated from thestatel noise source. Then, the noise
signal isamplified and dowsconvertedby the RF unit. In the IF unit, the IF ampéfi and the auto
gain controller (AGC) adjusts the amount of power transferred into the siquadetector and the
squarelaw detected voltage signal arrives at a-oass filter through a differential amplifier, where
the high frequency component is exada. And then, the signal is digitized by alli?A/D converter
for autegain compensation and further proesslis computer.

In order to obtain more observation information, we equip the radiometer receiver with two fixed
antennas. The doubblntenna @vation angles are 30°and 90°? This has proven to be the best
combination of elevation angles according to the results of numerical simuldfidnsigure2 shows
the main component units of the receiver and the deafitlenna structure in the outdoaperiment.
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Figure 2. (a) The noise source, RF and IF units in the radiomebgrTle radiometer
receiver with double antennas in the outdoor experiment

The system gain factor of the radiometer can be expresseltbasng:
GS = gLF gDACd GkE (1)

where 9ir is the gain of low pass filteoa is the gain of differential amplifierCy is the power
sensitivity of the squarkaw detectorG is the predetection gaink is Boltzmanr@s constantB is the IF
amplifier bandwidthThe RF switch which is controlled by the digital control wiiernatelyconnects

the antenna ports and the reference source port to the receiver periodically. In a switchthgeriod,
corresponding atput voltages of theadiometer when RF switch connects respectiagifennas and
the reference source can be expressed as

Vs = GS(TNS + RE() 2
Va = GS(TAi +TREC)’(i E2) 3

where Trecis the receiver noise temperatuiigs is the reference noise source temperatanel Ty;
(i = 1,2) is the antenna temperatuk&¥hen the system gain fluctuatabe corresponding output
voltages become

Viis = Gs(iTys +T e (4)
Vi =G (iTAi +TREC) (I E2) (5)
In order to eliminate the effects of the system gain fluctuation, we define a compecgetiment

a= % , Which can be expressed wilguationg2) and (4)
Ns

_Vis Gs(Tus*Teed Gs ©
Viis  Gs(iTyst Tred G-

When U , 1, consideringthe system gain ishanged.Through digitizing the voltages and
calculating the compensation coefficient by the digiieduit unit and computer, we can rdahely
compensatéhe output voltageof systemconnectinghe antennay multiplying Equationg5) and (6)
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Vj #aV, % G;)(TAii TR'&"C) GS(:TAi TRE()"; (i 42 (7)
4

ComparingEquations(3) and(7), we note that no matter how the system gain changes, the output
voltage of thesystem connectingntenna always keeps const¥ijt+V, . The observed brightness
temperaturd; can be estimated by the typoint calibration equation

T, =a bV, (i 2 (8)

where a and b are the calibration coefficientddowever, the autgain compensation method
mentioned above is based on the assumption that the receiver noise temperature and reference noi
temperature are unchanged during the measuring procedure. In fact, a shift in pbygeahture of
the receiver caursg changes in receiver noise temperature and reference noise temp&giposing
the system gain keeps constant, when the receivee temperature and referenueise temperature
change, th&quation(2) is transformed to

Viis = Gs( Tyl T red ©)

SubstitutingEquation(8) into Equation(6), we can obtain the gain compensation coefficient
:\ﬁ _TNS+TREC 1

; - 10
erls TNS|+TREC| (10

Because the compensation coefficientJis 1, the systemoutput voltage will be compensated
incorrectly which causes the measuring error in observed brightness températuder to correct
this error, deriving from the physical temperature variation of the receiver, we define the measuring
error asaT . The corrected antenna temperatiijecan be expressed Bg=T, - TQ). Considering
that thefluctuation of the reference noise and receiver noise temperature mainly stem from the
temperature drifts of the temperature sensitive components: noise diode in the noise source unit, RF
LNA in the RF unit, and squataw detector in the IF unit, we cawrrectthe twopoint calibration
equation by using the relationship between the measuringafkpand the physical temperatures of
the temprature sensitive units abovihe internal structure of the radiometer is shown iuf&g, we
can see that alhe units of the radiometer are mounted on the same i&saplate Taking into
account the interaction betwedime sensitive units, we express the measuring edar with the
multiplicationof temperature functions related to each unit as

DTy =fis(Tye) T XTed) f @) (11

whereTys, Tre and T are thephysicaltemperatures of the noise so@ unit, RF unit, and IF unit
respectivelyWe can expand each of the temperature functidmosein a first order poweseries and
retain the second order terms anly

DTy =& &Ts ke 3% 3k 8L

12
+aTee T (12

where the coefficients;, ap, as,€ a; can be determined by regressing the result of the temperature
experiment using the least square method.
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3. Temperature Experiment Results

Before the experimentwe calibrated th@adiometersystemusing two-point calibration method
which combines the blackbody and the meteorological calibratiorthe calibration curve, the
high-temperature point is the blabody temperature and the ldemperature point is the clear sky
brightness temperature collected frarweather stationThe calibration equations of the two antenna
channels ar&quationg13) and (17), respectivelffrom (UTC +8:00)11:00 AM, SeptembeR2, 2013
to 08:45 AM September 262013, the outdoor temperature experiment for ADAMR was carriedtout
the Northeast Institute of Geography and Agricultural EcoloGiinese Academy of Sciencés
Changchun City, Jilin Provingg&ast longitude 1224, North latitude 4359).

The connection block diagram of this temperature experiment is shownureBigDuring the
experiment, the two antenna apertures are covered by two pieces of microwave blaniatert)
respectivelyas the observed targdthe temperature measurement system collects the temperatures of
the observed target, the noise source, the RF, and the IF units by the temperaturé€O@b®B20).
Then the recorded temperature and the radiometer output voltage data are transfetiradyreal
PC via a R$485232 serial communication interfaci®r further processingFigure 4 shows the
temperatures of the noise source, the RF, and the IF units recorded by the temperasurement
system.Due tothe largesize of thedata, we take thaccumulative averaggalue per minute as the
measurement value of this minute.

Figure 3. Connection diagrarof the outdoor temperature experimdat the radiometer
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3.1.Resultof 3¢° Antenna Channel

The temperature of the target ranges from B4 311K. The uncorrected twpoint calibration
equation is

Taso = 369.4747 0.2932, (13

where V3 is the output voltage from the 3@ntenna channellgsg is the corresponding brightness
temperature of the observed targehe black body target physical temperature and the brightness
temperature estimated by the twoint calibration method are shownFigure5a As can be seethe
two-point calibratedorightnessemperature have poor consistency with the target temperatiites.
measurement error is considered asdifierencebetween the target temperature and the calibrated
temperature, in othevords,aelgzo = TrargetT Ta3o

We obtain the relationship between the temperature of reference Jag@ed the measurement
erroral gz by using the 2narder polynomial fit methad

DT,,, =993.8652 5:616R. 0.00T8, (14)

Figure 5. The estimated temperatures for the 30° antenna using different methods
compared with the blackbody target temperatye). Two-point calibration methad

(b) Scatter diagram of the twaoint calibration (c) One-point correction method and

(d) Scatter diagran{e) Multi-point correction method ar{f) Scatter diagram
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Figure 5. Cont.
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The onepoint temperature correction equation can be expressed as

T, =624.3905+0.2932, -5.618%  40.007% (15)

Figure 5¢c shows theonepoint corrected temperatureurve. We can see that the opeint
correction method can compensate the effect caused bgriaéonof the environment temperature to
a certain extent compared with the tpoint calibration methodlThe RMSE of twepoint calibration
temperature is 7.379&, while the RMSE of the onpoint correctedtemperatureis 3.0306 K.
Figure 5bd show the scatter points of the estimated temperature using the two methods above
respectivelyThe correlation coefficients are 0.945Rigure5b and 0.952 in Figre 5d.

We use the temperatures of the units shown inur€ig and the measurement error to extract

coefficients of the multpoint temperature correction equation by least squares method. The corrected
calibration equation is

Tioi= 136.7254 90.2932, 26.2945  F4.97B9  49.066
- 0.1589 T,. +0.2688,.T,. -0.11T0,.T, (16)

The results of the corrected calibration are shown inirgigef. The RMSE is 1.842€, and the
correlation coefficient is 0.9764.

3.2.Results of 90°Antenna Channel

The black body target physical temperature and the brightness temperature estimated by the
two-point calibration method are shown in &ig6a The temperature of the targetgas from 27K
to 302K. The uncorrected twpoint calibration equation:is

Toeo = 39.0528 0.15M,, 17

The relationship between the temperature of reference sdwicand themeasurement error
Dlggis:

DT, =451.0885 3:141F. 0.0094. (18)
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Theonepoint temperature correction equation can be expressed as
Tioo =412.0357 +0.15M,, -3.14T¢, +0.00B4 (19)

Figure 6¢ shows the curve of oAgoint corrected temperaturéhe RMSE of twepoint calibration
temperature is 5.6248, while the RMSE of the onpoint correctedtemperatureis 2.6740K.

Figure 6b,d show the scatter points of the estimated temperature using the two methods above
respectivelyThe correlation coefficients are 0.9i8Figure6band 0.943 in Figre 6d.

We canextract coefficients of the mulgoint temperature correction equation by least squares
method using thetemperatures of the units and the measurement. éfle corrected calibration
equation is

Tiei=466.6771+0.15M,, +13.17T6,  +21.4678  -38.309
- 01168, T, +0.080Z,T, +0.0430,T, (20)

The results of the corrected calibration are shown inr€ige,f. The RMSE is 2.043K, and the
correlation coefficient is 0.965.

Figure 6. The estimated temperatures for the® Yhtenna using different methods
compared with the blackbody target temperatysd. Two-point calibration method.

(b) Scatter diagram of the twmoint calibration.(c) One-point correction method and
(d) Scatterdiagram.(e) Multi-point correction method ar(f) Scatter diagram
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