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W N e

Abstract: A digital automatic gain compensation (AGC) drone-borne K-band microwave radiometer
with continuous high-speed acquisition and fast storage functions is designed and applied to obtain
high-resolution radiation brightness temperature (TB) images. In this paper, the composition of
the drone-borne passive microwave observation system is introduced, a data processing method
considering the topography and angle correction is proposed, the error analysis of the projection
process is carried out, and finally, a high-resolution microwave radiation TB image is obtained by
a demonstration area experiment. The characteristics of the radiometer are tested by experiments,
and the standard deviation of the TB is 1K. The data processing method proposed is verified using
a demonstration case. The corrected data have a good correlation with the theoretical values, of
which the R? is 0.87. A high-resolution radiation TB image is obtained, and the results show the TB
characteristics of different objects well. The boundary of the ground object is closer to the real value
after correction.

Keywords: high-resolution imaging; drone-borne microwave radiometer; brightness temperature
data processing; topographic correction; angular correction

1. Introduction

A microwave radiometer is a high-sensitivity broadband noise receiver working in a
microwave band, which can extract the variation of a weak microwave radiation signal from
strong background noise, and it mainly deals with the Gaussian white noise radiated from
ground objects [1]. According to the carrying platform, it can be classified into spaceborne,
airborne, or ground-based. The spatial resolution of the radiometer is determined by
the beam angle of the antenna and the measurement distance [2]. In general, the spatial
resolution of ground-based radiometers is the highest [3], and the data are distributed in
points. The resolution of spaceborne radiometers is coarse [4,5], and the observed area is
usually mixed pixels, which increases the uncertainty of inversion.

Traditional airborne passive microwave remote sensing complements the observation
scale between spaceborne and ground-based remote sensing, enabling rapid and effective
remote-sensing monitoring of designated areas and calibrating space remote-sensing de-
tection data. Nevertheless, using manned aircraft is not cost-effective. The development
of unmanned aerial vehicles (UAV) or drones in recent years has provided a new plat-
form and way for remote sensing to monitor ground parameters at different temporal and
spatial scales, which is difficult to do using traditional methods [6]. Table 1 compares the
characteristics of manned aircraft and UAVs as carrying platforms.

Using a drone-borne microwave radiometer can realize the observation of the mi-
crowave radiation characteristics of specific targets in a region. It provides data at different
scales, which fills the scale gap between ground-based remote-sensing experiments and
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space-based experiments. It can obtain high-resolution brightness temperature (TB) im-
ages of microwave radiation in real-time, which greatly reduces the acquisition cost of
remote-sensing data, providing stable and credible TB data support at different scales for
subsequent research. High-resolution microwave radiant TB images can provide good data
support for the model inversion, establishment, verification, and ground verification of
satellite data.

Table 1. Comparison of UAV and manned aircraft platform features.

Unmanned Aerial Vehicle Manned Aircraft
Endurance Time Shorter, 10 to 30 min Longer, several hours
Flight Altitude 5 to 500 m More than 3000 m
Flight Speed Slower, controllable Faster, unable to fly at low speed
Spatial Resolution Higher, according to flight altitude Relatively lower
Advantages Economical, high timeliness, high spatial resolution, able to hover Large observation coverage
Disadvantages Short endurance, small observation coverage, limited by load Low spatial resolution, high price, limited

application route

This paper introduces the composition of a drone-borne passive microwave observa-
tion system, proposes a data processing method considering the topography and angle
correction, analyzes the error of the projection process, obtains a high-resolution microwave
radiation TB image using a demonstration area experiment, and verifies the proposed data
processing method.

2. Materials and Methods
2.1. Drone-Borne Passive Microwave Observation System

The drone-borne passive microwave observation system was mainly composed of a
drone-borne microwave radiometer, flight attitude module, data transmission link, power
supply system, ground command station, and flight platform, as shown in Figure 1.

Figure 1. The drone-borne microwave radiometer and the UAV platform.

A K-band drone-borne microwave radiometer was used in this study. K-band is
sensitive to moisture and is usually selected to study snow depth, snow water equivalent,
lake freeze—thaw, and forest transmissivity models [7-10]. The radiometer was designed
as a total power radiometer and adopted the digital automatic gain compensation (AGC)
scheme [11,12], as shown in Figure 2. The RF switch periodically measured the antenna
and reference source and corrected the antenna measurement value by measuring the gain
variation of the reference source. It ensured the sensitivity and stability of the receiver,
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eliminated the complex hardware circuit feedback control link, and reduced power con-
sumption. A standard gain horn antenna was used for the RF front end. The micro-control
unit (MCU) of the traditional microwave radiometer was upgraded, and the ARM chip,
with a small size and low power consumption, was adopted as the main control unit, which
had the ability for fast acquisition and storage [13]. A multi-point temperature correction
scheme was adopted to avoid the burden of weight, volume, and power consumption
caused by the constant temperature system and ensured the working performance of the
instrument. The receiver parameters are shown in Table 2.

RF Switch Mixer

Low Noise 3 Band-pass 3 Low Noise IF 3 Variable
Amplifier Filter Amplifier Amplifier Attenuator 1
I\/I;“Ch{eld Temperature Local Square-law
Skl Measurment Unit Oscillator Detector
Migro ADC I 5 I f
Control 5 DC OW-pass ow-frequency
. ampling Filter Amplifier
Unit(MCU)

—

Serial Port SD Card
Communication Storage

—4 DAC Control Circuit II

Figure 2. The block diagram of an AGC microwave radiometer.

Table 2. Parameters of the microwave radiometer receiver.

Center Frequency 18.7 = 0.4 GHz IF Bandwidth 400 MHz
Sensitivity <0.2K Stability 1K
RF Switch Rate 200 ms Weight 8 kg
Power Consumption 30 W Size (cm X cm X cm) 37 x 27 x 12
Front End Gain 50 dB IF Gain 45 dB
Variable Attenuation 0~30 dB Switch Insertion Loss 3.2dB
Antenna Gain 20 dB 3 dB Beam Width 15°

The working sequence of the radiometer is shown in Figure 3, and the integration time
was designed to be 1 millisecond. According to the Nyquist sampling theorem, in order to
completely retain the information of the original signal, the sampling period must be less
than half, which was 0.5 milliseconds in this case, and thus it was set to 0.2 milliseconds.
Each working cycle was 200 milliseconds, and the antenna and reference source were
switched using the radio frequency switch, of which 112 were antennas and 88 were
reference sources. After the RF switch was switched, the target needed a certain amount of
time to stabilize. Therefore, we recorded the measured data of the last 100 antennas and
70 reference sources.

The flight attitude module provided the observation system with real-time attitude
information and position information of the platform, mainly including the inertial mea-
surement unit (IMU) and global positioning system unit (GPS). The IMU consists of a
three-axis gyroscope, a three-axis accelerometer, a three-axis geomagnetic sensor, and a
barometer [14]. The IMU measured the three-axis inclination, the speed of angle change,
the direction of flight and heading, and the barometer calculated the current attitude.

The drone-borne passive microwave remote-sensing observation system obtained the
radiation TB of ground objects in a small area. The microwave radiometer was responsible
for collecting TB information, and the GPS provided flight information, including the
longitude and latitude, altitude, heading, speed, etc. Finally, the acquired information was
summarized into the microwave radiometer for real-time matching, processing, and coding.
All the original data would be stored in the secure digital (SD) card using high-speed data
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storage technology [13], and part of the main information would be extracted and sent to
the ground command station through the wireless link for real-time viewing. The data
transmission link is shown in Figure 4.

}4 1ms D o — I:I Reference

Source

. Sampling. Idle

0.2 ms
~<4—100 Records—» <470 Records—»|

<¢——112 Antenna Data—P><€—88 Reference Data—»

<A whole working cycle(200 ms)——»

Figure 3. Schematic diagram of work sequence.
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Figure 4. Data transmission link.

The drone-borne passive microwave observation system used a DC 24V battery to
supply power to different equipment by converting the corresponding voltage through the
DCDC power module. Inductance was added among the devices to isolate the ground so
that there was no electrical interference, and electromagnetic compatibility was achieved.

The ground command station was responsible for controlling the flight operations,
in situ real-time data monitoring, cloud monitoring, and real-time data processing, and
had the ability of on-site rapid data processing and imaging. In addition, the research
design used a separate set of transmission links instead of UAV flight control for the data
transmission so that the system could be transplanted to any aircraft platform. The system
itself formed a closed loop, which increased its portability.

2.2. Data Processing Method

The original data collected by the drone-borne passive microwave observation sys-
tem mainly included three categories: (1) the TB of the target object measured by the
antenna—the measured signal was mixed, amplified, and AD sampled after detection.
The electrical signal was connected to the MCU through the serial peripheral interface
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(SPI); (2) the temperature of the matching load and each internal device was measured by
sensors—the electrical signal was also connected to the MCU through the SPI interface;
(3) the flight attitude information obtained by GPS and other modules—the measured
signal was sent to MCU through the serial port after level conversion.

In addition, the data also contained the time sequence number, the data frame number,
and other information. All data were stored in an SD card after preprocessing and coding.
After the flight, the data stored on the SD card were decoded using the card reader and
sent to the computer through the serial port for processing.

A data-processing method of a microwave radiometer carried by a UAV is proposed.
This study refers to the operation and naming methods of satellite data products for all
levels of data, as shown in Table 3. The raw data obtained were defined as L0 data, and the
data were recorded in ASCII code.

Table 3. Naming and description of data products.

Product Description Format
LO Raw Data Stored by Radiometer txt
Radiometer Digital Value in
L1A_DN . 1
- Time-Order xasx Instrument Data

L1A_TB Radiometer TB in Time-Order xlsx

L1B Swath Radlom(?ter'TB after Space sx

Projection
L1C Gridded Radiometer TB tif

After the raw data extraction, interference detection, radiometric calibration, and
geolocation process, the L0 data could be obtained in the L1B swath data in time order, and
L1C gridded data could be obtained after the grid transformation. The data processing
flow is shown in Figure 5. The data processing method included 6 processes: (1) data
extraction, (2) data selection, (3) radiometric calibration, (4) GPS interpolation, (5) data
space projection, and (6) gridding and generating a preview map of TB spatial distribution.
The functions and methods of each process are described in detail below.

Lo
Raw Data
xt

[~ ‘Datalntegrity Check |

| (Radiometer & GPS) |
Information Extraction »
|  GPS Decoding & Analysis |
LElimination of Abnormal Value | v
———————— L1A_DN
Digital Value
xlsx
l_ Radiometric Calibration ————»
________ A 4
L1A_TB
Tb in Time-Order
xlsx
|~ — = =3
Geolocation Process | o
Topographic Correction |
L — — — v
L1B_TB
Swath Tv
xIsx
[— Gridding >
________ v
D Data Product L1C_TB
. Gridded To
i i Processing Step tif

Figure 5. Diagram of the radiometer data processing.
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2.2.1. Data Extraction

The main purpose of the data extraction process was to analyze the original data
according to the preset encoding method to obtain useful information. The L0 data were
the original data stored by the radiometer. After the data integrity inspection, checksum
secondary verification, field extraction, GPS analysis, and removal of outliers, the digital
value of the time-order L1A_DN data was obtained.

The results were generated into Excel tables. The extracted information included the
following information: data serial number, gain compensation, antenna average digital
value, reference source average digital value, date, time, longitude, latitude, radiometer
direction, elevation, temperature, antenna original digital value, and reference source
original digital value. The temperature data were used in the multi-point temperature
correction algorithm, and the original antenna and reference source data were in millisecond
integration time.

2.2.2. Data Selection

After the data extraction, all the original data were extracted and stored in the form of
tables, including a lot of unnecessary information, such as the non-flight operation period,
takeoff and landing period, reciprocating survey areas and turns, etc. These data were
redundant and did not affect the processing results. They were removed before the other
steps to save computing power and resources.

The main basis for the selection was to reproduce the flight path according to the
longitude and latitude, heading angle, and elevation information of the time series obtained
in the previous step to select an appropriate time period. Meanwhile, considering that the
actual flight operation was affected by airflow, the flight attitude also differed in different
flight directions, which would affect the modeling results. Therefore, it was very necessary
to intercept and classify the data at different time periods.

2.2.3. Radiometric Calibration

The data measured by the microwave radiometer were digital values, and thus the
TB values needed to be obtained after calibration. The calibration of the drone-borne
microwave radiometer included receiver calibration and overall calibration.

The calibration equation of the receiver could use the two-point calibration method [15]
since the linearity of the microwave radiometer receiver was good. A two-point calibration
method was used to measure the liquid nitrogen and blackbody, obtain two sets of output
voltage, and establish the relationship with the brightness temperature. The experimental
photos are shown in Figure 6.

— Liquid N
" Blackbody (&

Figure 6. Calibration of microwave radiometer: blackbody (left), liquid nitrogen (middle), and flying
test (right).
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According to Planck’s blackbody radiation law, the physical temperature of the black-
body must be equal to the ambient temperature for it to absorb all external electromagnetic
radiation. Then, we have

Dn — DnBB o T— TBB

Dnpy —Dngg  Tin — Teg’

)

where the subscripts BB and LN represent blackbody and liquid nitrogen, respectively.
The boiling point of liquid nitrogen at standard atmospheric pressure TN was 77K.
The physical temperature of the blackbody measured by the thermometer was 254.3K
during the calibration experiment. The digital values from the radiometer were 929 and
2533, respectively. Substituting these conditions into Equation (1), the expression in the
form of Equation (2) could be obtained, which was the calibration equation of the radiome-

ter receiver.
T = 0.1105 x Dn — 25.6726. (2)

The overall calibration was obtained by experimental measurement. A certain area of
the blackbody was placed on the ground, and the UAV carried a radiometer to measure the
blackbody continuously for a period of time in flight. The experimental photos are shown
in Figure 6 (right).

Under the condition of a flying altitude of 5 m, an observation angle of 50°, and
a half-beam angle of 7.5°, the instantaneous field of view of the radiometer was an el-
lipse of 3.3 m x 2.1 m. In order to minimize the influence of side lobes, a blackbody of
approximately 7 m x 5 m was laid on the ground for the experiment.

The real-time temperatures of the main components inside the radiometer or the
amplifier circuit were measured by applying the multi-point temperature correction scheme
to minimize the negative impact caused by temperature drift.

After obtaining the calibration equation of the microwave radiometer, the digital
values of the LIA_DN data were radiometrically calibrated, and the TB values of the
L1A_TB data were obtained in time order.

2.2.4. GPS Interpolation

Since the radiation TB sampling frequency was higher than the GPS sampling fre-
quency, it was necessary to interpolate the matched GPS data with equal spacing (linear
interpolation). In most cases, the speed of the UAV platform was relatively stable during
flight, and the geographic information obtained by GPS was continuous in the time domain.
According to this feature, we were able to perform linear interpolation on the GPS data.

The radiometer sampling interval was T1, and the GPS sampling interval was T,.
We had to linearly interpolate n = T; /T»-1 points in the adjacent GPS sampling points to
spatially match the corresponding TB data. The longitude and latitude of the two adjacent
GPS sampling points were Lony, Latg, Lony,,1, and Lat,,;, and the longitude and latitude
of the interpolation points were

Loty —L .
{Loni = =Rl 220 i 4 Long

Lat, 1—Laty _ -
Lati:%*z—i-hzto ’

®)

wherei=1,2,3... n.

In addition, if the radiometer failed to sample once during the period and did not
store it, the frame number was used to determine the location of the actual data and make
corresponding corrections.

2.2.5. Data Space Projection

Space projection usually refers to the geolocation process and topographic correction.
When applying a series of data processing operations, LLA_TB data were obtained, which
included position and attitude information of the radiometer and the measured TB. Then,
the flight attitude modeling and projection could be carried out to obtain the geographic
position corresponding to the center beam and its field of view (FOV). The observations of
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(ab +1)*[(x — xg)- cos(azi) — (y — yo)- sin(azi)]* + (2ab — a® +1)[(x — xo)- sin(azi) + (y — yo)- cos(azi)]
+ (a6 — 0% + 2ab) (z — h)? + (2ab? + 2a) [(x — xo)- sin(azi) + (y — yo)- cos(azi)](z — h) =0,

the planar terrain and complex terrain were modeled, and the radiometer TB swath data
L1B were obtained after the space projection.

The Functional Equation of the Main Beam and the FOV

Considering only the energy radiation in the beam angle range, the effective FOV
received by the antenna could be simplified as a conical oblique incident on a plane,
resulting in an ellipse. The coordinate system was established according to the UAV
attitude and the geometric relationship of the radiometer FOV, as shown in Figure 7.

Figure 7. Schematic diagram of FOV of a drone-borne radiometer.

Point R(xg,yo,h) is where the radiometer was located. The incidence angle was 6, the
azimuth angle was azi, the half-beam angle was ¢, and the flight height was h. Then, we
obtained the equation of the rotation surface (for mathematical proofs, see Appendix A):

2
4)
where
a = tan
b=tan(0 — ¢)’

in accordance with

0<6<90°

0 < @ <90°

4+ ¢ <90° .

0 < azi < 360°
z<h

The field boundary of the radiometer could be obtained using the general form of
the functional Equation (4) in conjunction with the plane equation. Taking azi = 0 as an
example, the FOV of the radiometer could be expressed as

(ab+1)%x% + (Zab —a®+ 1)]/2 - <2ab2h + 2ah)y + (a2b2 +2ab — bz) h2=0. (5

Center Beam Projection of Drone-Borne Microwave Radiometer

Similarly, we were able to calculate the projection point of the radiometer’s center beam
by distance and direction. Given the longitude, latitude, and altitude of the radiometer, the
longitude and latitude of the projection point could be calculated based on its geometric
relationship. We obtained

(6)

Lonpy, = Lonyay + h * tanf x sin(azi) * Lonc,
Latyr, = Latyay + h * tan® x cos(azi) * Late,
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where the subscripts ‘pro” and ‘UAV’ represent the projection point and UAV platform,
respectively; Lon and Lat represent the longitude and latitude, respectively; the subscript
‘co’ is the conversion coefficient of the actual distance (in meters) corresponding to the
projection coordinate system (in degrees) during the projection process.

For every degree in latitude along the longitude line, the actual distance was approxi-
mately 111 km. Along the latitude line, the actual distance was 111 x cos (Lat) kilometers
for each degree in longitude. Taking the latitude of the experimental area in this study at
approximately 44°N as an example, we obtained

Lonco = firo0reosa = 0-0000125 -
Lateo = 111995 = 0-0000090

Influence from Terrain Slope and Aspect

When the observation target was not flat or complex, the relief and slope of the terrain
led to the offset of the actual projection point and the change of the incidence angle. The
side view of its observation direction profile is shown in Figure 8.

Observation Direction Observation Direction ' Observation Direction

- >

T 4

h' AX Center Point

a b

]

Figure 8. Schematic diagram of influence of slope on (a) projection point location and (b) incident angle.

In Figure 7a, the observation angle of the radiometer is 0, the slope angle is , and
the vertical distances between the UAV platform and the slope top/bottom are h and h'.
When the UAV took off from the plane at the top of the slope (as shown in red), the actual
measured center point was closer than the calculated projection point in the flight direction,
as shown in Ax in Figure 7a. Correspondingly, it would be farther than that when taking
off at the bottom (as shown in blue) by Ax’. Certainly, the actual takeoff position could be
any altitude, and thus the digital surface model (DSM) of the actual measurement area had
to be determined.

As for the issue of incident angle correction, a brief schematic diagram is provided
in Figure 7b. When the slope aspect and the flight direction were along the same line, the
original incident angle 6 changed, which was related to the angle between the slope aspect
and the flight direction (0 or 180°); that is, along the slope or against the slope. According
to the geometric relationship, the corrected incidence angles were 6 £ «. The TB of the
object changed with the change in incident angle, so it would have a certain impact on the
final result.

In practice, the observation incidence angle was not only related to the slope and
observation zenith angle, but we also had to consider the observation azimuth and aspect
angle. In this study, the incident angle of the drone-borne microwave radiometer was
corrected through modeling and applied to the subsequent modeling.

The change in the actual terrain affected the projection results, which was mainly
reflected by the partial position shifting and stretching in the image. Due to the spatial
heterogeneity of the terrain and the undulation of the ground, and considering the practical
application, there were many methods to determine the projection point of the main beam
on the ground, and the solution process required balancing accuracy and computation.
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The Projection Process

The projection process considering the actual terrain and the modeling process are
discussed below.

(1) Resampling the DSM and establishing the coordinate system

The DSM obtained had a high spatial resolution, so it was resampled to save com-
putational resources. The longitude, latitude, and altitude of the coordinate origin were
selected, and all data were converted into meters to unify the units. Note that the selection
of the coordinate origin should not pass through the terrain, which would simplify the
subsequent calculation.

(2) Analytic linear equation of the main beam

The position of the UAV platform was P(x1,y1,21), the observation azimuth was m,
and the observation incident angle was n. Then, the linear equation of the main beam / was

X—X — zZ—2Zz
s m cosm —
tann

and the direction vector was s = (sin m,cos m,—tan"! n). Given any one of the parameters
in x, y, and z, the other two parameters can be obtained.

(38) Finding the intersection point of the main beam and the observation surface

There were many methods to determine the intersection point between the main beam
and the observation surface. Considering that the number of points on the main beam ray
was far less than that on the observation surface, we compared the methods and finally
designed a method with a minimal computational cost.

By making the point U (x4,y4,z4) on the beam center step in the direction vector s,
the distance between the U and the DSM discrete points directly below was found and
calculated. The minimum distance corresponded to the projection point. When the step
size was small enough, we could obtain a relatively accurate intersection point, but that
would greatly increase the calculation amount. Therefore, we chose to divide the step into
large sections first by hierarchical steps and then divided those steps into small sections
after roughly searching the range, which greatly reduces the computational load.

The negative half-axis of the z-axis t = (0,0,—1) was chosen as the stepping direction
(the reasons are explained in Appendix B). The calculation steps were as follows:

(a) z4 was traversed between z; and z; — k; x 50 according to the large step = k;, and
the b~c operation was performed for each zy;

(b) The corresponding x4 and y4 were calculated according to Equation (8);

(c) The z, corresponding to the point (xp,y2) was found, which was the closest to
(x4,y4) in the DEM discrete point, and |z4 — zp | was calculated;

(d) The minimum value of all |z4 — z | was found and located, and the corresponding
z4 was marked as Zyin;

(e) z4 was traversed between zyin — ky % 3 and zp,in + ky X 3 according to the object
step = kp (where k; was the final search precision);

(f) The b~d operation was repeated and the intersection position U (x4,y4,z4) was
obtained within the final accuracy of k;, deviation;

(4) The partial slope functional equation was established to calculate the slope and aspect.

The points within a certain range were searched near the projection point, and the
partial slope functional equation was established and expressed as

Ax+By+Cz+1=0. 9)

(the mathematical calculation process is shown in Appendix C) and the slope & and aspect
(3 could be calculated by
@ )

o= acrtan(

B = arctan (%) (10
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(5) Incidence angle correction

The incidence angle was corrected by Equation (11) (the mathematical proofs can be
found in Appendix D), and the change of the FOV was temporarily ignored.

' = 71— cos ![sina x sinn x cos(m — B) — cosa x cosn, (11)

where the observed zenith angle isn € [0, T ), the azimuth angle is m € [0, 27), the slope
angleis e € [0, F), and the slope aspectis § € [0, 27).

2.2.6. Gridding

A key part of passive microwave radiation TB image processing is to convert swath-
based measurement data into grid data. There are many methods and algorithms for
this, for example, resampling or interpolation and image restoration or reconstruction
techniques. The algorithms were selected considering the balance of noise and spatial reso-
lution. Classical drop-in-the-bucket (DIB) techniques provide low-noise and low-resolution
products while using image reconstruction techniques provides higher-resolution (and
possibly higher-noise) products [16,17].

DIB averaging is a classical coarse-resolution meshing process. The center of each
measurement location is mapped to an output projection grid cell. All measurements
whose centers fall within the boundaries are added to the average, and the unweighted
average becomes the reported pixel value.

2.3. Error Analysis of Geolocation Process

Due to the influence of the instrument sampling rate and sampling accuracy, there
might be some errors in the collected data, which would have a certain impact on the
accuracy of the geolocation process. As mentioned above, the projection point of the center
beam (Pospyo), the range of FOV (Rangeroy), the corrected incidence angle (Incicor), and
the corrected azimuth angle (Aziqor) were functions of the current position and orientation
of the UAV platform and radiometer attitude and terrain, which can be expressed as

(Pospro, Rangeroy, Incicor, Azicor) = F(Posyay, Oriyay, Oripmr, Topo) + error.  (12)

The descriptions and expression forms are shown in Table 4.

Table 4. The descriptions and expression forms of the projection function.

Name Description Expression Form
Pospro Position of projection point Longitude, latitude
Rangerov Range of FOV Functional equation of ellipse
Incicor Corrected incidence angle Incidence angle
AZicor Corrected azimuth angle Azimuth angle
Posyav Position of UAV Longitude, latitude, altitude
Oripay Orientation of UAV Azimuth angle, yaw, pitch, roll

Orientation of drone-borne
microwave radiometer
Topo Topography Points cloud of longitude, latitude, altitude
Measurement error of position
and orientation

Oripmr Incidence angle of the antenna

Error Longitude, latitude, altitude, angles

The corrected azimuth angle was determined by the yaw angle of the UAV and the
planned heading. The corrected incidence angle was determined by the observation angle
of the antenna during installation and the pitch angle of the UAV. The two corrected an-
gles were used to correct the final incidence angle together with the slope and aspect, as
mentioned above. The position information of the error was affected by the measurement
accuracy of the GPS device, and there was static and dynamic drift during the measure-
ment, which might have led to an error of 0~6 m, which we were not able to correct
temporarily. The attitude information of the error was provided by the IMU, which might
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also have had several degrees of error due to its own sampling frequency and sampling
accuracy limitations.

Due to the influence of airflow, the UAV had to adjust its flight attitude all the time
during the flight operation, which led to the constant change in the observation azimuth
and incident angle. The change in the observation azimuth angle only changed the position
of the projection point, and the shape of the FOV remained unchanged, while the change in
the incident angle changed both the position of the projection point and the shape of the
FOV, as shown in Figure 9.

40 N
35
30

25 -

a b

Figure 9. Schematic diagram of radiometer field of view (a) azimuth angle change (top view) and
(b) incident angle change.

The expressions of the calculated changes or offsets were provided in the previous part
of the paper. For a more intuitive display, the following took a flight altitude of 30 m, an
incidence angle of 50°, an azimuth angle of 40°, and a half beam angle of 7.5° as examples
to show the influence of small variation on the projection point and the FOV, as shown in
Table 5.

Table 5. The influence of small variation in the incident angle and azimuth angle on the projection
point and FOV.

Azimuth Changes Incident Changes
. . Incident Offset . Projection Point
Az1m2t11; (?ffset Horlszal Offset Vertical Offset Ay A0 (with Lean ]i::l;{g/ 1(&));1: otf Offset (Along the
“ X Back 6 > 0) 5¢ Flight Direction)
0 0.0 0.0 0 0.0 0.0
1 0.5 —0.4 1 0.9 1.3
2 0.9 —0.8 2 1.8 2.6
3 14 -1.2 3 29 41
4 19 -1.7 -1 -0.8 -1.2
5 2.3 -21 -2 -1.6 —2.4
6 2.7 -2.6 -3 -23 —3.6
7 3.2 -3.0 —4 -29 —4.7
8 3.6 -3.5 -5 -3.5 —5.8
9 4.0 -39 —6 —41 —6.8
10 4.4 —4.4 -7 —4.6 -7.8
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3. Experiments, Results, and Discussion
3.1. Radiometer Characterization
3.1.1. Ground-Based Test of Dynamic Range and Stability of Microwave Radiometer

The stability and dynamic range of the K-band microwave radiometer carried by the
UAV were tested. The microwave radiometer measured the black body and cold air for a
long time and observed the TB of the antenna and the reference source. The experimental
results of the K-band radiometer are shown in Figure 10. The average TB values of the
blackbody and the cold air measured by the antenna were 307.5K and 38.4K, respectively,
which show a good dynamic range and reflect the TB characteristics of the target. During
a period of measurement, the standard deviation of the antenna and the matched load
TB time series was basically kept in a small range, which was 0.8K, 0.6K, 0.8K, and 0.7K,
indicating good stability of the device.
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Figure 10. Radiometer measurement of blackbody and cold air TB (top) and its frequency distribution
histogram (bottom).

3.1.2. Flight Test of Drone-Borne Radiometer Dynamic Range and Stability

In order to determine if the UAV flight would affect the performance of the radiometer,
we designed a set of experiments to determine whether the radiometer receiver was stable
by comparing the TB of the matched load when the UAV rotor was working and at rest.
Different objects were measured during flight, which reflected the radiation TB properties
of different ground objects and verified the detection performance of the drone-borne
microwave radiometer.

(1) The matching load was connected to the antenna. The TB time series of the matched
load was monitored and integrated in milliseconds when the UAV was in the working state.
The standard deviation was calculated to determine whether the stability performance of
the radiometer was affected by the working state of the UAV platform. The results are
shown in Figure 11.

The stability of the radiometer during the UAV rotor rotation was almost the same as
when stationary on the ground. The average TB was 262.8K, and the standard deviation of
the TB obtained was 0.5K in 1 s integration time. The results show that when the UAV was
working, the electromagnetic interference coupled with the high-speed rotating rotor coil
and the influence of the internal vibration caused by an uneven rotor speed hardly had an
impact on the radiometer, which met the design requirements.

(2) The experiment was conducted in winter. The experimental design flew over an
iron roof (reflecting the cold sky), bare soil on farmland, and cement pavement. When
reaching the specified measurement target, the UAV hovered for a period of time. The
schematic diagram of the flight path is shown in Figure 12. The UAV took off from the
cement pavement, illuminated a small section of bare soil during its ascent, illuminated the
iron roof (reflecting the cold sky) for a period of time, flew above the bare soil for a period
of time, returned, and landed, during which it passed over the iron roof and bare soil again.
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Figure 11. UAV in rotor rotation state measurement of the matching load TB (left) and its frequency
distribution histogram (right).
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Figure 12. Schematic diagram of the flight path.

The measured TB results are shown in Figure 13. The TB values of the cement pave-
ment, bare soil area, and iron roof were approximately 200K, 250K, and 60K, respectively.
The results show that the drone-borne radiometer reflected the TB characteristics of different
ground objects as well as the ground measurement.
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Figure 13. Flight TB measurements of different ground objects.

The drone-borne passive microwave remote-sensing observation system could provide
the TB of different targets within a certain area of pure pixels (depending on the FOV
and the area of the target) and could also observe the gradual change process of the
TB of the mixed pixels between the transition strips of the ground objects. It had a great
improvement in spatial resolution compared to the spaceborne and airborne passive remote-
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sensing methods and a great improvement in mobile convenience compared to ground-
based measurement.

3.2. Flight Experiment with Complex Terrain Observation Target

In order to verify the proposed spatial projection method of complex topographic data,
we selected a small lake surrounded by bare soil on the campus of the Northeast Institute
of Geography and Agroecology, Chinese Academy of Sciences located in Changchun, Jilin
Province, China, as the experimental area. The experiment was carried out in winter when
the lake was frozen, and there was 1~3 cm of snow (microwave can penetrate thin snow,
so it had no effect on the experiment). The elevation of the lake was 194 m, the lowest in
the region, and its edge gradually rose to 200 m. The experimental area was a rectangle of
270 m x 80 m. A total of five routes were designed, of which three flew west, and two flew
east, with azimuths of 270° and 90°, respectively, and an incident angle of 55° for ground
observation. The route length was about 210 m, and the route spacing was about 15 m.

The experimental results are shown in Figure 14; Figure 14(al-a3) shows the optical
image and the flying routes, the digital surface model (DSM) data, and the ground object
classification results of the study area, respectively. Using the data processing method in
Section 2.2, the TB swath data and the TB gridded data (resampling spatial resolution of
0.0001°) in the test area were obtained, as shown in Figure 14(b1-b2). The results show that
the TB of the ice surface was relatively low, ranging from 195-215K, while that of the bare
soil area was relatively high, exceeding 250K, and the middle area was a transition strip.
The system could accurately measure the TB of different ground objects and provide the
value of pure pixels.
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Figure 14. Display of flight test results. (al) Optical image and the flying routes; (a2) DSM image;
(a3) classfication results of optical image; (b1) TB swath data; (b2) TB gridded data; (b3) classfication
results of TB.

A threshold of 220K was selected to classify the lake ice area and non-lake ice area,
and the binarized raster data are shown in Figure 14b3. Compared to the classification
results of the optical image, the ice surface range identified by microwave was relatively
small, which might have been caused by the following: (1) the selection of the threshold
value would have affected the classification results. The pure lake ice pixels were selected,
and the mixed pixels within transition bands were not included. (2) The ice thickness at
the edge of the lake was relatively small, and the microwave could penetrate it to a certain
degree, so the bare soil under the ice was detected. The classification results could roughly
distinguish the boundary and were in good agreement with the actual boundary shape.
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Meanwhile, the performances of the same set of original data for uncorrected, angle-
corrected, and terrain-corrected data were compared to verify the proposed algorithm and
method. The TB gridded data and binary classification results are shown in Figure 15.
The results show that, after the angle correction, the position of the projection point was
obviously offset, which led to an obvious ‘in-out” phenomenon of the lake ice area in the
image, and this phenomenon significantly improved after the topographic correction.
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Figure 15. Comparison results for uncorrected, angle-corrected, and topographic-corrected data.

04

Compared to the ground-based measurement, the incidence angle would be changed
by the flight attitude of the UAV, which would affect the projection position of the beam
center and the range of the FOV. The incidence angle on the ground was 55° and 50°
after the modification of the UAV attitude. When the flight altitude was 30 m, the central
projection point needed to be corrected 7 m backward along the observation direction.
On this basis, since the altitude of the survey area was lower than the takeoff altitude,
according to the previous analysis, the central projection point needed to be corrected
forward along the observation direction, and the amount of correction depended on the
altitude difference between the survey area and the takeoff position.

The corrected offsets, or the distances between the uncorrected points and corrected
points using the data processing method proposed in sub-section “The Projection Process”,
were measured, and the altitudes of the projection points were extracted. Then, the the-
oretical quantities of the offsets could be calculated using the altitude differences with

d'=dy—dy = (h+h') «tan(0') — h* tan®, (13)
where h and h' are the flying height and altitude difference, respectively, and 6 and 8’ are
the observation angle before and after correction, respectively. The theoretical quantities
and corrected offsets of the proposed method were compared, and the result is shown in
Figure 16. The altitude difference between the measurement target and the takeoff position
is shown in different colors. The calculated theoretical value and the corrected value based
on the actual angle and terrain were very close to the 1:1 line, and the R? was 0.87, which
verifies the effectiveness of the angle and terrain correction method proposed.

Interestingly, there was a certain degree of similarity between the uncorrected re-
sults and the corrected results in determining the pure pixels of the lake ice. When
not corrected, the forward projection distance of the central beam along the observa-
tion direction was d; = h xtanf = 30 * tan55° = 42.8 m, while the altitude difference
between the lake ice and the takeoff position was 6 m, so on the altitude profile of the
lake ice, the central beam forward projection distance along the observation direction was
dy = (h+h)*tan(0’) = (30 + 6) * tan50° = 42.9 m. It was only a numerical coincidence
that the values were very close to the uncorrected ones, which led to similar results in
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the lake ice region. For the projection points in the bare soil area at other altitudes, the
correction effect was obvious, approximately 2-7 m (based on the altitude difference).
However, this result is not obvious in the raster data with a spatial resolution of 0.0001°.
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Figure 16. Scatter diagram of correction results and theoretical results.

In addition, we only calculated the incidence angle and FOV corrected according to
the actual terrain but did not correct the TB according to the corrected incidence angle,
which might be the work we may pay attention to later.

4. Conclusions

In this study, a drone-borne passive microwave remote-sensing observation system
was developed. A data processing method considering the topography and angle correction
was proposed, and a high-resolution microwave radiation brightness temperature image
was successfully obtained. We provided characterization results to demonstrate its per-
formance and briefly performed some demonstration applications. The results accurately
show the brightness temperature of different targets, having obtained the brightness temper-
ature of pure pixels and roughly identifying the boundaries. The drone-borne microwave
radiometer greatly improved the image resolution, which was approximately three orders
of magnitude higher than that of the spaceborne radiometer, filling the observation-scale
gap between the spaceborne and ground-based systems.

A high-resolution microwave radiation brightness temperature image can provide
radiation brightness temperature within a certain region. It has a broad application prospect
and can provide good data support for model inversion, establishment, and verification.
It can also provide good data support for the ground verification of satellite data. By
changing the flight altitude, the data of different pixel scales can be provided, which is
believed to play a certain role in the study of scale problems.

There are still some shortcomings of this study. Regarding the impact of the flight
attitude and terrain on the measured incidence angle and range, only the change was
calculated at present, and the brightness temperature was not corrected by the angle, which
might be a target in future research. In the actual measurement, data with more than a 90%
overlap rate were obtained, and we hope to have a discussion on the direction of resolution
enhancement in future work. Lastly, we expect to make more breakthroughs in application
after obtaining the brightness temperature distribution in the region in subsequent work.
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Abbreviations
AGC Automatic Gain Compensation
TB Brightness Temperature

UAV Unmanned Aerial Vehicles
MCU Micro Control Unit

IMU Inertial Measurement Unit

GPS Global Positioning System

SD Secure Digital

DC Direct Current

DCDC  Direct Current to Direct Current
AD Analogue to Digital Conversion
SPI Serial Peripheral Interface

FOV Field Of View
DSM Digital Surface Model

Appendix A

Equations (Al) and (A2) are the functional equations of generatrix line RQ and rotation
axis RP, respectively.

{y+tan(9—¢)-i;}8tan(9—(p) :O, (A1)
{y + tan 9.; ;lgtane = O. (A2)

Point M (x, y, z) is any point on the rotation surface. If the plane perpendicular to the
rotation axis RP intersects the rotation surface through M at point M; (x1, i1, z1), we obtain
RP1LMM; and IRM| = |RM; |; that is,

y1 +tan(6 — ¢)-zy —h-tan(6 —¢) =0
X1 = 0

tan6-(y —y1) —(z—2z1) =0 (A3)
P4y 4 (z—h)? =23+ v} + (z1 — h)
If we specify a = tan 0 and b = tan (0 — @), then we have
y1+bzg —bh =0
x1=0 (Ad)

a(y—yl)z— (z=21)=0 ,
2P+ (z—h) =2+ + (21— h)
Then, we determine the functional equation of the rotating surface obtained by param-
eter elimination

(ab+1)*x* + (Zab —a*+ 1)y2 + (a2b2 — b2+ 2ab) (z—h)* + <2ab2 + 2a>y(z —h)=0. (A5)
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(ab +1)*[(x — x0)- cos(azi) — (y — yo)- sin(azi)]* + (2ab — a® +1)[(x — xo)- sin(azi) + (y — yo)- cos(azi)]?
+ (262 — b2 + 2ab) (z — h)? + (2ab? + 2a)[(x — xo)- sin(azi) + (y — yo)- cos(azi)](z — h) =0,

When the observation area is a plane, the equation of the xoy plane is
z=0. (A6)

Equations (A5) and (A6) can be combined to obtain the intersection line equation; that
is, the radiometer field boundary is

(ab+ 1)2x2 + (2ab —a + 1)y2 — <2ab2h + 2ah)y + (a2b2 + 2ab — bz) W =0, (A7)
where

a = tanf
b=tan(0 — ¢)’

0<6<90°
0< ¢ <90°.
0+ <90°

and in accordance with

In addition, if the observation area is a slope, the analytical expression of FOV can be
obtained by combining Equation (A5) of the conical surface with the equation of the plane
where the slope is located.

According to Equation (A7), when x = 0, the two real solutions of y are the boundary of
the half-beam angle of the radiometer FOV along the observation direction. The necessary
and sufficient conditions for the two different real solutions are discriminant of the root
4 > 0, and the solution is —90° < 0 + ¢ < 90°. According to the actual physical meaning,
@ is non-negative, and the positive and negative of 0 indicate whether the observation
direction is consistent with the flight direction, which usually takes a positive value. The
physical meaning is that the sum of the half-beam angle and the observation angle must
be less than 90°; otherwise, the FOV of the microwave radiometer would not have two
intersection points with the ground, the FOV would not be closed, and the detection would
be infinitely far away. Thus, the mathematical derivation results are consistent with the
physical meaning.

We only considered the case of 0° observation azimuth. In the actual measurement,
the observation azimuth is an arbitrary value, and so is the position of the apex of the cone.
Therefore, it is only necessary to rotate the rotation surface of Equation (A5) by an angle,
namely, the observation azimuth (azi), around the z-axis in the direction of the left-handed
rule and then translate it to obtain its functional equation. The expression for rotation
transformation is

{x — x-cos(azi) — y-sin(azi)

y — x-sin(azi) + y-cos(azi) (A8)

Substituting the transformation Equation (A8) into Equation (A5), the equation of
rotation surface with the observation azimuth azi, the observation angle 6, the half-beam
angle ¢, and the radiometer coordinates (xp,yo,h) can be obtained as follows:

(A9)

where
a = tan6
b=tan(0 — ¢)’

0<0<90°
0 < @ <90°
0+ ¢ <90° .
0 < azi < 360°
z<h

in accordance with

The field boundary of the radiometer can be obtained using the general form of the
functional Equation (A9) in conjunction with the plane equation.
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Appendix B

Given a step t = (a, b, ¢) in an arbitrary direction, the step value of its projection
on the main beam can be calculated by the direction vector s, and the coordinate axis
direction is usually selected to facilitate the calculation. Since the observed azimuth
angle was arbitrary, when the selected step component direction was perpendicular to
the direction vector (¢_Ls), the step component could not be transferred to the direction
vector. As for the observed incident angle n € [0, 7t/2), also known as ¢ # 0, which meant
that choosing the z-axis direction t = (0,0,£1) as the step component direction would
completely not be perpendicular to the direction vector (t-s # 0) and would avoid the
problem. Considering that the observation direction of the radiometer was downward
during the actual measurement, the negative half-axis of the z-axis t = (0,0,—1) was chosen
as the stepping direction.

Appendix C

The point within a certain range was searched near the projection point, and the
partially slope functional equation was established, which could be solved by the ordinary
least square method. The general equation for a plane was Ax + By + Cz + D =0, and
for simplicity, if the plane did not pass through the origin of the coordinates, it could be

expressed as
Ax+By+Cz+1=0. (A10)

Those discrete points nearby could be expressed as (x;,yi,zi) and i € Z+. Assuming
that A, B, and C were the optimal solutions of the plane, the distance (also known as error)
from any discrete point to the plane could be expressed as

B |Ax; + By; + Cz; + 1|
VA2 4 B2+ (2

in which the sign of the numerator and denominator must be positive. For the convenience

of calculation, the denominator part was omitted, which would not affect the result, and

was denoted as d’. The plane that minimizes the sum of all errors is the resulting plane,

and the sum of the squares (eliminating the plus and minus signs) of all the distances could
be expressed as

d; (A11)

EA,B,C=YN d7 =N, (Ax;+ By; + Cz + 1) = ¥N | A%2 4 B22 + C222 + 2ABx;y; + 2ACx;z; + 2BCy;zi+
2Ax; +2By; +2Cz; + 1.
In order to find the minimum value of the squared sum, we had to look for extremum
and determine their monotonicity. Equation (A12) showed that the sum of error squares E
was a function of A, B, and C, which was a lower convex hyperplane of a four-dimensional
space. It had a unique minimal value which was also the minimum of the whole function.
The extreme value satisfied that the first-order partial derivatives of A, B, and C were all 0.
We obtained

(A12)

YN x?A+ xy;B + xiziC + x; = 0

Yy xiyiA +y?B+yiziC+y; = 0. (A13)
YN xiziA+yziB+22C+z; =0

The results were ternary linear equations, and A, B, and C could be solved by the
elimination method. The plane functional equation could be expressed in the form of
Equation (A10), and the slope o and aspect 3 could be calculated by

\/A2+BZ)
C

® = acrtan(

(A14)
B = arctan (%)
Appendix D

Assuming that the observed zenith angle was n, the observed azimuth angle was m,
the slope was «, the slope direction was 3, and the target object was point S. Then, the
incident direction vector was OS = (x,y,z), and OS’ was the projection of OS on the xoy
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plane, of which the length was d. The horizontal, vertical, and vertical coordinates were set
due east, due north, and the sky direction, respectively. Considering that the radiometer
was looking down from the sky, it was set as z < 0. According to the definition of the
observed zenith angle and observed azimuth angle, the following geometric relationship
can be obtained:

tanm =

sinm = (A15)
tann =

[ENTEte

N

The following equation was obtained through simplification under the condition of
m #km, k € Z,and x # 0:

. cosn
0OS = (sm m,cos m, — )

sinn
Assuming the normal vector of the slope surface was N3 = (a, b, c), (selecting the
normal vector in the outward direction of the slope which ¢ > 0), and the normal vector of
the xoy plane was N, = (0,0,1). According to the definition of slope, the angle between
these two planes was the slope « (0 < a< 7, tana >0). Then, we obtained
|N1 -N; 2| C

= = Al7
LT NN T Va2 st 2 (A17)

. . 2 Va2 +4b? . . .
which resulted in ¢ = ta:n%kzx and ¢ = Y2+ (abandoning the negative solution).

(A16)

tan «
According to the definition of the slope aspect, we obtained
tnB = 7, (A18)

under the condition of § # 7 +km, k € Zand b # 0, the result of c was

\/b?tan? B + b2
= b (A19)

tan o ~ tanacos B’

cC =

noting that b * cos 3 > 0. Substituting Equation (A19) into Equation (A17), the following
equation was obtained through simplification

N; = (sin Ccos
1 p,cosp, sin

Therefore, the cosine of the corrected angle 6 between the signal incident direction

and the plane normal direction was
|OS-Nq|

OS] x [N

Substituting special values m = k7t and B = T + kr, respectively, into Equation (A21),
the results conformed to the equation. According to the assumption, the direction vectors
of OS and Ny pointed to the octants with negative and positive vertical coordinates,
respectively, which resulted in the angle being somewhere between 7t/2 and 7. According
to the custom of the definition of the angle, it was usually taken to be acute. Therefore,
after calculating the arccosine function of the incident angle 0, the supplementary angle
0’ was the corrected angle between the incident direction of the signal and the plane
normal direction.

coszx). (A20)

cosf = = sina x sinn x cos(m — B) — cosa X cos . (A21)

' = 71 — cos™ ![sina x sinn x cos(m — B) — cosa x cosn, (A22)

where the observed zenith angle isn € [0, §), the azimuth angle is m € [0,27), the slope
angleis o € [0, %), and the slope aspect is f € [0,2m).
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