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Abstract—The ground-based University of Florida L-band Au-
tomated Radar System (UF-LARS) was developed to obtain ob-
servations of normalized radar backscatter (o°) at high temporal
resolution for soil moisture applications. The system was mounted
on a 25 m manlift with capabilities of antenna positioning
for multi-angle data acquisition and ranging. The RF subsys-
tem of UF-LARS was based upon the established designs for
ground-based scatterometers employing a vector network ana-
lyzer with simultaneous acquisition of V- and H-polarized returns.
System integration and automated data acquisition were enabled
using a software control system. Fifteen-minute observations of
¥ collected over a growing season of sweet-corn and bare soil
conditions in North Central Florida, were used to study the sensi-
tivity of o° to growing vegetation and near-surface (0-5 c¢m) soil
moisture (SMo_s). On average, o3, were observed to be 23%
higher than 0'21 77 during the mid- and late-stages of crop growth
due to the vertical structure of stems. The correlation between
3-day observations of SMy_5 and a?,v reduced by 55% com-
pared to those obtained for < 30-min observations. These findings
suggested that data set at high temporal frequencies can be used to
develop more realistic and robust forward backscattering models.

Index Terms—NASA Soil Moisture Active Passive (SMAP),
radar, soil moisture (SM).

I. INTRODUCTION

HE complementary information provided by active and

passive microwave signatures can be synergistically used
across space and time to obtain optimal near-surface soil
moisture (SM) estimates. The upcoming Soil Moisture Active
Passive (SMAP) mission [1] will combine active and passive
observations to provide an SM product at 9-36 km. Existing
ground-based radar systems, such as scatterometers described
in [2]-[5], have provided daily observations of backscatter to
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monitor surface roughness and SM changes. These systems
are insufficient for studying the high-temporal variations in
SM. Availability of frequent radar observations will provide
unprecedented information on the dynamics of near-surface soil
moisture following events such as precipitation and irrigation.
Accurate estimates of SM can be obtained from backscatter
models that are validated using ground-based observations
collected at high temporal resolutions. Active observations are
also impacted by scattering from rough surfaces and vegetation,
whose geometry is typically unknown. Radar observations at
different azimuthal angles and over dynamic vegetation at high
temporal resolution are essential to developing and validating
better backscattering models for agricultural land covers, par-
ticularly during the high dynamic conditions.

This letter describes the design of the University of Florida
L-band Automated Radar System (UF-LARS) and discusses
its utility for soil moisture studies. The UF-LARS is capable
of obtaining measurements from up to 25 m above ground
as frequently as every 10—15 min, as shown in Fig. 1. Three
key design elements of the system include: 1) the antenna and
the RF (ARF) subsystem, 2) the electro-mechanical positioning
(EMP) system, and 3) the software control and data acquisition
(SDA) subsystem. Observations of normalized radar backscat-
ter (0%) were collected over a growing season of sweet-corn
and bare soil conditions to understand the active signatures
of these two terrains at high temporal frequencies. Such high
temporal resolutions will significantly advance the retrieval
of SM information from active data. In the next section, we
describe three major subsystems of UF-LARS.

II. SYSTEM DESIGN OF THE UF-LARS
A. Antenna and RF (ARF) Subsystem

The ARF subsystem, shown in Fig. 2, is based upon the
established designs for ground-based scatterometers employ-
ing a vector network analyzer (NWA). The magnitude and
phase measuring capability of the vector NWA enables full-
polarimetric measurements with the UF-LARS. The use of the
Agilent 8753 series of NWA permits the direct access to the
NWA’s three receiver channels: R, A, and B. The R channel is
used to correct for drifts in the NWA and cabling between the
NWA placed on the platform of the lift and the radar electronics
package located behind the antenna, as shown in Fig. 1. The
A and B channels permit the simultaneous acquisition of V-
and H-polarized returns from the target. A multi-throw PIN
switch selects the transmit polarization, either V or H, or an
internal path to both receive-channels for monitoring gain drifts
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Fig. 1.
calibration target made of aluminum.

UF-LARS mounted on the 25 m Genie platform. (Inset) Trihedral

in the amplifier and for internal calibration. The antenna is a
custom-designed dual-polarization horn antenna with a custom-
designed-turnstile orthmode transducer based upon [6]. These
components operate at a center frequency of 1250 MHz, with a
bandwidth of 300 MHz and 3 dB beamwidth of 14.7° in the
E-plane and 19.7° in the H-plane. The polarization isolation
at the center frequency is > 37 dB for all principal planes
and decreases to about 23 dB at the band edge of 1400 MHz.
The RF electronics and the NWA are maintained at a narrow
range of temperature and humidity conditions through actively
controlled air conditioning. The 24 cm wavelength of the
radar ensures observation of coherent backscattering by the
relatively-slow NWA, with a sweep time of 7 min and also even
during light wind that causes the vegetation canopy to sway.

B. Electro-Mechanical Positioning (EMP) Subsystem

The EMP subsystem employs an embedded computer and
is composed of three digital inclinometers, an elevation-over-
azimuth controller, linear actuators, and a laser range finder, as
shown in Fig. 2. One inclinometer is installed on the antenna
and two on the X-Y and Y-Z planes of the lift platform.
The inclinometers provide incidence angle during scans. The
elevation-over-azimuth controller is comprised of an azimuth
rotation unit installed on the Genie platform table and the
elevation controller mounted on movable brackets attached
to the azimuth rotation unit. The system offers a completely
automated angular movement of 180° in azimuth and 50°
in elevation thereby providing the capability to position the
antenna toward any direction for a raster scan. Platform leveling
is enabled by controlling three linear actuators installed on the
three corners of the platform. A laser range finder, capable of

measuring distances up to 50 m at a resolution of 1 mm, is
installed on the platform. The system is completely automated
enabling continuous data collection, except during external
calibration measurements.

C. Software Control and Data Acquisition (SDA) Subsystem

The SDA subsystem was developed in Visual C++ and is
regulated through the state transition diagram that comprised
of five distinct states: INITIALIZE, CHECK, RECORD, POSI-
TION, and IDLE. The transitions between the states are enabled
by three flags: Status, representing the state of platform level-
ing, Scans, the number of cumulative measurements obtained
in the current scan, and ¢, representing the elapsed time since
last scan. The description of each state and the transitions to
subsequent states are shown in Fig. 3. The system was used
to obtain measurements over 21 spatial samples in azimuth of
an agricultural field every 15 min. Although the measurements
were made at a constant incidence angle, the system is capable
of continuous elevation scans.

III. OVERVIEW OF UF-LARS SIGNAL PROCESSING

Observations of ratios of power received to the power trans-
mitted (power ratios) for the four polarization combinations—
VV, HH, HV, and VH polarizations—were recorded as stepped
frequency domain measurements. The magnitudes and phases
of the raw measurements are altered by both active and passive
elements of the ARF subsystem. An internal cal loop was
applied to eliminate the gains and losses within the NWA. The
fraction of the power ratio that corresponds to backscatter from
the target is extracted by time-gating the observations using the
range to the target. Measurements of o for a target surface
was estimated by calibrating the power ratios obtained for the
target surface with those from a calibration target with known
geometry (see Fig. 1). Observations obtained over a range of
azimuth positions and frequency points were averaged to reduce
the effects of fading. Each frequency trace is time gated similar
to that done on the NWA to minimize the return from the
antenna. The trace is multiplied by a Kaiser-Bessel window and
inverse Fourier transform is applied. The temporal regions far
from the target are zeroed. Fourier transform is applied to the
result and is divided by the window to recover the magnitudes
of signal in the frequency domain. Even though this reduces the
useful bandwidth to 80% of the original bandwidth, undesirable
returns, especially from the antenna, are removed. Fig. 4 shows
the steps involved in processing the data retrieved from the
target. The algorithms used for calibration are described in the
following sub-sections.

A. Internal Radar Calibration (Internal Cal Loop)

The internal calibration was conducted to eliminate the gains
and losses from the active and passive components in the NWA.
The signal return measurement, | Sy |2, by the NWA is

P,
ant E

pt

‘Spt|2 = LampL (1)

where, Lg,,, is the gains and losses of components within
NWA, the cabling between NWA and the radar, and the
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Fig. 4. Postprocessing steps in UF-LARS.

polarization switch, the L,,; includes losses from the polar-
ization switch to the aperture and back from the aperture to the
internal cal signal coupler, and P, and P, are the transmitted
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and received power of radar. The internal calibration measure-
ment, |S;. |2, coincident with the target measurement is given as

|S:Dt|?c = LampLic 2)
where Ly, is same as in (1), and L;. is the losses
associated with the internal calibration loop. The signal
return measurement is divided by the internal calibration
measurement to eliminate the effect by Ly, before the further

process. My, represents the power ratio including the gains and
losses from L, and L;., given as

_LantPr
"7 Lie Py
D

M, 3)

t

Because L,,: and L;. do not change over time, they will be
eliminated by external calibration with a known geometry
calibration target.

B. External Radar Calibration

A trihedral corner—reflector, with an aperture length of
1.28 m, was fabricated for radar calibration (see Fig. 1). It
consisted of three triangular aluminum panels, with pores to
drain rainwater and minimize wind-effects. The longest side
of each triangular panel was reinforced with an angular bar to
minimize surface curvature. The point-target radar equation is
given in

2 2
& = )‘_3% 4)
Pt cal (47T) Rcal

where (P, /P;) |ml is the power ratio from the calibration target
after time gating process, equal t0 (L;./Lant)Mcar, A is the
wavelength, o is the point-target radar cross section (RCS) ob-
tained using [7], G is the maximum antenna gain on boresight,
and R, is the distance from antenna center to the calibration
target.
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TABLE 1
SYSTEM SPECIFICATIONS AT HH, VH, HV, AND VV POLARIZATIONS

Metric HH (dB) VH (dB) HV (dB) VV (dB)

NEgY -23.42 -48.12 -38.84 -25.58

Std. Dev. 0.17 0.56 0.34 0.14

Calibration error sources
Rtarget Rsurface 0 g
Error in 0 (dB) < 0.35 <0.17 <0.32 < 1.40

A similar equation for radar return signal from an unknown
surface is given in

P 22 92
= = _G?*"° / —7—dA (5)
Pt ‘ (477)3 0 R?arget
arget
where ¢ is the backscattering coefficient, (P,/F;)| target

is the power ratio from the unknown surface, equal to
(Lic/Lant) Miarget> Riarger is the distance to the surface, and
g is the antenna gain in the direction of interest, normalized to
unity at boresight.
Combining (4) and (5), ¢°, given in
0 UMtarget

= (6)

MR, [ E—dA

‘target

can be calculated using Single Target Calibration Technique
(STCT) in [8] for co- and cross-pol.

Equations (4) and (5) were also used to quantify the noise
floor, repeatability of the system, and the sources of errors
in 09, as shown in Table I. The noise floor was estimated
by averaging multiple measurements of ¢ obtained while
observing the sky. The sky observations indicate the min-
imum 0¥ value, Noise Equivalent ¢°(NE¢"), that the UF-
LARS is able to measure. Repeatability of the system was
measured by the standard deviation of M, obtained from
69 measurements from 23 targets. Error in the observations
of 0% was estimated from independent error contributions
from uncertainties in .4, Rarget, 0, and the incidence an-
gle using the three-standard deviation rule. Uncertainties in
Rcas Riarget, and the incidence angle were estimated from
long term observations of laser range finder and inclinome-
ters. Uncertainty in ¢ was estimated using angular errors of
inclinometers from geometrical optics model [7]. These uncer-
tainties were integrated into the external calibration (4) and (5),

resulting in 2.5 dB error in .

IV. APPLICATION: SOIL MOISTURE SENSING

UF-LARS observed the radar backscatter from growing
sweet-corn and an unvegetated agricultural field during the
tenth and eleventh Microwave Water and Energy Balance Ex-
periment (MicroWEX-10, -11) in N.C. Florida, from Day of
Year (DoY) 186-255, 2011, and DoY 130-160, 2012, respec-
tively. The observations were conducted at an antenna height of
16.2 m above ground and incidence angle of 40°, covering an
area equivalent to a 3 dB footprint of ~41 m?, every 15 min.
During experiments, soil moisture of 0-5 cm were measured
concurrent to the radar observations using Time Domain Re-
flectometer (TDR) probes, as shown in Figs. 5(a) and 6. These
observations were used for analyzing the sensitivity of normal-
ized backscatter to soil moisture. Radar signatures over row-
structured agricultural fields are the most sensitive to azimuthal
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during the early (b), (e), mid (c), (f), and late (d), (g) stages of crop growth.
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Fig. 6. Variations in U‘%V and SMo_5 over bare soil conditions. Precip-
itation occurred on DoY 149, 150, and 153, and an irrigation occurred on
DoY 157.

geometry for angles within 15° of orthogonal to the row direction
[9]. Radar signatures are also sensitive to the effects of fading
[10] and dynamic land surface conditions such as growing
vegetation. To alleviate the above issues, observations of o
were averaged over five measurements obtained spatially along
an azimuthal scan from —18° to 18° at 9° increments, covering
about 136 m?, and nine frequency measurements at 30 MHz
increments from 1130-1370 MHz at each azimuth angle. The
frequency measurements met the spectral independence criteria
of Af > (¢/2Ar), where Af is the difference between two
adjacent frequencies in Hz, c is the speed of light in m/s, and
the Ar is the difference between the maximum and minimum
ranges from the antenna to the effective illuminated area of
the target in meter. In addition, the correlation coefficients
among the nine spectral measurements at all four polarization
combinations were less than 1/e (0.3679), further confirming
their independence. These 45 independent samples reduced the
standard deviation of fading from 5.57 to 0.66 dB [11].

A. Radar Signature Over Growing Vegetation

Observations of ¢ obtained at co- and cross-polarizations
are sensitive to vegetation cover and to the vertical structure of
growing vegetation. The leaf area index (LAI) and o observed
in co- and cross-polarizations, in Fig. 5, show the similarity
in the changes in LAI and o over different stages of crop
growth. The sensitivity of o over growing vegetation can be
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TABLE 1I
MEAN AND SD OF ¢® DURING DIFFERENT
STAGES OF CORN GROWTH

Polarization | Metric Season
Early Mid Late
HH Mean -19.3 | -15.6 | -10.8
SD 1.5 1.9 1.4
\'A% Mean -18.5 | -13.1 -8.2
SD 32 1.9 2.1
HV Mean | *-35.7 | -27.2 | -19.5
SD 39 2.7 1.6
VH Mean -33.5 | -27.5 | -20.2
SD 2.6 2.4 1.6

*Indicates an observation close to the noise floor
for this polarization.

TABLE III
CORRELATION BETWEEN SMy_5 AND U%)/V FOR VARYING TEMPORAL
RESOLUTION. p, pp, AND p; REPRESENT THE COEFFICIENT DURING
THE WHOLE BARE SOIL PERIOD, A PRECIPITATION EVENT,
AND AN IRRIGATION EVENT, RESPECTIVELY

Temporal Resolution p Pp pi
15-min 088 0.75 095
30-min 0.88 0.74 095

1-hr 088 0.74 0.86
12-hr 0.72 - -
1-day 0.58 - -
2-day 0.43 - -
3-day 0.40 - -

quantified by analyzing 15-min observations of ¢”. The mean
and standard deviation (SD) of ¢ in HH (0%, ), VV (a¥1,),
HV (¢%,), and VH (0, ;) polarizations for early, mid, and late
stages, are given in Table II. During the early stage, 0% ;; and
oV, are similar with mean values of —19.3 dB and —18.5 dB,
respectively. A larger SD is observed in CT(‘)/V compared to o' 5
because of its stronger sensitivity to growing corn than o¥;
toward the end of the early stage (DoY 206-210), as seen in
Fig. 5(b). In the mid- and late-stages, the vertical structure of
the crop leads to stronger returns in i, than in 0%, [see
Fig. 5(c) and (d)]. A mean difference of 2.5 dB was observed
between 0%, and oV, over the mid- and late-stages. The
cross-polarization signatures, 0%, and o, ;;, were significantly
lower than 0%, and o}, throughout the season as seen in

Fig. 5(e)—(2).

B. Radar Signature Over Dry-Down Periods

The dynamic variations in soil moisture following precipi-
tation and irrigation events and the sensitivity of o° to these
variations were analyzed from the high temporal data obtained
from UF-LARS. Fig. 6 shows o¥,, along with soil moisture
observations in 0-5 cm (SMy_5) collected during bare soil
conditions. The significance of high temporal resolution ¢°
measurements can be quantified by estimating the reduction
in correlation (p) between 15-min observations of SMy_s
and interpolated observations of 0¥, at different temporal
resolutions. As shown in Table III, a strong correlation of 0.88
is obtained between SM;_5 and Ug/v for 15-min, 30-min, and
1-hr observations. The p reduces by 34% for daily observations
and by 55% for 3-day observations in comparison to p obtained
from observations at 1 hr or less. The above insight is significant
considering that measurements from SMAP will be available at
3-day intervals.

Further analyses for correlation coefficients were conducted
during, two highly dynamic hydrological conditions during
DoY 153.15-153.35 and DoY 157.55-157.75. The first period
involved a less intense, longer precipitation event, while the
second period involved an intense, short irrigation event. The
correlation coefficients for observations were about 0.75 for
the 15-, 30-, and 60-min observations. However, during the
irrigation period, the correlations for the 60-min observations
reduces by 9% in comparison to those obtained from 15- and
30-min observations. Such results demonstrate the advantages
of active observations at higher temporal resolution for algo-
rithm development, particularly under dynamic hydrological
conditions.

V. SUMMARY AND CONCLUSION

An automated L-band radar system was used to measure

oY at high temporal resolutions of 10-15 min. The system

capabilities included radar platform leveling, antenna position-
ing for multi-angle data acquisition, and ranging. Observa-
tions from the UF-LARS were used to study the sensitivity
of 0¥ to growing vegetation and to SMy_5 at high temporal
resolutions. oy,;, was more sensitive to the vertical struc-
ture of growing vegetation with a mean difference of 2.5 dB
observed between 0¥, and 0¥, in the mid- and late-stages
of crop growth. In correlating 0¥y, and SMy_5, a 55% re-
duction in p was observed when 3-day observations were
correlated in comparison to observations made at < 30 min.
The sensitivity studies presented in this letter showcase the
potential impact of high temporal resolution radar data on the
development of radiative-transfer models in retrieving accurate
soil moisture information from active—passive data.
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