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Abstract—Passive microwave remote sensing is a vital tool for
acquiring valuable information regarding the Earth’s surface, with
significant applications in agriculture, water management, forestry,
and various environmental disciplines. Precision agricultural (PA)
practices necessitate the availability of field-scale, high-resolution
remote sensing data products. This study focuses on the design
and development of a cost-effective, portable L-band microwave
radiometer capable of operating from an unmanned aircraft system
platform to measure high-resolution surface brightness tempera-
ture (TB). This radiometer consists of a dual-polarized (Horizon-
tal polarized, H-pol and Vertical polarized, V-pol) antenna and
a software-defined radio-based receiver system with a 30 MHz
sampling rate. The post-processing methodology encompasses the
conversion of raw in-phase and quadratic (I&Q) surface emissions
to radiation TB through internal and external calibrations. Ra-
diometric measurements were conducted over an experimental site
covering both bare soil within an agricultural field and a large water
body. The results yielded a high-resolution TB map that effectively
delineated the boundaries between land and water, and identified
land surface features. The radiometric temperature measurements
of the sky and blackbody demonstrated a standard deviation of
0.95 K for H-pol and 0.57 K for V-pol in the case of the sky and 0.39 K
for both H-pol and V-pol in the case of the blackbody observations.
The utilization of I&Q samples acquired via the radiometer digital
back-end facilitates the generation of different time–frequency
(TF) analyses through short-time Fourier transform and power
spectral density (PSD). The transformation of radiometer samples
into TF representations aids in the identification and mitigation of
radio frequency interference originating from the instrument itself
and external sources.

Index Terms—Brightness temperature, L-band, microwave,
precision agriculture (PA), radiometer, soil moisture (SM),
unmanned aircraft system (UAS).
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I. INTRODUCTION

PASSIVE microwave radiometers capture the natural elec-
tromagnetic radiation emitted by the environmental fea-

tures. They are highly sensitive to very small changes in the
thermally emitted noise. The radiometric measurement of the
Earth’s surface can be used to estimate the surface soil moisture
(SM), which is a critical parameter for precision agriculture (PA)
applications [1]. The portion of microwave radiation that soil
emits is heavily influenced by the moisture content of the soil.
This is due to the fact that water molecules absorb and scatter
microwave radiation in the L-band, hence the amount of thermal
microwave radiation produced in the soil decreases as water con-
tent increases. By measuring the microwave radiation emitted
from the soil, microwave radiometers can estimate the moisture
content of the soil [2], [3], [4]. Field-scale high-resolution SM
information is crucial for farmers to efficiently schedule irriga-
tion and conserve the already scarce usable water. The L-band
radiometer has been deployed from multiple platforms to re-
trieve high-resolution surface SM for PA applications in [5] and
[6]. While optical and thermal sensors have traditionally been
employed for precise SM retrieval, comparative analysis in [7]
indicates that relying solely on the L-band passive microwave
technique yields superior accuracy for SM estimation compared
to thermal-optical methods. The passive L-band microwave ra-
diometers operate in the protected band (1400–1427 MHz) with
27 MHz bandwidth, and a center frequency of 1413.5 MHz [8].

European Space Agency (ESA) launched an L-band mi-
crowave radiometer satellite called Soil Moisture and Ocean
Salinity (SMOS) in November 2009 for the remote sensing of
surface SM and ocean salinity globally [9]. Later, the National
Aeronautics and Space Administration (NASA) launched an-
other L-band microwave radiometer named Soil Moisture Active
Passive (SMAP) satellite in January 2015 [10]. The SMOS and
SMAP radiometers have a ground resolution on the order of
30–40 km with a revisit time of 1 to 3 days [11], [12]. The
coarse spatial resolution of spaceborne radiometers limits its
use in PA applications that need the SM information at subfield
scale resolution [13].

To obtain high ground resolution for radiometric measure-
ment, various airborne radiometers have been developed, show-
ing the potential to estimate geophysical parameters of the
Earth’s surface [14], [15], [16], [17]. A fully polarimetric
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airborne radiometer has been developed in support of ESA for
the measurement of sea surface signatures and salinity, SM, and
the homogeneity of the Antarctic SMOS calibration site [18].
The Technical University of Denmark built the Cooperative
Airborne Radiometer for Ocean and Land Studies (CAROLS)
to measure ocean salinity and SM. The radiometer measures
the microwave radiation emitted from the Earth’s surface at a
frequency of 1.4 GHz using a conical scanning antenna [19].
For measuring SM and ocean salinity, the Helsinki University
of Technology developed an L-band airborne synthetic aperture
radar (AIRSAR) radiometer. The radiometer used synthetic
aperture radiometer technology to provide a high spatial res-
olution [20]. The L-band radiometry’s performance for SM
retrievals using data obtained from ground-based and airborne
observations has been accessed. The ground-based observa-
tions were conducted at the University of Arizona’s Remote
Sensing Center of Excellence, while the airborne observations
took place over the Texas High Plains, utilizing the NASA/JPL
AIRSARand the University of Arizona’s L-band radiometer.
Results from the study demonstrated the viability of L-band ra-
diometry for accurate SM retrievals. Furthermore, the precision
of SM retrievals was notably enhanced when employing ob-
servations from multiple angles [21]. Although airborne L-band
radiometers have shown potential for estimating high-resolution
geophysical parameters of the Earth’s surface, such as ocean
salinity and surface SM, their usability for PA is restricted
by overall expense and operation procedures. Similarly, while
ground-based radiometers can produce high-resolution SM and
vegetation data products, their usefulness for PA applications is
limited due to their poor mobility and, coverage area [22], [23],
[24], [25].

L-band microwave radiometer onboard a custom-grade un-
manned aircraft system (UAS) offers more flexible opera-
tion compared with large airborne systems. A dual-polarized
lightweight and compact L-band radiometer was developed by
the authors in [8] and [26] for both UAS and ground-based
applications. Their results unequivocally demonstrate that the
radiometer can effectively and accurately measure both SM
and snow water content. Furthermore, its lightweight design
and portability render it highly adaptable for various field ap-
plications, broadening its potential utility in different contexts.
Several lightweight, compact, and cost-effective radiometers for
SM retrieval have been described in [27]. A ground base portable
L-band microwave radiometer intended for the application of
PA has been developed in [28]. The radiometer was tested on a
variety of soil types with different moisture contents, vegetation
covers, and solar radiation levels. The radiometer was also able
to measure soil permittivity under a variety of environmental
conditions.

A software-defined radio (SDR)-based L-band microwave has
been developed for UAS-based application in [29] and [30]. SDR
offers great control over the data acquisition rate, bandwidth, and
radiometric output signal power. An SDR-based radiometer has
also been developed in [31] that shows similar performance as
the traditional radiometer [32], [33], [34]. Another UAS-based
microwave radiometer was developed by Wan et al. [35] for high-
resolution imaging of radiation brightness temperature (TB).

Fig. 1. L-band microwave radiometer flying on a custom-made octa-copter
UAS platform. The dual-polarized antenna looking toward the ground at an
angle of 45◦. Close-up pictures and further details for the temperature controlled
radiometer enclosure and antenna are provided in Figs. 3 and 4, respectively.

The radiometer was tested in an experimental demonstration
area to image theTB of different objects, including a water body,
forest, and grassland. The results showed that the radiometer
was able to estimate the TB of the different objects with good
contrast, and the boundaries of the objects were well-defined.

The primary objective of this study is to design and construct
a portable L-band microwave radiometer to operate from a UAS
platform using an SDR-based approach. Fig. 1 depicts the de-
veloped dual-polarized (horizontal polarized, H-pol and vertical
polarized, V-pol) L-band microwave radiometer affixed under-
neath a custom-made octa-copter UAS platform. Radio fre-
quency interference (RFI) presents a significant limiting factor
for radiometric remote sensing measurements. Such interference
may originate from both internal and external sources. Internally
generated RFI arises from the radiometer instrument itself,
while externally generated RFI can emanate from various active
transmitter systems, such as active radar and communication
systems [36]. A key innovation of this radiometer is its ability
to access raw in-phase and quadratic (I&Q) samples, thereby
enabling the evaluation of both conventional and data-driven
RFI detection algorithms, as well as onboard real-time RFI mit-
igation [37], [38], [39], [40]. While detecting and mitigating RFI,
the radiometer will simultaneously acquire new measurements
for PA applications. In future studies, this radiometer will be a
crucial part of a unique testbed for active communication and
passive remote sensing coexistence research. This testbed will
help to understand the effect of anthropogenic signals in the
L-band radiometer with both in-band and out-of-band transmis-
sions. The experiments will be conducted inside an anechoic
chamber and a joint data-driven RFI detection, mitigation and
calibration framework will be developed for this L-band ra-
diometer [41], [42], [43]. The distinct contribution of this study
can be summarized as follows.

1) This study proposes a near-real-time operation of a dual-
polarized radiometer capable of operating from a UAS
platform.

2) The radiometer’s SDR-based digital back end allows us to
have full control over the bandwidth, gain, sampling rate,
and integration time.
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Fig. 2. Design schematic of a dual-polarized L-band microwave radiometer.

3) We controlled the radiometer’s internal temperature to
reduce temperature-driven noise fluctuations.

4) The radiometer has been calibrated for five different in-
ternal temperatures to calculate the calibration coefficient
for each internal temperature setting.

5) Onboard data processing helps to free up limited stor-
age capacity and remove a large portion of instrument-
generated RFI while receiving new data on the UAS
platform.

The rest of this article is organized as follows. Section II
describes the design schematic, radiometer packaging, dual-
polarized antenna design and fabrication, data processing,
and radiometric calibration to estimate the TB . Section III
presents and evaluates the antenna characteristics, data cleaning
to remove RFI, each step of the calibration, and finally the
TB estimation. The implication of the findings discussed in
Section IV. Finally, Section V summarizes this study and dis-
cusses the potential future work.

II. DESIGN AND IMPLEMENTATION

This section describes the details of the radiometer from
design schematic to compact packaging, radiometric calibra-
tion, which includes internal and external calibration, system
performance, processing of the radiometer raw data, and finally,
the building of the octa-copter UAS platform.

A. Design Schematic of Radiometer Payload

The radiometer hardware design has three stages. The radio
frequency (RF) front-end design, the digital back-end process-
ing, and finally, the dual-polarized array antenna design and
characterization. Radiometer front-end and back-end design are
elaborated in the following sections. Fig. 2 depicts the design
schematic of the dual-polarized L-band microwave radiometer.

1) RF Front-End Design: The radiometer’s front-end con-
sists of all the RF components. In Fig. 2, the RF front-end starts
with a single pole four-through (SP4T) RF relay. The pole of
the relay can be controlled to switch with a specific time delay
for each through from external triggering. The SP4T RF relay
used here works optimally within a 1 to 3 GHz band with an
insertion loss of 0.5 dB. The H-pol and V-pol antennas are

connected to the 2-port of the RF relay. The other two ports
of the RF relay are connected to 50-Ω matched loads, serving as
an ambient reference load or hot source (HS), and a reverse
low-noise amplifier (LNA) terminated with a 50-Ω matched
load, serving as an active cold source (ACS). The four ports of
the SP4T RF relay are connected to the dual-polarized antenna
and reference loads followed by a 20 dB RF isolator. The RF
isolator ensures unidirectional signal flow and prevents back-
propagation of signals. The RF isolator exhibits an insertion
loss of 2.17 dB and an optimum frequency range of 1 GHz
to 2 GHz. The custom bandpass (BP) RF filter was connected
after the isolator, followed by an LNA. The BP filter operates
from 1400 to 1427 MHz and has an insertion loss of 2.6 dB at
the center frequency of 1413.5 MHz. The LNA has a minimum
frequency of 1.2 GHz and a maximum frequency of 1.6 GHz.
The noise figure (NF) of this RF amplifier is significantly low,
at 0.8 dB, with a typical gain of 40 dB. The LNA is rated at 15 V
dc maximum and 120 mA. There is an additional loss due to all
connectors and SMA sections of 0.5 dB. The entire RF front-end
was placed on a temperature-controlled aluminum plate, which
maintained the RF components at a predefined temperature
throughout the operating time. The temperature control of the RF
components helps to reduce the random variation of the noise.

2) Digital Back-End: The digital back-end of the radiometer
consists of an SDR, Intel’s Next Unit of Computing (NUC) mini
PC, two Raspberry Pis, and a temperature controller unit. The
SDR we used here is a National Instrument Universal Software
Radio Peripheral B210 series. The SDR is directly connected
with the RF front-end LNA. The radiometer operates through
the Intel NUC mini PC. The NUC receives and stores the raw
radiometric measurement data. One Raspberry Pi is responsible
for triggering the SP4T RF relay for 250 ms per port. The
RF front-end compensates for temperature drifts during each
measurement cycle by performing calibration with its internal
HS and ACS. During each cycle, the radiometer records raw
data from each port of the RF switch for 250 ms, with a
250 ms integration time and 27 MHz full bandwidth within the
protected L-band. The sampling rate of the radiometer data was
30 MHz. A second Raspberry Pi is responsible for recording
the physical temperature of each RF component, including the
H-pol and V-pol antennas and the RF coaxial transmission lines.
A solid-state temperature controller known as a Peltier cell is
used in conjunction with a digital control unit to control the
temperature of the RF front-end.

3) Radiometer Packaging: All the components are packaged
in a multilayered box. The RF components inside the box are
placed on an aluminum plate, which is temperature-controlled
using a Peltier cells temperature controller unit. As shown in
Fig. 3, the first layer (bottom layer) holds all the RF components.
The second layer (middle layer) consists of the SDR, power
conversion units, Raspberry Pis, and electromechanical (EM)
relays. The third layer (top layer) holds the temperature con-
troller and power controller for the Peltier cell. Each component
of the radiometer was subjected to individual measurements
in order to observe its response and compare it against spec-
ification sheets, utilizing a network analyzer. Subsequent to
the assembly of the radiometer, a comprehensive end-to-end
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Fig. 3. Radiometer assembly is packaged within a multilayer compact struc-
ture and covered with aluminum tape. first layer (a) encompasses all the RF
components integral to the radiometer. second layer (b) accommodates the SDR,
EM relays, and Raspberry Pi units. Third layer (c) houses the temperature control
unit along with six voltage converters. (d) Comprehensive radiometric response,
as measured utilizing a network analyzer.

TABLE I
AIR-GAP PATCH ANTENNA DESIGN PARAMETERS

radiometric response analysis was conducted employing the
network analyzer and shown in Fig. 3(d). More information
about the radiometer power consumption and gross weight are
detailed in Sections IV-B and IV-C.

4) Receiving Antenna: An air gap patch array antenna has
been designed and simulated in the electromagnetic simulation
environment. The near-square patch antenna was constructed on
an Flame Retardant 4 (FR4) substrate with a dielectric constant
of 4.3, tand δ of 0.025, and thermal conductivity of 0.3 (W/K/m).
The thickness of the substrate was kept at 1.47 mm for both
the front patch and the ground plane. The front plane and the
ground plane were both designed with copper with a thickness of
0.035 mm. An air gap of 8 mm was introduced between the front
patch and the ground plane to reduce the sidelobe and backlobe
of the antenna. The design parameters and dimensions are given
in Table I for the corresponding Fig. 4. The antenna feed port
was designed with a coaxial feed SMA port. The antennas were
fabricated using chemical etching. The antennas were tested with
a network analyzer in the Mississippi State University (MSU)’s
anechoic chamber. Both H-pol and V-pol antennas were attached
to a frame for mounting on the UAS. Results related to the
antenna characterization are detailed in Section III-A.

Fig. 4. V-pol and H-pol air-gap patch antennas were subjected to testing within
an anechoic chamber. Both antennas share identical design parameters for their
radiating or receiving patches. The ground plane for both antennas comprises
an FR4 substrate material with a 1.47 mm thickness, having a 0.035 mm thick
copper layer on one side.

B. Data Processing Steps

During data acquisition, the radiometer captures the surface
emission as raw I&Q samples from the target source, storing
the data in a short complex 16-bit (sc16) format. Transient
responses were generated during RF port switching, which was
subsequently eliminated from the data. The imperfect rise and
fall time along with its transient response of the physical BP filter
introduced an offset that was also corrected by applying a digital
Butterworth filter with a 10 MHz cutoff frequency. Internal
instruments of the radiometer, including the SDR, dc voltage
regulators, and temperature controllers generate RFI that creates
an unwanted bias in the radiometric measurement. This RFI
was not necessarily visible in the time domain representation.
This necessitates the implementation of time–frequency (TF)
domain representation of the raw I&Q samples. The RFI was
effectively addressed through the implementation of a percentile
filtering technique. Specifically, an empirical approach was em-
ployed where a 99.7 percentile filtering threshold was selected.
This selection was based on careful analysis and consideration,
aiming to eliminate the RFI signals originating from the ra-
diometer’s internal components. By adopting the 99.7 percentile
filtering technique, the presence of instrument-generated RFI
was successfully mitigated in the frequency domain, resulting
in enhanced data quality and accurate radiometric measure-
ments. Subsequently, the frequency domain signals underwent
a squaring process to transform them into raw power, achieved
by squaring each individual sample. The results related to the
data processing steps are further detailed in the Section III-B.

C. Calibration

This section describes the internal and external temperature
calibration of the radiometer.

1) ACS Noise Temperature Characterization and Internal
Calibration: The radiometer calibration is a critical step in
converting the raw antenna count I&Q samples into TB . The
present radiometer uses two-point periodic internal calibration
using an HS and an ACS noise source during each measurement
cycle. The ambient noise source TB is a direct measurement of
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Fig. 5. Radiometer underwent internal temperature calibration using three
sources: LN, DI, and the ambient source (HS). The experiment was conducted
inside an anechoic chamber, where the physical temperature of the chamber was
gradually increased from 299.15 to 307.15 K with an interval of 2 K over a
period of ∼ 12 h.

the physical temperature of a 50-Ω load. However, the TB of the
ACS needs to be determined at different physical temperatures.
Fig. 5 shows the calibration setup inside the anechoic chamber to
determine the noise temperature of the “unknown” ACS using
“known” sources, such as liquid Nitrogen (LN), dry ice (DI),
and 50-Ω loads. The LN and DI have a boiling point temperature
of 77 and 194.7 K, respectively, at atmospheric pressure; these
sources are connected to the H-pol and V-pol ports of the
radiometer. The internal physical temperature of the radiometer
(T phy

0 ) is kept constant during the operation of the radiometer.
The effective noise temperature (TP

in,A) of each source (for
instance, LN) passes through the transmission line, the switch,
and several connectors; consequently, it emerges as TP

in,S at the
receiver reference input. The output voltage from the receiver
and the input temperature to the receiver are related by a linear
equation as described in (1) and 2

G =
VA − VH

TP
in,S − TH

B

=
VC − VH

TC
B − TH

B

(1)

N =
VA − VH

VC − VH
(2)

where G is the overall system gain, and VA is the output volt-
age for the corresponding input temperature from LN or DI. VH

and VC are the output voltage readings due to the corresponding
HS and ACS internal noise sources, respectively. TC

B and TH
B

are the noise temperatures of ACS and HS, respectively. Finally,
N is the normalized voltage value.

The effective noise temperatures of each of the sources (i.e.,
LN and DI) are calculated at the reference point in Fig. 6 using
(3) and (4)

TP
in,S = (1−N)TH

B +NTC
B (3)

TP
in,S = TP

in,AαL
α

S
+ T phy

L (1− α
L
)α

S

+ T phy
0 (1− α

S
) (4)

Fig. 6. Simplified block diagram to estimate the TB of ACS through ra-
diometer temperature calibration using LN, DI, and HS. Here, TP

in,A is the
physical temperature of the LN and DI at the H-pol port and V-pol port,
respectively. The symbol T phy

L and αL are the physical temperature and loss

of the long transmission line respectively. The symbol T phy
0 and αS are the

physical temperature and loss of the short transmission line respectively. The
symbol TP

in,S is the effective temperature of the input sources at the SP4T RF
switch. The symbol VA is the output voltage for the corresponding input sources
(LN and DI). The symbol TH

B and TC
B are the physical temperatures of the HS

and ACS ports. The symbol P corresponds to the polarization of the input port
while connected to the receiving antenna. The symbol αA and T

phy
Ant was used

to estimate the antenna loss coefficient through external calibration.

where TP
in,S is the effective noise temperature at the reference

point for each corresponding input temperature TP
in,A. The quan-

tities αL and αS are the loss coefficients for the long and short
transmission lines of the radiometer. The T phy

L and T phy
0 are the

physical temperatures of the long and short transmission lines,
respectively.

After estimating the ACS TB at various internal set tempera-
tures, one can determine a line using two points of ACS and HS
TB values for each radiometer state. The line slope and intercept
(i.e., m and b) values can be estimated using (5)–(7)

TP
in,A = Nm+ b (5)

m =
TC
B − TH

B

α
L
α

S

(6)

b =
1

αLαS
TH
B − (1− αL)

αL
T phy
L − (1− αS)

αLαS
T phy
0 . (7)

The physical temperature of each of the RF components of the
radiometer is recorded in real time using temperature sensors.
The radiometer’s internal temperature is controlled using a solid-
state Peltier cell. We also controlled the room temperature of the
anechoic chamber to reduce any sudden temperature changes
during the measurement to minimize any noise introduced due
to the temperature change.

2) External Calibration: The external calibration technique
involves using external references or targets to calibrate the
radiometer’s measurements through the antenna. This involves
well-characterized radiometric properties of known targets and
can be used as a reference to produce a voltage-to-temperature
calibration line. For the external calibration, the radiometer was
initially placed inside an anechoic chamber. The anechoic cham-
ber was considered as a blackbody, and the physical temperature
of the blackbody was measured to be 290 K during the calibration
experiment. The radiometric measurements were taken while
the H-pol and V-pol antennas were pointed toward the ceiling
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Fig. 7. External calibration of the radiometer antenna was performed using
three calibration methods: anechoic chamber (blackbody) calibration, absorber
(blackbody) calibration, and sky temperature measurement. (a) Calibration of
the radiometer dual-polarized antenna inside the anechoic chamber (blackbody).
(b) Calibration of the radiometer antenna using a small electromagnetic absorber
(blackbody) box. (c) Calibration of the radiometer antenna using sky temper-
ature measurement. (d) Radiometer antenna positioned at a 45◦ angle for field
measurements.

of the anechoic chamber. Fig. 7(a) shows the setup where the
radiometer collects the data inside the anechoic chamber.

During the field experiment, the antenna was placed inside
a small absorber (blackbody) box and took measurements for
external calibration. The physical temperature of the absorber
box was also recorded during the measurement. Fig. 7(b) shows
the field set-up for blackbody measurements. Next, the antenna
was pointed towards the sky to measure the TB of the sky. At
L-band, the TB of the sky is considered to be 10 K. Fig. 7(c)
shows the upside–down UAS setup where the antenna points
toward the sky.

The antenna loss coefficient plays an important role in ra-
diometric measurements. One can measure the antenna loss
coefficients by taking the radiometric measurement of two
known sources: the sky and the blackbody. The effective sky
and blackbody TB TP

in,S at the reference point is estimated by
using the internal two-point calibration using HS and ACS. The
TP

in,S is then used to measure the antenna efficiency for each
antenna port using (8)

TP
in,S = TP

in,Aα
P
A
α

L
α

S
+ T phy

Ant

(
1− αP

A

)
α

L
α

S

+ T phy
L (1− α

L
)α

S
+ T phy

0 (1− α
S
) (8)

where TP
in,A is the effective antenna temperature, αP

A
is the

loss coefficient of the antenna or antenna efficiency, and T phy
Ant is

the physical temperature of the antenna.
Finally, for regular science measurements, the radiometer

antenna was pointed at a 45◦ incidence angle toward the ground.
Fig. 7(d) shows the fully configured radiometer prepared to fly
and take measurements from the land surface.

Fig. 8. (a) 3-D simulated radiation pattern of the antenna. (b) Simulated and
measured antenna return loss (s11).

D. Custom UAS and Radiometer Footprint

A custom octacopter UAS was designed and built to carry the
radiometer as payload. The temperature-controlled radiometer
box was mounted underneath the UAS and flew over the land and
water at the R. R. Foil Plant Science Research Center (known
as the North Farm) at MSU. The UAS has flown at an altitude
of 15 m with a speed of 2 m/s. The antenna half-power beam
width is 37◦. The antenna is observing the target at 45◦ angle.
The major axis of the ellipse is calculated at 22.60 m, while the
minor axis of the ellipse is 15.06 m.

III. RESULT

This section will describe the results of antenna characteri-
zation, several steps of data cleaning, radiometric calibration,
field experiment, and finally, the results of the estimated TB on
a geospatial map.

A. Antenna Characterization

For microwave radiometry, the antenna plays a crucial role
in acquiring electromagnetic radiation response from the tar-
get source. The antenna was designed in the electromagnetic
simulation environment. In the design, particular attention was
placed on minimizing the level of sidelobes and backlobes.
Fig. 8(a) shows the 3-D simulated radiation pattern. The interele-
ment spacing of the array and the air gap distance between the
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Fig. 9. Removing instrument generated RFI from raw data at each of the 250 ms segments of each cycle. (a) Raw antenna count data from four input ports of
the radiometer. (b) PSD of the H-pol port signals before and after cleaning. (c) Spectrogram of the H-pol port before removing RFI. (d) Clean spectrogram of a
complete cycle of 1000 ms from all four port.

front patch and ground plane were iteratively adjusted to achieve
the desired gain. The same process was also used to reduce the
sidelobe and the backlobe of the antenna. The antenna has a
half-power beam width of 37◦. The overall gain of the array
is 12.84 dB at 1413.5 MHz center frequency. The theoretical
antenna return loss is calculated to be −31 dB in the simulated
environment. The antenna was characterized in the anechoic
chamber using a network analyzer and found −37 and −36 dB
return loss at the center frequency for H-pol and V-pol antennas,
respectively, as shown in Fig. 8(b). The solid red line represents
the simulated return loss, whereas the green and blue dotted lines
show the measured return loss for the H-pol and V-pol antennas,
respectively.

B. Data Processing and Cleaning

The internal electronics of the radiometer may introduce
some systematic interference into the radiometric raw (Level-0)

measurements. An example of raw data acquired in the ane-
choic chamber (shielded from outside) is given in Fig. 9(a),
which represents the data from one complete cycle (1000 ms),
consisting of four segments. Each of the segments represents
250 ms of data. In this example, the first segment of Fig. 9(a)
represents the signals recorded at the H-pol port (connected to
the LN noise source, no antenna is connected), and the second
segment represents the data at the V-pol port (connected to the
DI noise source, no antenna is connected). The third and fourth
segments show the internal loads’ response (i.e., HS and ACS,
respectively). Internal sources might induce some unwanted bias
in the measurements. For instance, the power spectral density
(PSD) of the H-pol port shown in Fig. 9(b) exhibits some spikes.
As we can also see in the zoomed section of Fig. 9(b), signal
levels differ and can shift the overall response artificially, if those
spikes are not removed. The same response can be observed in
the normalized TF spectrogram in Fig. 9(c), where the bright
red line is apparent in the zoomed section. After digital filtering
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Fig. 10. Physical temperature of the internal RF components and external
antenna and transmission line of the radiometer over a period of 12 h. Each
staircase represents one temperature setting and shows the physical temperature
stability during the experiment.

with a 10 MHz cutoff frequency and removing the instrument-
generated interference, unwanted biases have been removed
from the overall response for further processing, as shown in the
blue color response in Fig. 9(b) zoomed section. After removing
the internally generated RFI, the data from each segment of
Fig. 9(a) now can be represented with a clean spectrogram in
Fig. 9(d) as uncalibrated Level-1 data product.

C. Linearity Test and ACS Characterization

In this section, a linearity test was conducted, and “unknown”
ACS noise temperature was characterized as a function of inter-
nal set temperatures using the interference-free measurement
count as described in Section II-C. We controlled the radiome-
ter’s internal physical temperature and increased the temperature
from 299.15 to 307.15 K with 2 K steps (black solid lines). The
whole experiment took about 12 h, as shown in Fig. 10 where
each radiometer internal temperature was set to a fixed value
for about 2 h. During this time, the chamber room temperature
(purple dashed lines) was also increased due to the long duration
of the experiment, and as a result of the change in outdoor
temperature. Even though there are some fluctuations internally,
the temperature of the LNA (dark blue dashed lines) remained
stable within 0.2 K for each set temperature.

We used three known sources, LN, DI, and internal tem-
perature, or HS, to estimate the TB of ACS. Fig. 11 shows
the “linearity curve” for each of the five internal temperature
settings using the responses of these four noise sources. For
each radiometer internal temperature setting, we got one line
consisting of four clusters of points. For instance, as we set
the radiometer internal temperature 299.15 K, the estimated
TB of ACS at the switch is shown by the red dots at the left
bottom corner of Fig. 11, the cyan dots represent the temperature
response of the LN, the violet dots represent the temperature for
DI, and finally, the green dots are the temperature of HS. From
each of these lines, we estimated the TB of the ACS for each
internal temperature setting.

Fig. 11. Radiometer linearity line to estimate the ACS TB for five different
internal radiometer set temperatures. The zoomed red box shows five lines for
five different temperature settings.

Fig. 12. Estimated ACS TB for different radiometer internal temperature.
Where the x-axis represents the change in the radiometer’s internal temperature,
and the y-axis shows the corresponding ACS response. Each of the red dots is the
estimated temperature of ACS, and the black dotted line is the linear regression
fit.

Fig. 12 shows the change of ACS TB as we changed the
internal temperature of the radiometer. The y-axis represents
the ACS TB , and the x-axis represents the change in the internal
temperature of the radiometer. The red dots are the TB response
for each of the internal temperature settings, while the black
dotted line is the estimated regression line. It is important to
observe that the ACS noise temperature remains stable (average
49.89 K) with some fluctuations (about a standard deviation of
± 1.17 K). Since this temperature is much lower than the HS
(ambient internal temperature) and is mostly independent of the
internal set temperature, its impact on the internal calibration
will be minimal as the measured natural TB over land will be
mostly higher than 200 K for most practical situations.

D. Radiometer Stability

After determining the internal ACS noise temperature, we
tested the stability of calibrated TB against “known” external
sources (i.e., the anechoic chamber walls as the blackbody and
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Fig. 13. Measured and estimated Sky and blackbody temperature with H-pol
and V-pol antennas. (a) Radiometric TB response of a blackbody. (b) Mea-
sured and estimated sky TB temperature response using both H-pol and V-pol
antennas.

the sky). We measured the TB of the blackbody continuously
for about one hour and measured the physical temperature
of the anechoic with a thermometer. We set the radiometer’s
internal temperature as 305.15 K during the experiment. As
displayed in Fig. 13(a), the solid black line represents the mea-
sured blackbody physical temperature, and dotted lines show the
estimated TB of the blackbody with H-pol and V-pol antennas,
respectively. For both polarizations, the standard deviation of
the estimated TB was calculated as 0.39 K. For instance, NASA
Goddard’s scanning L-band active passive (SLAP) radiometer
is stable for blackbody measurement within the range of ±
(1–2 K) [44]. Next, we pointed the antenna to the sky in an
unobstructed environment for about 1 h, as shown in Fig. 7(c).
The estimated TB of the sky is given in Fig. 13(b). We assumed
the skyTB of 10 K as the ground truth. The dotted blue line shows
the estimated TB of the sky with the H-pol antenna, while the
dotted cyan line represents the V-pol response of the skyTB . The
solid black line is 10 K as the ground truth skyTB . We calculated
the standard deviation as 0.95 and 0.57 K for H-pol and V-pol,
respectively. In comparison, the uncertainty in cold sky (CS)
measurement of SMAP is reported 0.11 K for H-pol and 0.09 K
for V-pol [45]. These higher standard deviations for the cold sky

Fig. 14. Physical temperature of the internal and external RF components of
the radiometer during experiment flight. Each of the lines represents the physical
temperature of the RF components of the radiometer. x-axis represents the flight
time in s and y-axis represents the temperature in K.

are expected since it is well outside of expected land observation
TB , where the radiometer is designed and calibrated.

E. Overall System Performance

In the radiometric measurements, the front-end NF is driven
by the RF components (e.g., insertion losses associated with the
RF components) up to the first LNA. For the present radiometer,
the system noise temperature Tsys is calculated as 537.1 K, and
the corresponding total NF as 4.4 dB using Y-technique with
two “known” LN and DI sources (as described in Section II-C).
The theoretical noise equivalent delta temperature (NE Δ T)
using Tsys, bandwidth B (i.e., 27 MHz), and integration time τ
(i.e., 250 ms) is calculated as 0.21 K. For example, NE Δ T for
various L-band radiometers are as follows: observations of NE
Δ T for SMAP over ocean and land areas reveal a value of 0.8
and 1.1 K, respectively [46]. For the SLAP instrument, NE Δ T
is reported as 0.94 K for a scene temperature of 300 K [44]. The
CAROLS reports an NE Δ T of 0.1 K [19], while [8] report a
value of 0.14 K for an integration time of 1 ms.

F. First Flight

The first flight experiment was carried out at MSU’s North
Farm on 06 May, 2023. The experiment site consists of a large
water body and a crop field. The UAS flight path was designed
so that the radiometer footprint traverses both land and water
regions on the ground. The UAS ground speed was set at a
constant 2 m/s speed, and the total flight time was about 220 s.

The physical temperatures of the radiometer inside and out-
side were recorded during its normal operation. As seen in
Fig. 14, the radiometer’s internal RF components are approx-
imately maintaining the set temperature (305.15 K). However,
the antenna and the transmission line temperatures increased at
the around 147th s of the UAS flight due to sunlight exposure.
We used the real-time physical temperature of the radiometer’s
internal and external components during the TB estimation.
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Fig. 15. Geospatial variation of the estimatedTB . (a)TB response with H-pol
antenna. (b) TB response with V-pol antenna. The deep green area on the top
is a large water body. The light-green line is the radiometer flight path, and the
colored line is the TB response of the antenna footprint on the surface. The
deep-blue colored line on the water body shows a low TB response while the
rest of the line shows varying TB response over the field area. The Color bar on
the right represents the TB in K.

The radiometer UAS flew over the land and water combination
path on the ground. In Fig. 15, the estimated TB at both polariza-
tion’s from such flight are overlaid on background imagery. The
thin green line shows the UAS flight path, while the thick colored
line represents the TB measurements with a color bar. The top
portion of the line shows a deep blue color, indicating the TB

response from the water body, while the varying color response
represents theTB changes on the different parts of the land cover.
During the transition from water to land, the antenna footprint
covers a fraction of the water region, while the rest of the path and
footprint cover the land region. These mixed scenes are apparent
with a light blue color at the water–land boundary. Furthermore,
the starting point of the antenna footprint line shows red color as
the temperature response is coming from a large metal trailer that
we used as our field office during the experiment. TF analysis of
the raw I&Q data revealed instances of high-power RFI. Inter-
nal instrument-generated RFI was removed from the raw I&Q

samples using the method described in Section III-B (see also
Fig. 9). During the outdoor flight experiment, we attributed RFI
contamination to external sources. A threshold-based algorithm
was then employed to effectively remove the RFI-contaminated
data points. Consequently, blank regions emerged in the spatial
domain of the TB map in Fig. 15(a) and 15(b) as a result of
this RFI cleaning process. Both H-pol and V-pol antennas were
able to distinguish the land and water boundary unambiguously.
The TB from both polarization’s show similarities with slightly
higher at V-pol, but the difference was lower than expected for
an oblique incidence observation. This indicates that there is a
polarization leak between the channels.

IV. DISCUSSION

This section will discuss the antenna design tradeoffs, power
consumption, gross weight of the radiometer, radiometer pack-
age deployment on the UAS, and onboard data processing.

A. Antenna Design Tradeoffs

In this study, we designed and fabricated a dual polarized (H-
pol and V-pol) microwave antenna for the radiometer operating
in the protected L-band (1400–1427 MHz). An antenna plays
a crucial role in the radiometer’s operation. As we deployed
our radiometer on a small UAS platform, the antenna surface
area, operating bandwidth, weight, gain, return loss, sidelobes,
and backlobes level were the important parameters to consider
while designing the antenna. As a single patch, a microwave
antenna requires a low-surface area but is prone to have low
gain, high sidelobes, and backlobes levels. To achieve higher
gain and low sidelobes, we designed a 2×2 array antenna as
described in Section II(4). The interelement spacing of the array
was carefully calculated to conglomerate four main beams of
the four array elements into a single beam with combined higher
gain and lower sidelobes. However, the 2×2 array structure did
not help to reduce the backlobes of the antenna, which is very
important for noise-free radiometric measurement. We do not
want to receive any signal from the back side of the antenna.
To reduce the backlobes, we introduced an air gap between the
front patch and the ground plane of the antenna. The width of the
air gap was carefully calculated to reduce the backlobes while
maintaining the high gain of the antenna.

The H-pol and V-pol antennas were designed with identical
parameters and physically rotated one antenna at 90◦ to acquire
H-pol and V-pol response. Moreover, the cross-talk effect is
important to consider while operating a dual-polarized antenna
in a compact area. In our case, we place the H-pol and V-pol
antennas side by side, having a small air gap in between. This
can impact the purity of the polarized signal when measured
at an oblique incidence. Since we did not have the facility to
measure the amount of cross-talk effect of our antenna, we did
not quantify the leak, but the impact was evident in the first flight
measurements as mentioned previously. Further work is needed
to ensure the isolation of the coupling between antennas. We
attached both the H-pol and V-pol antennas on a carbon fiber
frame using nylon spacers in between the frame and then the
antenna. We attached the antenna frame underneath the UAS and
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connected it with the receiver system using thermally insulated
coaxial transmission lines.

The relatively small antenna footprint of our radiometer,
measuring 22 m ×15 m along its major and minor axes, re-
spectively, limits direct comparisons of the acquired TB from
the land–water combined area with those measured by SMAP
and SMOS satellites. These satellites boast significantly larger
footprints, approximately 40 [47] and 43 km [48], respectively.
Furthermore, the linear correlation between land–water TB

and physical temperature presents an additional challenge for
direct comparisons with other L-band radiometers [49]. Our
radiometer measurements likely occurred at different geophys-
ical locations, times, and under varying temperature conditions
compared with other studies. These factors can significantly
influence TB values. While direct comparisons of our entire
radiometer measurements are limited, we can analyze specific
aspects related to land–water isolation. For instance, compar-
isons with H-pol data from [8] are possible. In addition, we can
compare H-pol and V-pol data for grassland cover with studies
by [50], although temperature scales might differ. In our case,
the flight experiment was conducted in a hot summer day with an
average ambient temperature of 307 K ( 34◦ C), we anticipated a
corresponding high TB from the radiometric measurement. Un-
fortunately, comparisons of our H-pol and V-pol TB values with
other L-band radiometers for similar land–water coverage and
environmental conditions are not currently feasible due to the
combined limitations of footprint size and potential variations
in measurement conditions.

B. Power Consumption

As we designed our radiometer for the UAS-based opera-
tion, the power consumption of the radiometer is an important
parameter to consider. We have limited power onboard on the
UAS as a high-power battery will introduce more weight in a
weight-restricted system. In our current design, the radiometer
consumes a total power of ∼52.73 W during nominal operation.
We used a separate battery to operate the radiometer and the
UAS. The radiometer uses a six-cell lithium polymer (LiPo)
battery with a voltage of 25.2 V, while the UAS uses an eight-cell
32 V LiPo battery. The UAS flight duration mainly depends on
its payload weight and battery capacity. As the payload is fixed, a
higher battery capacity will endure the flight time. However, the
weight associated with the higher capacity battery decreases its
flight time, too. So, we needed to consider the tradeoffs between
the cumulative weight and battery capacity to find an optimal
battery specification.

C. Weight Consideration

The weight of the payload and the weight of the UAS both
contribute to the flight operation duration of the radiometer.
In this study, we concentrated on the optimum operation of
the radiometer with minimum expenses rather than making it
lightweight. However, we kept the radiometer weight within a
considerable limit so that it could be deployed as a payload on
a UAS platform. In the current design, our radiometer’s gross
weight, including the antenna, is 20 lbs or (∼9 kg). The UAS

total weight, including the operating flight battery, is 22 lbs or
(∼9.98 kg).

D. Flight Operation

In the present configuration, the radiometer flight duration
is about 4 min, which covers about 480 m with 2 m/s flight
speed. The flight speed of the radiometer is also critical for its
ground resolution. A higher flight speed, for instance, 5 m/s will
increase the coverage area but decrease ground resolution. In
contrast, a lower flight speed (1 m/s) will increase the ground
resolution but decrease coverage area. In our experimental flight,
we used 2 m/s flight speed and had 4 min flight time. From an
operational perspective, this flight duration is not sufficient to
cover agricultural farms with several hectares. In the future, more
emphasis needs to be placed on reducing the payload weight to
improve the flight time by around 15 min while maintaining the
radiometric characteristics.

E. Payload Design

We designed a custom payload attachment frame to the UAS
using carbon fiber tubes. As described in Section II(3), we used
a lightweight plastic box to package the radiometer in a layered
structure. We covered the box using metal tape to block any RFI
signal from entering the radiometer box and contaminating the
radiometric measurement. We designed the carbon fiber-based
payload attachment structure to carry the radiometer box inside
it. We attached the antenna underneath the payload attachment
frame. We affixed the antenna at a 45◦ angle, taking into account
the aerodynamics of the UAS platform. Positioning it sideways
helps mitigate wind drag, whereas a forward-facing antenna
would increase drag, potentially compromising the UAS per-
formance. The 6-inch (15.24 cm) space between the antenna
and the radiometer box helps to isolate any RFI caused by the
radiometer’s internal electronic instruments through the small
backlobes of the antenna.

F. RF Interference’s

Understanding and mitigating RFI plays a pivotal role in
passive microwave remote sensing measurements. Due to its
potential to compromise the accuracy of geophysical param-
eter responses, it is imperative to detect and eliminate RFI-
contaminated measurements. Traditional radiometers face chal-
lenges when dealing with RFI-contaminated measurements, of-
ten rendering recovery of any usable signal portion difficult.
In contrast, our radiometer possesses the capability to store
raw I&Q samples of radiometric measurements. By perform-
ing TF (spectrogram) analysis on these raw I&Q samples, we
can effectively identify RFI-contaminated segments within each
measurement. Our approach enables the analysis of each 250 ms
or 7.5 million samples, allowing us to recover the usable portion
of the signal and estimate geophysical parameters. While some
resolution may be sacrificed during this process, the entirety of
the measurement block is retained. In future research, we intend
to implement onboard RFI processing during raw measurement
collection. This processing will systematically analyze each
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spectrogram of every measurement, preserving the usable data
segments.

G. Data Storage

The data storage capacity is another constraint to the reliable
operation of the radiometer. High storage capacity will increase
the expenses and payload weight. In contrast, a lower storage
will not be able to store the data in real-time operation. In our
radiometer, the digital back-end preprocesses the raw radiomet-
ric measurement in near-real time while collecting continuous
raw samples on the UAS platform. In the current configuration,
we are operating the radiometer for a short period of time, so
the storage is able to safely save the processed data along with
the raw measurement data. However, looking toward the future,
as the radiometer operation extends over longer durations, the
current storage capacity might prove insufficient to accommo-
date storage requirements for all incoming measurements. In
such a scenario, our approach involves the implementation of
near-real-time data processing directly on the UAS platform.
This entails processing the raw radiometric measurements and
preserving the measured power, while selectively discarding the
raw measurement data. This strategy serves the dual purpose of
preserving storage space and retaining crucial information for
subsequent analysis.

H. Applications

In PA, radiometric remote sensing using UAS-based radiome-
ters holds promise for retrieving surface SM. Monitoring of
high resolution surface SM can be essential to observe the
changes of geophysical parameters like agricultural drought a
significant threat to food security, is strongly linked to SM
variations. Satellite-based monitoring of agricultural drought
has been explored for global applications using Level 2 (L2) SM
data products from missions, such as SMOS. Early detection of
field-scale SM changes offers valuable information and can be
incorporated into high-resolution agricultural drought monitor-
ing systems [51], [52]. High spatiotemporal resolution SM data
are also crucial for detecting fire events, soil erosion, and various
drought types in mountainous regions. While current satellite
missions offer spatial resolutions of km scale, upscaling these
sparse data products can be used to estimate high-resolution
SM [53]. However, uncertainties associated with validating
satellite-based SM measurements against point-scale ground
measurements, coupled with the influence of vegetation and
topography, make high-resolution estimations challenging [54],
[55]. UAS-based radiometers present a valuable tool for esti-
mating high spatiotemporal resolution surface SM at the field
scale in such scenarios. The proposed radiometer offers a ground
footprint of approximately 15 m×22 m at an operating altitude
of 15 m. The specific spatiotemporal resolution achieved will
ultimately depend on the UAS flight altitude and speed.

V. SUMMARY AND FUTURE WORK

In this study, a compact SDR-based L-band microwave ra-
diometer was successfully developed for estimating surface TB

from a small UAS platform, allowing for efficient data collection

from aerial platforms. The onboard data processing capabilities
of the radiometer proved crucial in eliminating RFI contamina-
tion, ensuring the integrity of the acquired data for subsequent
post-processing. A comprehensive calibration approach ensured
stable radiometer measurements. This approach included in-lab
calibration of the ACS against three known temperature refer-
ences: LN, DI, and HS. External calibration was also performed
using sky and blackbody temperatures before and after each
data collection flight. This two-step process resulted in stable
TB measurements, with uncertainties of 0.39 K for both H-pol
and V-pol using the blackbody, and 0.95 and 0.57 K for H-pol
and V-pol, respectively, using sky measurements. Evaluation of
measurement stability was conducted using sky and blackbody
measurements over a 60 min period for each. These findings
underscore the reliability of the radiometer’s TB measurements
over an extended period. During field experiments, the radiome-
ter was successfully attached underneath a UAS platform and
flown over a land-water combination area. The radiometric re-
sponse demonstrated its capability to differentiate between land
and water boundaries, effectively delineating the distinctive fea-
tures of the land area, such as a small roadway between the water
body and the field. This capability highlights the radiometer’s
potential for identifying and characterizing complex land–water
interfaces and land surface features.

The developed radiometer presents a valuable tool for PA
applications, providing stable surface TB estimates. The ra-
diometer’s compact design allows for easy integration beneath
UAS platforms, facilitating efficient and flexible data collection.
The successful removal of RFI contamination through onboard
data processing ensures the reliability of the acquired data. The
objective of future endeavors is to enhance the radiometer’s
flight time by further miniaturizing it, thereby expanding its
applicability across various PA applications. The development
of such a radiometer will have a significant impact on the field
of PA, making it possible to improve SM estimation at subfield
scale.
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