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ABSTRACT As next-generation communication services and satellite systems expand across diverse
frequency bands, the escalating utilization poses heightened interference risks to passive sensors crucial for
environmental and atmospheric sensing. Consequently, there is a pressing need for efficient methodologies
to detect, characterize, and mitigate the harmful impact of unwanted anthropogenic signals known as radio
frequency interference (RFI) at microwave radiometers. One effective strategy to reduce such interference
is to facilitate the coexistence of active and passive sensing systems. Such approach would greatly benefit
from a testbed along with a dataset encompassing a diverse array of scenarios under controlled environment.
This study presents a physical environmentally controlled testbed including a passive fully calibrated L-band
radiometer with a digital back-end capable of collecting raw in-phase/quadrature (IQ) samples and an active
fifth-generation (5G) wireless communication system with the capability of transmitting waveforms with
advancedmodulations. Various RFI scenarios such as in-band, transition-band, and out-of-band transmission
effects are quantified in terms of calibrated brightness temperature. Raw radiometer and 5G communication
samples along with preprocessed time-frequency representations and true brightness temperature data are
organized and made publicly available. A detailed procedure and publicly accessible dataset are provided
to help test the impact of wireless communication on passive sensing, enabling the scientific community to
facilitate coexistence research and quantify interference effects on radiometers.

INDEX TERMS 5G transmission, active-passive spectrum coexistence, deep learning, microwave radiome-
ter, radio frequency interference (RFI), remote sensing.

I. INTRODUCTION

RADIO spectrum, a finite natural resource crucial to
various facets of human life, is integral to both active

wireless broadband communications transmission and pas-
sive Earth observation radiometry [1]–[5]. Our personal and
professional lives is dependent on mobile broadband, while
applications such as weather forecasting, climate monitor-
ing, astronomy, and space exploration depend critically on

the radio spectrum [6]–[12]. The complementary nature of
various technologies is evident as they progressively share or
operate near the same frequency bands, each with its unique
sensitivities, interference tolerances, and usage patterns. The
International Telecommunication Union (ITU) defines the
Earth Exploration-Satellite Service (EESS) as a radiocom-
munication service that enables data transmission between
earth stations and space stations [13].The main goal of the
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EESS is to monitor the conditions of the earth and the atmo-
sphere. This service uses active or passive sensors on satellites
to gather crucial information about Earth’s characteristics
and natural phenomena, including environmental conditions.
EESS utilizes the spectrum, which is also essential for various
wireless technologies in commerce, transportation, health,
science, defense, and the Internet of Things (IoT), highlight-
ing its dual role in both active communication and passive
observation needs [14]–[16]. This convergence underscores
the interconnected nature of technologies leveraging the radio
spectrum for the betterment of humanity.

A radiometer is a specialized instrument in the EESS that
plays a pivotal role in remote sensing and Earth observa-
tion by measuring naturally occurring thermal radiation. The
measured antenna counts are then converted into brightness
temperature (TB) via a calibration algorithm [17]–[19]. This
TB is subsequently translated into various geophysical param-
eters, including but not limited to soil moisture, atmospheric
water vapor, and ocean salinity [20]–[22]. This process al-
lows for monitoring of the environment and climate without
direct physical contact. The sensitivity and low noise floor
of radiometers are essential characteristics for accurate and
reliable data acquisition [23], [24]. This radiometric sensitiv-
ity can enable detecting and quantifying even faint signals,
indicative of subtle variations in thermal radiation. The low
noise floor is essential to discern the weak thermal emissions
from the surroundings, enabling the radiometer to capture nu-
anced changes in the environment. In microwave radiometers,
however, challenges arise with Radio Frequency Interference
(RFI) when anthropogenic signals such as active wireless
communication waveforms contaminate calibrated radiomet-
ric TB measurements of naturally occurring thermal radiation
[25]–[29]. RFI, typically non-Gaussian in nature, introduces
errors in the sensor’s measured data by increasing electro-
magnetic noise levels, impacting the accuracy of estimates for
geophysical variables derived from these measurements [30],
[31].

In order to preserve the reliability of these passive sensors,
the ITU has taken protective measures, such as allocating
specific radio frequency (RF) spectrum bands dedicated to
remote sensing and radio astronomy [32]–[35]. This ensures
that these critical frequency bands remain free from inter-
ference, safeguarding the integrity of radiometric TB mea-
surements derived from naturally occurring thermal radia-
tion. However, the microwave spectrum continues to be ap-
pealing for upcoming wireless networks, including the fifth-
generation (5G) wireless communication system. Frequency
ranges specifically designated for 5G, like frequency range
(FR) 1 (0.45 GHz–6 GHz) and FR2 (24.45 GHz-52.6 GHz),
pose potential challenges to protected bands due to issues like
out-of-band emissions or unauthorized in-band transmissions
[36]–[38].

Efficient methods for detecting, characterizing, and miti-
gating anthropogenic interference at passive Earth-observing
microwave radiometers are imperative [39], [40]. Further-
more, given the growing demand for RF spectrum in mobile

broadband communications, finding opportunistic solutions
for potential coexistence between stakeholders becomes cru-
cial. This paper presents a physical testbed, housed in an ane-
choic chamber. It includes a customizable 5G new radio (NR)
system capable of transmitting various wireless communica-
tion signals and an L-band radiometer similar to those em-
ployed in satellite-based Earth exploration for remote sens-
ing. Controlled line-of-sight tests were conducted on the ra-
diometer by exposing it to various types of in-band, transition-
band (combination of in-band and out-of-band), and out-
of-band emissions. This testbed possesses the capability to
produce an extensive dataset featuring diverse transmission
attributes, including modulation techniques, frequency band
allocations, duty cycles, and power levels, encompassing
both in-band, transition-band, and out-of-band setups. The
secure environmentally controlled anechoic chamber enabled
not only preserving ground-truth information during the ex-
periment but also transmitting signals inside the protected
L-band (1400 - 1427 MHz), otherwise illegal to transmit.
The data from the testbed experiments can be utilized by
researchers to evaluate existing algorithms or to develop new
algorithms related to radiometer calibration, RFI detection,
classification, identification, mitigation, and spectrum coex-
istence [25], [41]–[51]. Key contributions of this physical
testbed are

• Researchers have access to a publicly accessible diverse
dataset featuring L-band microwave radiometers akin to
those on Earth observation satellites, which have been
subjected to wireless communication waveforms [52],
[53]. Additionally, the Python scripts utilized for data
preprocessing have been open-sourced, facilitating re-
producibility in scientific analyses and advancements in
the field.1

• The dataset includes various scenarios involving both
in-band, transition-band, and out-of-band transmissions
that can be used for training RFI detection andmitigation
algorithms with a potential to explore coexistence of
communication and passive sensing within the same
frequency bands.

• The L-band radiometer developed for this study utilizes
Software-Defined Radio (SDR), enabling the acquisi-
tion of raw in-phase (I) and quadrature (Q) channel
samples at 30 MHz bandwidth. This capability proves
advantageous for domain transformation, which could
be a crucial aspect of spectrum coexistence and RFI
detection.

• Ground truth is available in the dataset to evaluate algo-
rithms across the bandwidth with the accessibility of raw
in-phase/quadrature (IQ) samples. The experiment sce-
narios include transmission with different power levels,
modulation techniques, and resource allocation.

• Three distinct levels of the received radiometer datasets
such as L0 (raw IQ data), L1A (time-frequency repre-

1https://github.com/ahmed-manavi/Active_Passive_Spectrum_
Coexistence_Testbed_Data.git
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sentations of antenna counts), and L1B (calibrated TB)
are developed and shared with the scientific community
[53]. Experiments under diverse transmission scenarios
allow the differentiation of contamination levels, rang-
ing from obvious/high RFI to subtle/moderate RFI and
even cases of undetectable/low contamination.

The present study focuses on the 1400-1427 MHz band,
protected under ITU regulations (footnote RR No. 5.340).
To ensure compliance and prevent external emissions, exper-
iments were conducted within an anechoic chamber. These
constraints to replicate the real-world geometries, but helped
us to isolate the system from unknown interference sources.
More realistic scenarios are expected to be done outside on
shared bands (or unprotected bands). Nonetheless, the current
setup still provide critical insights into interference mecha-
nisms and mitigation strategies that are broadly applicable to
other frequency bands. In the future, the current setup will
extended to the mid-band (i.e., 3200-3400) MHz range. This
will facilitate outdoor experiments and the collection of real-
world data, further enhancing the applicability and impact of
our research on ensuring the coexistence of active and passive
sensing systems.

The rest of the paper is organized as follows: Details of
the overall testbed, 5G transmission, and radiometer are dis-
cussed in Section II. Section III details the experiment sce-
narios, data attributes, and data pre-processing. Results and
Discussions are provided in Section IV and V respectively.
Finally, the conclusion is drawn in Section VI.

II. TESTBED
A. OVERALL SETUP
The experimental setup for 5G and radiometer testing was
conducted within the controlled environment of an anechoic
chamber at Mississippi State University (MSU). As depicted
in Figure 1, the configuration included an active 5G signal
transmitter and a passive L-band radiometer. The placement
of the 5G transmitter antenna and the dual-polarized L-band
radiometer receiver antenna ensured a direct line-of-sight
between the two components. The 5G transmitter antenna
was positioned at the rear of the anechoic chamber, while
the radiometer antenna was located at the front. Throughout
the experimental procedure, the anechoic chamber’s ambient
temperature was regulated and maintained at a constant level.
Anechoic chambers utilize absorbers to eliminate multi-path
and reflected signals, ensuring that radiometer measurements
are solely influenced by the environment and directly trans-
mitted 5G waveforms. Radiometer data are also gathered
in scenarios where communication transmission is absent,
serving as a crucial component for ground truth validation.
The schematic diagram depicting both the 5G transmitter
and L-band radiometer is presented in Figure 2. A 5G signal
generator transmits the waveforms over the air received by
the L-band radiometer for further processing. More detailed
information regarding the 5G active signal transmission and
the passive L-band radiometer receiver can be found in Sub-
sections II-B and II-C respectively.

FIGURE 1: Experimental setup illustrating the 5G signal
transmitter and L-band radiometer configuration within the
anechoic chamber.

B. 5G TRANSMISSION
The transmission side involves encoding, modulation, and
signal amplification to ensure reliable and efficient data trans-
fer. Additionally, resource allocation, error correction, and
synchronization mechanisms are employed to optimize data
transmission, taking into account factors such as bandwidth
availability, interference, and noise [54]. Within the domain
of the 5G wireless communication system, the transmission
architecture is marked by its exceptional speed, ultra-low la-
tency, and massive device connectivity. It leverages advanced
modulation schemes, like Quadrature Amplitude Modulation
(QAM), and sophisticated error-correcting codes tomaximize
data throughput and reliability. The system relies heavily on
Orthogonal Frequency Division Multiplexing (OFDM) for
efficient data transmission and spectral utilization. MIMO
technology, in conjunction with beamforming, enhances sig-
nal strength, coverage, and spectral efficiency [55].
5G NR stands for the latest radio access technology crafted

by the 3rd Generation Partnership Project (3GPP) for the 5G
mobile network. The 3GPP offers an exhaustive blueprint of
5G NR through its specification series. In this section, an
overview of the frame and carrier structure within 5GNRwill
be provided, as these concepts bear significance in resource
allocation for mobile communication and coexistence. Next,
we will introduce the 5G NR OFDM transmission system
design employed in this testbed and present an overview of a
power measurement experiment under different transmission
configurations, providing results for the 5G system alone,
without considering the radiometer side.

1) 5G NR frame and carrier structure
The time frame structure in 5G is a designed temporal ar-
rangement that forms the backbone of the system’s operation
[56]. It provides a framework for transmitting and receiving
data. In the context of 5G, the time frame is commonly
segmented into intervals of 10 milliseconds (ms) known as
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FIGURE 2: 5G-Radiometer Testbed: On the left side, 5G waveforms are transmitted over the air, while on the right side, an
L-band radiometer receives signals through its dual-polarized antenna.

5G NR Frame 

Slot 0

slot 0 slot 1

slot 0 slot 1 slot 2 slot 3

slot 0 slot 1 slot 2 slot 3 slot 4 slot 5 slot 6 slot 7

slot 
0

slot
1

slot
2

slot
3

slot
4

slot 
5

slot 
6

slot 
7

slot 
8

slot 
9

slot 
10

slot 
11

slot 
12

slot 
13

slot 
14

slot 
15

0 1 2 3 4 5 6 7 8 9 10 11 12 13

10 ms 

1 ms 

0.5 ms 

0.25 ms 

0.125 ms 

0.0625 ms 

15 kHz

30 kHz

60 kHz

120 kHz

240 kHz

14 OFDM Symbols

1 ms 

subframe 0 subframe 1 subframe 2 subframe 3 subframe 4 subframe 5 subframe 6 subframe 7 subframe 8 subframe 9

u SCS
slots/

subframe

slot duration 
(ms)

0 15 kHz 1 1

1 30 kHz 2 0.5

2 60 kHz 4 0.25

3 120 kHz 8 0.125

4 240 kHz 16 0.0625

FIGURE 3: 5G NR frame structure.

subframes, as depicted in Figure 3. Each subframe, in turn,
comprises smaller units called slots, and slots are further di-
vided into OFDM symbols. OFDM symbols are the smallest
scheduling units within the time frame structure [56]. 5G NR
offers various subcarrier spacing (SCS) options, including 15,
30, 60, 120, and 240 kHz. Numerology dictates the structure
of the NR subframe, influencing the number of slots and the
duration of OFDM symbols within each subframe. Regard-
less of the chosen SCS, the subframe maintains a consistent
duration of 1 ms [57]. The flexibility to adapt the number of
allocated slots, OFDM symbols, and SCS is a key feature in
5G transmitters, offering fine-grained control over the trans-
mission parameters [58]. Our testbed leverages this flexibility
to systematically assess the impact of these configurations on
radiometric data collected by the adjacent radiometer.

In the frequency domain, 5G networks are characterized by
a construct known as the frequency resource grid. This grid
spans the entire available frequency band, accommodating
different services and transmission requirements. At the finest
granularity in this grid is the resource element (RE), which
is defined by a subcarrier in the frequency domain and an
OFDM symbol in the time domain as illustrated in Figure
4. Multiple REs are grouped to form a resource block (RB),
which consists of 12 consecutive REs. The RB is the smallest
frequency resource unit that can be allocated to a user within
a given transmission time interval (TTI) [59]. This allocation
can be dynamically adjusted to meet the varying data needs

of different users. Notably, the bandwidth occupied by an RB
varies with the chosen SCS, with wider SCS values resulting
in broader RBs. RBs are combined into Resource Block
Group (RBG) of size P RBs according to the upper layer
protocol (the minimum size of P is 2).

FIGURE 4: 5G NR carrier structure (resource grid).

Within our 5G transmitter design, the ability to allocate
and control RBs, subcarrier spacing, and modulation schemes
empowers us to investigate the relationship between 5G trans-
missions and radiometric data reception. By manipulating
these parameters, we can systematically assess the impact
of 5G transmissions on the frequency resource grid and,
subsequently, on the information sensed by the radiometer.
Within this time frame structure, the efficiency and perfor-
mance of data transmission are significantly influenced by
the SCS, which dictates the frequency separation between
adjacent subcarriers. The choice of SCS, along with other
numerology parameters, plays an important role in tailoring
the 5G system to meet specific communication requirements,
enabling adaptability for diverse use cases such as enhanced
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FIGURE 5: 5G received power measurement experiment
setup with a wired connection.

mobile broadband (eMBB), massive machine-type commu-
nication (mMTC), and ultra-reliable low latency communi-
cation (URLLC) [60].

2) 5G NR transmitter design
In the development of the 5G transmitter for our experimental
testbed, the MATLAB 5G Toolbox is utilized to create a
compliant 5G NR waveform adhering to 3GPP specifica-
tions [61]. Using the toolbox functions, we executed trans-
port block generation, OFDM modulation, and the complete
waveform generation process. This included downlink shared
channel (DL-SCH) encoding, physical downlink shared chan-
nel (PDSCH) encoding and modulation, MIMO precoding,
and resource grid mapping with subsequent OFDM modula-
tion. Throughout this process, we maintained precise control
over critical parameters, including the allocation of RBs,
slot, and OFDM symbol allocation within the time frame, as
well as power levels, modulation schemes, and coding rates,
tailored to suit our experimental requirements. The output of
this step comprises the IQ samples, which are converted into
binary format using another MATLAB function, preparing
them for transmission through GNU Radio and an SDR. To
facilitate the transmission of these IQ samples, GNU Radio,
an open-source SDR framework, was utilized. GNU Radio
provided the essential digital signal processing capabilities re-
quired to prepare the waveform for transmission over the air-
waves. Its flexibility and extensibility made it an ideal choice
for our project. For the experimental phase, National Instru-
ment (NI) Universal Software Radio Peripheral (USRP) B210
device is integrated into our transmission setup. These devices
served as interfaces between the antenna and the digital signal
processing on our host computer. Chosenwith care, the USRP
B210 units aligned with our testbed’s specifications, offering
a wide RF range from 70 MHz to 6 GHz, instantaneous
bandwidth of up to 56MHz, full-duplex transmission capabil-
ity, and support for multiple-input, multiple-output (MIMO)
configurations. To enable over-the-air (OTA) transmission,
we integrated cost-effective COTS Proxicast antennas with a
5 dBi gain. These antennaswere designed for operation across
the frequency bands of interest for our testbed, ensuring
compatibility with our experimentation needs.

3) Received power measurement experiment
In this section, we detail the received power measurement
analysis conducted solely on the 5G transmission side be-
fore proceeding with the complete experiment involving the
radiometer. The primary objective of this experiment is to

-20 -10 0 10 20
Power Gain

50

40

30

20

10

Av
er

ag
e 

Po
we

r (
dB

m
)

2 RB
4 RB
6 RB
8 RB
10 RB
12 RB
14 RB
16 RB

(a)

-20 -10 0 10 20
Power Gain

50

40

30

20

10

Pe
ak

 P
ow

er
 (d

Bm
)

2 RB
4 RB
6 RB
8 RB
10 RB
12 RB
14 RB
16 RB

(b)

FIGURE 6: a) Average and b) peak received power measured
at the spectrum analyzer for different Matlab gain values and
different numbers of RBGs.

validate the actual received power values under varyingMAT-
LAB gain settings for different numbers of allocated RBGs.
To accomplish this, we employed a spectrum analyzer (SA) as
our receiving apparatus to measure the received power level.
The SA is connected through a coaxial cable with the trans-
mitter USRP B210, which is connected to the PC executing
the GNU radio code for signal transmission as illustrated in
Fig 5.
The transmitted IQ waveform is configured with different

MATLAB power gain settings and transmitted over varying
numbers of RBGs within the available 27 MHz bandwidth.
Utilizing a SCS of 15 kHz implies that one RE has a band-
width of 15 kHz. Given that one RB comprises 12 REs, the
bandwidth of one RB is 180 kHz. Consequently, the total
number of available RBs amounts to 150 RBs. In our con-
figuration, each RBG comprises 8 RBs, culminating in a col-
lective bandwidth of 1.44 MHz for a specific RBG. Different
types of RBG allocations are utilized during the experiment.
The average and peak received power, as measured by the
spectrum analyzer, are shown in Figure 6a and 6b. These
figures demonstrate a clear correlation between increasing
gain and a simultaneous rise in both average and peak power.
Additionally, a higher number of RBGs is associated with
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FIGURE 7: Radiometer operation principle [17]

elevated power levels in the received signal. Additional results
from our 5G transmitter setup are accessible in our previous
publications [62], [63].

C. L-BAND RADIOMETER DESIGN SCHEMATIC
In order to assess the impact of 5G transmissions, a passive
receiver in the form of an L-band microwave radiometer has
been designed [64]–[67]. The L-band microwave radiometer
operates within the safeguarded RF spectrum frequency range
of 1400 to 1427 MHz, with a bandwidth spanning 27 MHz.
The radiometer does not have any active transmitter, instead,
it is a device that provides a quantitative assessment of the
intensity of electromagnetic radiation within a specific range
of wavelengths in the spectrum. The radiometer measures the
natural electromagnetic emissions from a target surface as
antenna counts, which are then calibrated to determine the
TB. The translation is achieved by placing two calibration
sources using matched load through a switch connected to
the input terminal of the radiometer receiver as depicted in
Figure 7(a). The output voltage (Vout ) of the radiometer re-
ceiver is linearly related to the noise temperature of the input
source. This linear relation is achieved through the radiometer
calibration and the resulting calibration line as displayed in
Figure 7(b). This allows conversion of Vout to the calibrated
TB. The rest of the section describes the radiometer design
schematic, compact packaging, receiving antenna design and
characterization, and the radiometric calibration to translate
the raw IQ samples to TB.
The hardware architecture of the radiometer is structured

into three distinct stages: the design of the RF front-end, the
digital back-end processing, and the design and characteriza-
tion of the dual-polarized array antenna.

1) RF Front-End
The front-end of the radiometer encompasses all RF compo-
nents, as depicted in Figure 8. Startingwith a single-pole four-
throw (SP4T) RF relay, the relay’s pole can be controlled to
enact specific time delays for each through connection via
external triggering. The SP4T RF relay utilized in this context
demonstrates optimal performance within a frequency band
ranging from 1 to 3GHz. Both the Horizontal polarization (H-

FIGURE 8: Design schematic of a dual-polarized L-band
microwave radiometer.

pol) and Vertical polarization (V-pol) antennas are connected
to the RF relay’s 2-port. The remaining two ports of the RF
relay are linked to 50-ohm matched loads, fulfilling the roles
of an ambient reference load (referred to as a hot source, HS)
and a reverse low-noise amplifier (LNA) terminated with a
50-ohm matched load, functioning as an active cold source
(ACS). The four ports of the SP4T RF relay are connected
with the dual-polarized antenna and reference loads, followed
by a 20 dB RF isolator. This RF isolator guarantees unidirec-
tional signal flow while mitigating signal back-propagation.
The RF isolator’s optimal frequency range lies between 1
GHz to 2 GHz. Subsequently, a custom-designed bandpass
(BP) RF filter is connected post-isolator, followed by another
LNA. The BP filter operates effectively from 1400 MHz to
1427 MHz, with a center frequency of 1413.5 MHz. The
LNA’s operational range spans from a minimum frequency
of 1.2 GHz to a maximum of 1.6 GHz. To maintain con-
sistent performance, the entire RF front-end is situated on a
temperature-controlled aluminum plate, ensuring that the RF
components are held at a predefined temperature throughout
the operational duration. This temperature control of the RF
components serves to minimize stochastic variations in noise
levels.

2) Digital Back-End Design

The digital back-end of the radiometer is a critical compo-
nent of the system, responsible for receiving, processing, and
storing the raw radiometric data. The back-end consists of
an SDR, Intel’s Next Unit of Computing (NUC) mini PC,
two Raspberry Pis, and a temperature controller unit. The
SDR is a USRP B210 series, which is directly connected
to the RF front-end LNA. The SDR digitizes the incoming
RF signal at a rate of 30 MHz. The Intel NUC mini PC
is responsible for receiving and storing the raw radiometric
data from the SDR. One Raspberry Pi is responsible for
triggering the SP4T RF relay, which switches the RF signal
between the four ports of the radiometer with an integration
time of 250 ms. The other Raspberry Pi is responsible for
recording the physical temperature of each RF component
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TABLE 1: Air-gap patch antenna design parameters.

Parameter Dimension (mm) Parameter Dimension (mm)
Wp 304.00 b 5.00
Lp 320.00 c 25.00
W 65.00 d 15.70
L 74.50 e 49.30
Wf 104.30 f 27.65
Lf 97.00 g 20.00
a 2.00 h 10.00

including the dual-polarized antenna and the coaxial cables.
The temperature controller unit uses a Peltier cell to control
the temperature of the RF front-end. This is important to
minimize temperature drifts, which can affect the accuracy
of the radiometric measurements. The digital back-end of the
radiometer is a complex system, but it is essential for the
accurate and reliable operation of the instrument. The back-
end is designed to be flexible and scalable, allowing it to be
adapted to a variety of different radiometer applications.

3) Radiometer Multilayered Packaging
The radiometer is packaged in amultilayered box, with the RF
components placed on a temperature-controlled aluminum
plate. In the radiometer box, the bottom layer holds the RF
components, the middle layer contains the SDR, power con-
version units, Raspberry Pis, and electromechanical relays,
and the top layer holds the temperature controller and power
controller for the Peltier cell. Each radiometer component was
individually measured with a network analyzer to verify its
performance against its specification sheet. After assembling
the radiometer, a comprehensive end-to-end radiometric re-
sponse analysis was conducted using the network analyzer.

4) Antenna Design and Characterization
We have designed and simulated an air gap patch array
antenna in an electromagnetic simulation environment. The
near-square patch antenna was fabricated on an FR4 substrate
(dielectric constant = 4.3, loss tangent = 0.025, thermal con-
ductivity = 0.3 (W/K/m)) with a thickness of 1.47 mm for
both the front patch and ground plane. The front and ground
planes were made of copper with a thickness of 0.035 mm.
An air gap of 8 mm was introduced between the front patch
and ground plane to reduce the sidelobe and backlobe levels
of the antenna. The design parameters and dimensions are
given in Table 1, which corresponds to Figure 9. The antenna
feed port was designed with a coaxial SMA connector. The
antennas were fabricated using chemical etching and tested
with a network analyzer in the anechoic chamber at MSU.
Both H-pol and V-pol antennas were attached to a frame for
mounting on the unmanned aerial system (UAS).

Tominimize sidelobe and backlobe levels, the design of the
air gap patch array antenna focused on optimizing the inter-
element spacing and the air gap distance between the front
patch and ground plane. Figure 10(a) shows the simulated
radiation pattern of the antenna. The antenna has a half-power
beam width of 37° and a gain of 12.84 dB at the center

FIGURE 9: V-pol and H-pol air-gap patch antennas were sub-
jected to testing within an anechoic chamber. Both antennas
share identical design parameters for their radiating or receiv-
ing 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.

frequency of 1413.5MHz. The theoretical antenna return loss
is calculated to be -31 dB in the simulated environment. In
the anechoic chamber, the antenna was characterized using
a network analyzer and found to have a return loss of -37
dB and -36 dB at the center frequency for H-pol and V-pol
antennas, respectively, as shown in Figure 10(b). The solid
red line represents the simulated return loss, while the green
and blue dotted lines represent the measured return loss for
the H-pol and V-pol antennas, respectively.

5) Radiometer Calibration and System Performance

We calibrated the radiometer internal calibration sources us-
ing three known external sources: liquid nitrogen (LN), dry
ice (DI), and hot source (HS). To assess the stability of cal-
ibrated TB against known external sources, we continuously
measured the TB of a blackbody (the anechoic chamber walls)
and the sky for about one hour. We set the radiometer’s
internal temperature to 305.15 K during the experiment. The
blackbody physical temperature (measured with temperature
sensors) is shown by the solid black line in Figure 11(a),
and the dotted lines show the estimated TB of the blackbody
retrieved with the H-pol and V-pol antennas, respectively. The
standard deviation of the estimated TB for both polarizations
was 0.39K.After this, the antennawas pointed to the sky in an
unobstructed environment for about one hour. The estimated
TB of the sky is given in Figure 11(b). The sky TB is assumed
to be 10 K [68], which is the ground truth value. The dotted
blue line shows the estimated TB of the sky measured with the
H-pol antenna, and the dotted cyan line represents the V-pol
response of the sky TB. The solid black line is 10K, the ground
truth sky TB. The standard deviation was calculated to be
0.95 and 0.57 K for H-pol and V-pol, respectively. Although
there is a small difference between the sky H-pol and V-pol
response, the measurements are already below 1K. These low
standard deviations for the cold sky are expected, as it is well
outside of the expected land observation TB range for which
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FIGURE 10: (a) 3D simulated radiation pattern of the an-
tenna, (b) the simulated and measured antenna return loss
(s11).

the radiometer is designed and calibrated. The front-end noise
figure (NF) in radiometric measurements is driven by the
RF components up to the first LNA. For this radiometer, the
receiver system noise temperature before the antenna (Tsys)
is calculated to be 537.1 K, and the corresponding total NF is
4.4 dB using the Y-factor with two known LN and DI sources.
The theoretical noise equivalent delta temperature (NE∆T),
calculated using Tsys, bandwidth B (i.e., 27 MHz), and in-
tegration time τ (i.e., 250 ms) is calculated as 0.21 K. The
NE∆T is calculated using the ambient blackbody tempera-
ture. Additional information regarding radiometer calibration
and system performance can be found in the article [64].

III. EXPERIMENTS AND DATASET GENERATION
A. SUMMARY OF EXPERIMENTS
The experimental design comprises distinct scenarios, de-
lineating a comprehensive exploration of the impact of 5G

H-pol blackbody TB

V-pol blackbody TB

Blackbody physical temperature

Known sky temperature

H-pol sky TB

V-pol sky TB

FIGURE 11: Measured and estimated Sky and blackbody
temperature with H-pol and V-pol antenna. (a) represents the
radiometric TB response of a blackbody, and (b) represents the
measured and estimated sky TB temperature response using
both H-pol and V-pol antenna.

waveforms on radiometric systems. Radiometer acquires IQ
samples with a 30 MHz sampling rate. This has been passed
through a physical band-pass filter (detailed in Figure 8)
to filter out the 1400-1427 MHz portion of the bandwidth
with a center frequency 1413.5 MHz (f oc0 ). To remove high
frequency components a Butterworth digital low-pass filter
has been designed with a 10 MHz cutoff frequency. This
low-pass filter enables the radiometer to a 1405 - 1425 MHz
portion of the overall received bandwidth. More details about
the data pre-processing are given in Section III-C. Next, the
experiments are detailed period.

1) Fully In-band
The initial experiment was designated as in-band transmis-
sion where 5G waveforms were intentionally propagated
within the operational bandwidth of the radiometer (1400-
1427 MHz). This methodology emulates scenarios wherein
5G signals operate within the same frequency range as the
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FIGURE 12: Two experiment scenarios with a) transition from in-band to out-of-band emissions and b) fully out-of-band.
Radiometer receiver operate within a bandwidth of 30 MHz.

radiometer, facilitating an understanding of in-band transmis-
sions.

2) Transition-Band
In the second experiment illustrated in Figure 12a, 5G wave-
forms are transmitted with a combination of in-band and out-
of-band emissions for the radiometer. Transmitted signals
with a center frequency of 1413.5 MHz (f tc0 ) demonstrate
an in-band transmission. The center frequency of transmitted
signals is shifted with a 10 MHz step size spanning from
1423.5 MHz to 1453.5 MHz (f tc1 − f tc4 ). This particular ex-
periment is designed specifically to understand the transi-
tion effect from a radiometer perspective. Both in-band and
transition-band experiments have also been tested with differ-
ent power gain, RBGs, andmodulation techniques. The center
frequency of transmitted 5G samples and their corresponding
frequency ranges are detailed in Table 2.

3) Out-Of-Band
The subsequent phase of experimentation examines the ef-
fects of out-of-band emissions near the radiometer’s oper-
ating bandwidth. Experiments are conducted to understand
this effect, illustrated in Figure 12b. The first experiment
demonstrated in Figure 12b involves the transmission of
waveforms with distinct center frequencies, spanning a range
from 1440.5 MHz to 1450.5 MHz (f oc1 − f oc6 ). The center
frequency and range of transmitted signals are detailed in
Table 2. These frequencies encapsulate a spectrum of values,
offering a comprehensive exploration of the effects of out-of-
band emissions on the radiometer’s operating bandwidth. The
intentional selection of six different center frequencies within
this range allows for an examination of potential interference
and signal interaction with the radiometric system. Out-of-
band experiments also consist of sampleswith different power
gain, RBGs, and modulation techniques.

TABLE 2: Experiment scenarios with in-band, transition-
band and out-of-band transmissions

Experiment
Type

Center Frequency
(MHz)

Frequency Range
(MHz)

In-band 1413.5 1400-1427

Transition-band

1423.5 1410-1437

1433.5 1420-1447

1443.5 1430-1457

1453.5 1440-1467

Out-of-band

1440.5 1427-1454

1442.5 1429-1456

1444.5 1431-1458

1446.5 1433-1460

1448.5 1435-1462

1450.5 1437-1464

4) Varied Gain, Modulation and RBG

Varied gain values, spanning from -20 to 20 dB within
10 10-step increments, were employed during in-band,
transition-band, and out-of-band transmissions. In tandem
with frequency and gain variations, the experiments incorpo-
rate three distinct modulation techniques: Quadrature Phase
Shift Keying (QPSK), 16 Quadrature Amplitude Modula-
tion (16QAM), and 64 Quadrature Amplitude Modulation
(64QAM). The inclusion of diverse modulation schemes en-
riches the scope of the study, allowing for a thorough ex-
ploration of how different modulation techniques contribute
to the observed effects on radiometric measurements. Trans-
mitted signals also consist of different RBG combinations to
understand the best resource management approach within an
active-passive coexistence framework.
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FIGURE 13: Dataset file structure for both transmitted 5G samples and radiometer received data. Raw IQ samples from both the
transmitter and receiver are stored as L0 data. Spectral features from radiometer antenna counts are stored as L1A and calibrated
TB are stored as L1B data products.
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FIGURE 14: Data pre-processing steps for radiometer. a) Raw IQ samples received from the radiometer. A single sample
has 1s of integration time with H-pol, V-pol, ref1, and ref2 states. Each state consists of 0.25 s integration time. b) PSD and
Spectrograms of received IQ samples before digital filtering, c) after digital filtering, and d) IRR samples.
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B. DATASET ATTRIBUTES
In this study, an approach was undertaken to save and
share datasets with the scientific community related to 5G-
transmitted IQ samples received by a radiometer with differ-
ent experiment scenarios discussed in the previous section.
The dataset for a particular sample comprises four data files,
each saved in the hierarchical data format (HDF5) as illus-
trated in Figure 13 for a specific sample. Transmitted IQ sam-
ples of 5G waveforms are saved with necessary information
related to RB allocation, modulation technique, and power
gain. The radiometer received sample files are categorized
into three distinct levels: Level 0 (L0) for raw IQ data, Level
1A (L1A) for antenna counts spectral data, and Level 1B
(L1B) for calibrated TB data. The L0 data encompasses IQ
samples divided into H-pol and V-pol polarization, along
with reference sources (ref-1 and ref-2) previously described
as ‘HS’ and ‘ACS’. The L1A data includes spectral data
of raw antenna counts or IQ samples, featuring both Power
Spectral Density (PSD) and Short Time Fourier Transform
(STFT) data before digital filtering, after digital filtering
(between -10 MHz to +10 MHz), and internal RFI removed
(IRR) samples. More details about these pre-processing steps
are provided in the following subsection. Spectral data are
also available in four different states (H-pol, V-pol, ref-1,
and ref-2) of the radiometer. To understand the transmitted
signal’s effects in terms of TB, the fully calibrated TB data
is available in L1B data. This level encompasses spectral
time-frequency TB features along with average temperature
in a particular polarization state. Anechoic room temperature,
considered as the ground truth TB during the transmission, is
also recorded. The filenames for each sample are constructed
with specific attributes, such as "transmission_band_resource
block_PowerGain_ModulationTechnique_SampleNumber".
For instance, the filename for an out-of-band trans-
mission with 4 RBGs, 0 gain, and QPSK modula-
tion in the L1B data products is named as "out-
band_4RB_Gain0_QPSK_fc1_rfi_L1B_SN1.h5". This sys-
tematic naming convention ensures clear identification and
organization of the dataset for future analysis and collabora-
tion in the research community.

C. DATA PRE-PROCESSING
Data pre-processing is crucial for testbed data as it enhances
the quality and reliability of results by addressing noise,
outliers, and inconsistencies, ensuring that the underlying
patterns and trends in the data are accurately captured. In this
section, a comprehensive workflow to remove any internal
bias will be demonstrated. Figure 14a represents IQ samples
of a complete cycle (1000 ms) consisting of four segments,
each of which represents 250 ms of integrated data. The
first two segments are divided into H-pol and V-pol which
represent the antenna observation of the scene. The third and
fourth segments show the responses of the internal reference
loads (Ref-1 and Ref-2 represent the HS and ACS respec-
tively). Figure 14b shows the power spectral density (PSD)
and Spectrograms of the uncalibrated raw IQ samples without

5G transmission. These domain transformations illustrate that
there are some unwanted biases and spikes located in the
radiometer data even when there is no transmission inside
the anechoic chamber. Internal electronic and RF instruments
might be responsible for causing these unwanted biases in the
measurements. To tackle this, a Butterworth low-pass filter
with a high order of 28 and a cutoff frequency of 10 MHz
is designed to efficiently attenuate higher frequency compo-
nents, allowing only signals below 10 MHz to pass through
with minimal distortion illustrated in Figure 14c. An addi-
tional internal RFI detection algorithm has been developed
within the filtered region to remove any unwanted bias from
the data. An outlier mask has been developed by inspecting
200 different no-RFI (without transmission) samples to find
the contaminated frequency bins. The outlier mask has been
applied uniformly across all samples to ensure consistency
throughout the dataset. IRR samples are depicted in Figure
14d.

D. EVALUATION METRICS TO QUANTIFY EFFECTS OF RFI
This section describes the evaluation metrics employed to
quantify the impact of RFI induced by 5G communication
waveforms in the L-band radiometer. Both in-band and out-
of-band transmissions are observed within a controlled ane-
choic chamber. The materials utilized in the construction
of the anechoic chamber exhibit highly absorbing and non-
reflective properties. These materials are designed to pos-
sess emissivities close to unity, consequently rendering the
radiometer-measured TB approximately equal to its antenna’s
physical temperature. The high absorbance and non-reflective
nature of the anechoic chamber materials during transmission
allow us to attribute observed effects directly to the transmis-
sion itself. For both in-band and out-of-band emissions, the
impact on the radiometer can be characterized as

∆TB = TRFI − TNo-RFI (1)

where TNo-RFI is calculated directly from the antenna temper-
ature as the ground truth and TRFI is RFI contaminated TB es-
timated with the radiometer internal and external calibration.

IV. RESULTS
In this section, the overall impact on the radiometer will be
depicted across three experimental scenarios: fully in-band,
transition from in-band to out-of-band, and fully out-of-band.
The illustrations will focus on the radiometer’s response in
terms of ∆TB. Additionally, the effects of 5G transmitted
waveforms will be elaborated, considering various RBGs,
power levels, and center frequencies.

A. IN-BAND TRANSMISSION
In the in-band experiment, intentional 5G transmissions were
conducted within the 1400 - 1427 MHz bandwidth to assess
the radiometer’s response within its operational frequency
range. This experiment aims to quantify the extent to which
electromagnetic radiation is elevated due to 5G transmissions.
Figure 15 illustrates the impact on the radiometer (∆TB)
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across different RBGs and gain levels. The values represent
the average effect over a 250 ms integration period for the
radiometer. The results clearly indicate that as more RBGs
occupy the bandwidth, the overall impact on the radiometer
intensifies. Furthermore, higher gain settings for a specific
RBG result in a higher ∆TB compared to other gain levels.
This observation substantiates the direct correlation between
radiometer TB and higher RBGs and gain levels.

FIGURE 15: Impacts of RFI (∆TB) on in-band transmissions
considering various signal gains and RBGs for H-pol.

(a) (b)

(c) (d)

FIGURE 16: Fully calibrated high-resolution spectral TB in
radiometer with in-band transmissions considering Gain -20
with a) 2 RBG, b) 4 RBG, c) 6 RBG, and d) 8 RBG. Recorded
ground truth (no-RFI) TB in this sample is 298.95 K.

For higher gain levels with all RBGs, such as Gain 10 and
Gain 20, we can see that the overall effect in the radiometer
saturates. The saturation in the radiometer at higher gains
(e.g., Gain 10 and Gain 20) stems from multiple key factors.
Firstly, at higher gain settings, the radiometer sensor may
reach its saturation point, where it becomes incapable of

accurately capturing and differentiating variations in signal
intensity. This saturation occurs when the sensor’s response
plateaus, limiting its ability to detect changes in the input
signals. Additionally, higher gain levels amplify both desired
signals and any accompanying noise or interference, making
the system more susceptible to saturation. The radiometer’s
dynamic range, representing the span between its minimum
and maximum detectable signal levels, may also play a role.
As gain increases, the system may operate closer to the upper
limit of its dynamic range, further contributing to satura-
tion effects. Moreover, non-linearity in the components of
the radiometer, especially prevalent at higher gain settings,
can introduce distortions in the response, exacerbating the
saturation phenomenon. In summary, the saturation observed
at higher gain levels reflects a complex interplay of sensor
limitations, dynamic range constraints, amplification effects,
and system non-linearity within the radiometer. To identify

(a) (b)

(c) (d)

(e)

FIGURE 17: Fully calibrated high-resolution spectral TB in
radiometer with in-band transmissions considering 4 RBG
with Gain a) -20 b) -10 c) 0, d) 10 and e) 20. Recorded ground
truth (no-RFI) TB in this sample is 298.95 K.

regions within the radiometer bandwidth where the impact
of 5G transmission is less intense and potentially usable for
passive sensing, we generated high-resolution time-frequency
spectrograms in terms of TB. Figure 16 illustrates the spectral
TB for different RBGs at a specific gain of -20. For a 250
ms integration period in the radiometer, the window size and
FFT size for the STFT remained constant at 2048. Conse-
quently, a particular spectrogram for a specific sample com-
prises approximately 7 million time-frequency bins within
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a measurement. In contrast to the total power radiometer,
where features are averaged for a specific measurement and
integration period, these high-resolution spectral representa-
tions offer a wealth of information, potentially crucial for
RFI detection, mitigation, and the development of spectrum
coexistence frameworks.

Qualitatively, observations from the in-band experiments
suggest that configurations with a lower number of RBGs,
such as 2 (Figure 16a) or 4 (Figure 16b), exhibit a higher num-
ber of non-contaminated portions within the spectrogram,
considering a ground truth TB of 298.95 K. Figure 16c and
16d present high-resolution TB with 6 and 8 RBGs, revealing
power leakage from the occupied bandwidth of RBGs with a
particular gain (Gain -20 is utilized for this experiment). This
phenomenon could be attributed to imperfect filtering from
the transmitter side. Moreover, aggregating emissions from
nearby RBGs exacerbates the issue, with more severe effects
observed as the number of RBs combined increases. In Figure
17, we present high-resolution TB variations corresponding to
different gain levels for a configuration involving 4 RBGs. It
is evident that as transmission power increases with higher
gain levels, the radiometer TB also rises. The impact becomes
particularly pronounced within the observed bandwidth of the
radiometer as gain levels are elevated (Figures 17d and e).
The amplification effects associated with higher gain settings
contribute not only to the enhancement of desired signals but
also to the amplification of unwanted signals and noise. This
phenomenon manifests as power leakage in the transmitted
waveforms, as discernible in the radiometer receiver. The
RF components of the radiometer and its dynamic range,
representing the span between the minimum and maximum
detectable signal levels, may further contribute to the satura-
tion observed in the measurements at these higher gain levels.
This interplay underscores the importance of carefully con-
sidering gain settings for spectrum co-existence frameworks
to mitigate potential issues related to signal amplification and
dynamic range limitations. The results are presented based on
H-pol and QPSK modulation techniques, with similar perfor-
mance observed for V-pol and other modulation techniques.

B. IMPACT OF TRANSITION-BAND
In this experiment, we assessed the overall effects in the
radiometer during the transition from in-band to a fully out-
of-band configuration, varying the center frequency (fc) of
the transmitted waveforms. Figure 18 depicts the impact of
5G transmissions with 4 RBG and varying gain settings for
different transition center frequencies f tc . The figure also
includes the radiometer uncertainty, representing the inherent
margin of error and variability in measurements. Accurate un-
derstanding and quantification of this uncertainty are critical
for interpreting observational data reliably. Our measured ra-
diometer uncertainty stands at 0.23 K during this experiment,
signifying the minimum detectable change the radiometer
can measure. For all gain levels, as transmitted waveforms
deviate from the radiometer operating bandwidth, the values
of ∆TB decrease. The impact is more pronounced at higher

FIGURE 18: Impacts of RFI on a combination of in-band
and out-of-band transmissions (transition-band) considering
various signal gains and 4 RBG.

(a)

(e)

(b)

(c) (d)

FIGURE 19: Fully calibrated high-resolution spectral TB in
radiometer with transition-band experiment considering 4
RBG with Gain 10 and center frequency of a) 1413.5 MHz
(f tc0 ), b) 1423.5 MHz (f tc1 ), c) 1433.5 MHz (f tc2 ), d) 1443.5
MHz (f tc3 ) and e) 1453.5 MHz (f tc4 ). Recorded ground truth
(no-RFI) TB in this sample is 299.41 K.
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gain levels, and∆TB saturates with Gain 10 and 20, similar to
previous experiments where the transmitted signal fully (f tc0 )
and partially (f tc1 ) occupied the radiometer bandwidth. During
transmission with f tc2 (center frequency at 1433.5MHz within
an operating frequency range of 1420 - 1447 MHz), higher
gains, such as Gain 0, 10, and 20, exhibit impacts exceeding
the uncertainty, while Gain -20 and -10 show impacts lower
than the uncertainty. This observation may be attributed to
lower gain values resulting in reduced leakage power and
amplification of unwanted signals and noise. With f tc3 and
f tc4 , the experiment indicates that, except for Gain 20, all
other ∆TB values fall below the radiometer uncertainty. This
suggests that lower transmitted power levels result in less
leakage in the overall radiometer measurements.

Figure 19 depicts the transition-band spectral TB with vary-
ing center frequencies for four RBG and a Gain of 10. In
Figure 12a, transition-band experiment is presented for 5G
waveforms with five distinct center frequencies and their
corresponding frequency ranges. The transmitted waveforms
at f tc0 can be categorized as fully in-band transmission, as
evidenced by the observations in Figure 19a. To quantify the
overall impact, ∆T is measured at 4190.605 K for f tc0 . As
the transmitted waveform’s center frequency deviates from
the radiometer, occupying bandwidths with f tc1 and f tc2 , the
overall effects are reduced, as illustrated in Figure 19b and c.
Moreover, the overall impact diminishes even further, reach-
ing below the radiometer uncertainty level (0.23 K) for f tc3
and f tc4 . This observation underscores that transmitted power,
specifically associated with Gain 10 and waveforms posi-
tioned farther from the radiometer’s observation bandwidth,
has negligible impact on radiometer observations.

C. OUT-OF-BAND EXPERIMENT
The out-of-band experiment conducted in this study aims to
elucidate the effects when portions of the transmitted wave-
forms intentionally fall outside the protected band designated
for remote sensing and radio astronomy (1400 - 1427 MHz).
These effects primarily stem from leakage in active transmis-
sion bands. Out-of-band transmissions mainly contribute to
insidious and undetectable (less than radiometer uncertainty)
RFI [25]. This experimental approach holds promise for
quantifying these RFI levels. Figure 20 presents the outcomes
of the out-of-band experiment across various RBGs and gain
levels. ∆TB of these analysis are associated with radiometer
uncertainty to understand the range of undetectable RFI. In
the out-of-band experiment, a specific waveform is trans-
mitted with six different center frequencies, as detailed in
Section III. Figure 20a provides an overview of the overall
effect with 4 RBG and varying gain levels. Except Gain 20,
the impact on the radiometer for other gain values remains
below the radiometer uncertainty range. This implies the pres-
ence of undetectable RFI, given that the radiometer’s mini-
mum detectable change is approximately 0.23 K. However,
Gain 20, associated with high-power transmission, exhibits a
higher ∆T than the radiometer uncertainty across all center
frequencies. This underscores that even when 5G waveforms

(a)

(b)

(c)

FIGURE 20: Effects of RFI in radiometer with out-of-band
transmissions with different center frequencies and a) 4RBG,
b) 6RBG, c) 8RBG.
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(a) (b)

(c) (d)

(e) (f)

FIGURE 21: Fully calibrated high-resolution spectral TB in
radiometer with out-of-band transmission experiment consid-
ering 8 RBG with Gain 20 and center frequency of a) 1440.5
MHz (f oc1 ), b) 1442.5 MHz (f oc2 ), c) 1444.5 MHz (f oc3 ), d)
1446.5 MHz (f oc4 ), e) 1448.5 MHz (f oc5 ), and f) 1450.5 MHz
(f oc6 ). Recorded ground truth (no-RFI) TB in this sample is
299.67 K.

do not transmit within the radiometer operating bandwidth,
high power can still significantly impact radiometer measure-
ments.

Figures 20b and c delineate the radiometer impact with 6
and 8 RBGs. For all gain values associated with both RBG
configurations, radiometer measurements exhibit contamina-
tion. Except for Gain 20, the∆TB for 6 RBG ranges from 0.28
to 0.32 K, while for 8 RBG, it varies between 0.31 and 0.35 K.
This level of RFI can be characterized as insidious, presenting
challenges in detection and quantification. A comparative
analysis across RBGs highlights that a higher number of RBG
allocations in 5G transmission can exert a substantial impact
on radiometer observations. Notably, Gain 20 in conjunction
with these three RBG configurations demonstrates signifi-
cantly elevated ∆TB, serving as a clear indication that wave-
forms transmittedwith high power are directly correlatedwith
the impact on radiometer observations.

Figure 21 displays the time-frequency spectral TB with 8
RBG andGain 20 for six distinct center frequencies in the out-
of-band experiment. Sparse hot-spots are discernible across
the radiometer time-frequency spectrogram measurements
for varying center frequencies. The spectrograms demon-

strate that as transmitted waveforms move away from the
radiometer-allocated bandwidth, the impacts attenuate. No-
tably, when the center frequency of transmitted waveforms
resides on one side of the spectrum (1427 - 1464 MHz),
radiometer observations may remain usable adjacent to the
1400 MHz range. This study demonstrates that radiometer
measurements can be contaminated overall, even when 5G
transmissions refrain from transmitting inside the protected
band.

V. DISCUSSION
This study presents a testbed designed to facilitate research
on the coexistence of active wireless communication and
passive sensing across various experimental scenarios. The
data collected over various distinct scenarios from the testbed
has been made publicly available for further analysis and al-
gorithm development by the community. The results obtained
from the experimental setups provide valuable insights into
the impacts of RFI on passive Earth-observing microwave
radiometers, particularly in the context of coexistence with
active wireless communication systems such as 5G. During
in-band transmission experiments, we observed a direct cor-
relation between the impact of RFI and the number of RBGs
as well as different gain levels. Higher RBG occupancy and
gain settings led to increased interference, with saturation
effects observed at higher gain levels. These results under-
score the importance of careful resource and transmission
power management to minimize RFI effects on radiometer
measurements. Transition-band experiments shed light on
the impact of transmissions partially occupying the radiome-
ter’s bandwidth. We found that as the center frequency of
transmitted waveforms deviated from the radiometer’s oper-
ating range, the overall interference decreased, highlighting
the importance of frequency planning and coordination to
mitigate RFI effects. The out-of-band experiments provided
valuable insights into the effects of transmissions outside the
protected frequency bands designated for passive sensing.
Despite not directly transmittingwithin the radiometer’s oper-
ating range, high-power transmissions resulted in significant
interference, emphasizing the need for robust interference
mitigation strategies and spectrum management policies.
Moving forward, our research aims to expand upon these

findings by investigating more complex RFI scenarios, in-
cluding sparse or pulsed interference and different waveform
characteristics typical of active technologies. Additionally,
we plan to incorporate real-world scenarios by incorporat-
ing knowledge from the testbed, considering factors such as
path loss and multipath effects. While our study focuses on
interference from a single 5G transmitter, it is important to
note that this setup does not fully represent the RFI received
by spaceborne L-band radiometers, which typically encounter
aggregated interference from numerous sources. Future work
will explicitly address this by incorporating multiple RFI
sources with varying parameters to better simulate real-world
conditions. This will provide a more comprehensive under-
standing of the interference mechanisms and enhance the

VOLUME 11, 2023 15

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3453774

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

relevance of our findings.
Open-sourcing this diverse dataset will empower re-

searchers to assess the effectiveness of existing RFI detection
and mitigation models, while also unlocking opportunities to
explore the potential of machine learning and computer vision
techniques for fostering active-passive spectrum coexistence
[69]. This collaborative approach encourages the community
to examine deeper into refining RFI management strategies
and advancing technologies that facilitate harmonious utiliza-
tion of the electromagnetic spectrum by both active wireless
communication systems and passive sensing applications.
While our experiments were conducted in a controlled en-
vironment, the knowledge gained from our testbed will be
invaluable for understanding and addressing RFI challenges.

VI. SUMMARY AND CONCLUSION
The escalating utilization of diverse frequency bands neces-
sitates the development of efficient methodologies for de-
tecting, characterizing, and mitigating anthropogenic sources
of interference. The absence of comprehensive datasets in
the domain of active-passive spectrum co-existence poses a
significant obstacle to achieving performance enhancements
comparable to those witnessed in other domains. To take a
step towards addressing this issue, a physical testbed has
been presented that integrates a fully calibrated L-band ra-
diometer and a 5G wireless communication system. This
testbed is equipped with modulation techniques, including
QAM and QPSK. By exposing the radiometer to various
in-band, transition-band, and out-of-band transmissions, a
diverse dataset has been created that encompasses a wide
array of scenarios with ground truth information. This dataset,
containing calibrated TB measured by the radiometer, offers
potential reference data for assessing the effectiveness of
algorithms in tasks such as detecting and mitigating RFI.
Additionally, it will help facilitate research into spectrum
co-existence. Many studies rely on simulated datasets for
similar purposes, but this real-world data opens pathways to
more robust approaches in RFImanagement and spectrum co-
existence strategies.

Our contributions extend to the accessibility of a sub-
stantial publicly available dataset, enabling researchers to
generate experimental tests for RFI detection and mitiga-
tion in radiometers. The scenarios presented also hold the
potential to establish communication and passive sensing
within the same frequency bands. The use of SDR in the L-
band radiometer allows for the acquisition of raw IQ sam-
ples, enhancing flexibility for evaluating algorithms across
the bandwidth. Moreover, quantifying RFI through in-band,
transition-band, and out-of-band transmissions, along with
access to ground truth information during signal transmission,
enhances our understanding of 5G’s impact on microwave
radiometers. This methodology allows for the differentiation
of contamination levels, ranging from obvious/high contam-
ination to subtle/moderate contamination and even cases of
undetectable/low contamination.

In essence, this work presents a dataset for finding a po-

tential solution to the active/passive spectrum co-existence
challenge. The developed dataset can also help to quantify the
effects of interference on radiometers. The physical testbed
and dataset developed in this study are invaluable resources
for advancing research in RF domains and fostering the coex-
istence of active wireless communication and passive sensing
technologies.
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