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Abstract—Continued spectral crowding can potentially affect
the operation of critical passive devices, such as radiometers and
radio telescopes. Proliferation of Fifth-Generation (5G) wireless
communication systems in the 24 – 30 GHz band could cause
massive interference with satellite-based radiometers that operate
in the 23.6 – 24.0 GHz (from out-of-band spurious emissions) and
the 50 – 58 GHz bands (from spurious harmonic operation of
5G systems). A brokering system is presented to protect crucial
passive devices from unwanted interference by coordinating
with active systems and limiting both in-band and out-of-band
electromagnetic emissions from the active systems. Based on
interference criteria presented by the passive systems to the
broker, a spatial-spectral mask is created to limit the transmission
of the active device in both the spatial and frequency domains.

Index Terms—Spectrum sharing, radiometers, fifth generation
(5G), frequency assignment, spurious emissions, electromagnetic
interference

I. INTRODUCTION

The electromagnetic spectrum is becoming an increasingly
precious resource due to the demands of existing critical
devices and new technologies. Traditional static allocations
of spectrum, allowing for unencumbered device operation, are
rapidly becoming a bygone concept. Importantly, passive spec-
trum users, such as weather radiometers, are impacted by even
very low levels of electromagnetic interference, requiring more
complex solutions to address their unique spectrum needs.
Fifth-Generation (5G) wireless communication systems have
been allocated bands between 24 – 40 GHz, and specifically
the designated subbands as listed in Table I.

TABLE I
24 – 40 GHZ SUBBANDS ALLOCATED FOR 5G MILLIMETER-WAVE

COMMUNICATIONS

Subband Frequency Designation Common
Designation Range (GHz) Reference
n258 24.25 to 27.50 GHz “26 GHz”
n261 27.50 to 28.35 GHz “28 GHz”
n257 26.50 to 29.50 GHz “28 GHz”
n260 37 to 40 GHz “39 GHz”

Unfortunately, 24 – 30 GHz 5G devices may undesir-
ably interfere with satellite- and ground-based water-sensing
radiometers operating in the 23.6 – 24.0 GHz band due
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to adjacent-band intermodulation products. Second, oxygen-
sensing radiometers operating in the 50 – 58 GHz band can be
affected by second-harmonic distortion products from the 24 –
30 GHz 5G transmitters. Even slight interference from these
5G systems could impair these vulnerable radiometers, reduc-
ing sensitivity and resulting in missed or incorrect weather
predictions. Lubar indicates that there could be delays of
up to 3 to 6 hours in the accuracy of a three-day forecast,
possibly placing thousands of people at risk during a weather
disaster, and emphasizes that international regulators must
provide protection to weather radiometers from other users
[1]. In addition, the former Acting Chief Niel Jacobs of the
National Oceanic and Atmospheric Administration (NOAA)
expressed concern that there could be a 30 percent reduction
in weather forecast accuracy due to possible interference from
5G transmitters, postulating that weather predictions could be
reduced to the accuracy levels available in the 1980s as a
result of this interference [2]. Rapid climate change and severe
weather events such as hurricanes, tornados, and other extreme
weather events require precise knowledge of weather for safety
and preparedness reasons. The U.S. House of Representatives
Committee on Science, Space, and Technology describes the
critical nature of weather sensing infrastructure and radiome-
ters and insists on 5G infrastructure improvements [3].

Specific surveys on spectrum sharing have examined ex-
tensively how active transmitting devices can share between
themselves [4]. In addition, other works have further examined
spectrum sharing and allocation for cognitive radio networks
and the Internet of Things, waveform flexibility for network
slicing, and the specifics of sharing for 5G systems [5]–[7].
However, a comprehensive sharing mechanism between ac-
tive transmitting devices and passive devices, which do not
transmit, is lacking. Passive radiometers and radio astronomy
sensors are especially vulnerable to interference, including
out-of-band interference from intentional transmitters, and
require more complex coordinating solutions such as brokering
schemes [8], [9]. Höyhtyä presents controlled spectrum shar-
ing of satellite systems using a database [10], and Luo specif-
ically discusses satellite sharing using a geo-location database
[11]. Zulfiqar presents policy-specific brokers designed to
allocate spectrum solely by market demands [12]. Generally,
passive devices would be neglected in all of these specific
scenarios, focusing only on the market value of spectrum for
active users.

Two prominent examples of spectrum sharing systems are
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the Spectrum Access System (SAS) and Automated Frequency
Coordination (AFC). The SAS is a cloud-based spectrum
manager with a three-tier hierarchical system that manages
wireless communications in the 3.5 GHz CBRS band from
3.55 – 3.70 GHz. SAS uses Environmental Sensing Capability
(ESC) sensors along with a database of registered transmit-
ter information to manage spectrum allocation. Their main
goal is to prevent radio interference (coming from lower-tier
members) from affecting their highest priority members or
incumbents. These highest priority devices are active devices
that belong to the military and government organizations such
as radar [13].

The AFC is a spectrum use coordination system that
consists of a registered database of information on radio
frequency services in a particular area for the 6 GHz band
(5.925 7.125 GHz). The priority is given to already existent
6 GHz users, such as fixed satellite services (FSS), used in the
broadcast of essential services that already have a license for
6 GHz [14]. This system will coordinate the already existing
incumbent users with new unlicensed users of Wi-Fi 6E and
other future systems [15].

Spectrum sharing has also been extensively examined in the
scenario of cognitive radar systems that can avoid interference
from wireless communication transmissions [16]–[19]. These
cognitive radar systems all contain feedback, the capability to
perform waveform adaptation, and associated signal process-
ing [17]–[19]. These radar systems sense the spectrum and
frequencies of interference, then modify their electromagnetic
transmissions to coexist with other radiating devices in the
electromagnetic spectrum [17]–[22]. Spectral prediction with
cognitive radars has also been used to determine possible
interferers in the spectrum to further the decision making
process [23]. The critical need for spectrum sharing and the
understanding of interference has also been examined for
automotive radars [24], [25].

In response to knowledge of the communicated spatial-
spectral mask limitations, systems can often adapt and re-
configure to avoid interference. For example, reconfigurable
impedance tuning of array power amplifiers can be used to
maximize system performance while minimizing unwanted
out-of-band and out-of-beam interference caused by device
nonlinearities. It has been shown that the radars transmitter
power amplifier (PA) output power depends on the load
impedance provided to the active device and the radars band-
width, transmit frequency, and waveform [26], [27]. In addi-
tion, tuning architectures that implement impedance tuning can
be performed on the transmitter power amplifier in real time,
providing the potential for higher gain when compared to a
fixed, broadband matching network, maximizing radar device
operation and the ability to adaptively share the spectrum [28],
[29]. These solutions all focus on adapting to multiple active
transmitting devices and their use of the spectrum.

This paper presents a brokering system with a simple
method that addresses and adapts to the specific needs of
passive device users. Specifically, this work is focused on
coexistence between 23.6 – 24.0 GHz and 50 – 58 GHz
radiometers and 5G transmitter arrays in the 24 – 30 GHz
band, but presents an approach that is applicable to coexistence

between active and passive spectrum-use systems in other
bands and applications. In contrast to SAS and AFC systems
which typically provide updates on a daily basis, this broker is
designed to communicate with users on timescales measured
in seconds or minutes, allowing for even more opportunities
for spectral sharing. Key factors that impact scalability include
the computational capabilities of the broker and the potential
for aggregate interference in a situation where many devices
are present. Through a multi-level culling process, the broker
is designed to minimize computation time by considering first
the simplest computations to determine overlap at the earliest
stages of the culling process, eliminating as many pairs with as
few computations as possible [9]. While aggregate interference
could cause the prediction of harmful interference to be
incorrect in cases where multiple devices provide interference
in the same band, the assessment of this issue is saved for
future work.

II. SPATIAL-SPECTRAL BROKER APPROACH

The cooperative brokering system for passive and active
devices considers both in-band and out-of-band emissions.
The brokering system can calculate a spatial-spectral mask
for use by a 5G transmitter aperture to avoid interference
with radiometers and other critical passive systems. Fig. 1
illustrates a simple diagram of possible interactions between a
passive radiometer and an active 5G communications system.
Both active and passive devices send requests to operate
within a certain spectrum allocation to the broker. Fig. 2
shows a block diagram representing the optimization process
of the broker. Multiple radiometers and 5G systems send
transmission requests simultaneously to the broker, and the
broker determines the spectral and spatial operation allowances
for each radiometer and 5G transmitter. It then communicates
these allowances to all users. Based on these spectral and
spatial operation allowances, the 5G transmitter controller
then has the opportunity to optimize its beam pattern and
the reconfigurable power-amplifier (PA) matching networks.
This allows maximization of 5G transmitter range and power
efficiency within the specified constraints given by the broker.

Cell Tower
curves to be generated and relative degradations compared. In
addition to simply evaluating the effect of OFDM interference,
the effectiveness of notch filtering and increasing the number
of coherent pulse integrations is examined. This type of
evaluation can aid design engineers and system operators as
this type of interference becomes increasingly prevalent.

III. RESULTS & DISCUSSION

Current 4G technology standards allow for a wide range
of use cases, including different operating bandwidths. This
study focused on 5 MHz and 10 MHz waveforms as these
bandwidths are currently prevalent and will likely remain
common for the foreseeable future. The 5 MHz and 10 MHz
OFDM waveforms were configured to have center frequencies
7.5 MHz and 10 MHz below the radars center frequency.
This held the edge of the interfering waveform at a constant
5 MHz below the radars operating frequency. Figures 1 and
2 show typical spectrums for 5 MHz and 10 MHz OFDM
waveforms respectively. The performance degradation can
from this interference can be seen in the ROC curves in Figures
5 and 6. In both cases the probability of detection line is
significantly repressed. This is best explained by recognizing
that the OFDM signal represents a significant noncoherent
noise source requiring an increase in, interference free, SNR
to compensate.

With the baseline performance degradation established,
the effectiveness of common mitigation strategies can be
evaluated. With in-band interference a common first order
mitigation strategy is to apply a notch filter centered on the
interfering signal. Figures 3 and 4 depict the spectrums for
5 MHz and 10 MHz OFDM interference after notch filtering. It
is apparent that in both cases the notch filter reduces the power
density levels of the interference signal without significantly
affecting the radar signal. However, as would be expected,
the wideband nature of OFDM signals leads to significant
interference power passing through the filter. This can be
seen both in the remaining “sidebands” of interference in
Figures 3 and 4 as well as the difference in suppressed power
density. For the 5 MHz OFDM waveform, the notch filter
suppresses the signal power density by almost 10 dB, while
the same filter only suppresses the 10 MHz waveform by
3 or 4 dB. This difference in the effectiveness of the notch
filter is clearly visible in the ROC curves, as the notch filter
curve is noticeable further to the left for the 5 MHz OFDM
interference signal then for the same curve for the 10 MHz
signal. While not a interference mitigation strategy per se,
coherent integration of multiple pulses has an effect on the
ROC curves. Coherent integration of 16, 32 and 64 pulses after
the notch filter was simulated and the results can be seen in
Figures 5 and 6. As would be expected the incoherent OFDM
interference is further suppressed and the ROC curves again
move closer to the theoretical threshold. But it is apparent that
the radar system performance is still adversely effected as even
after notch filtering and coherent integration the ROC curves
are still significantly below the “interference free” theoretical
level.

Fig. 1. Unfiltered radar and 5 MHz OFDM interference spectrum

Fig. 2. Unfiltered radar and 10 MHz OFDM interference spectrum

Fig. 3. Notch filtered radar and 5 MHz OFDM interference spectrum
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Fig. 1. Passive (radiometer) and active device interaction.

Table II shows the parameters included in each request,
with the set of parameters that are labeled as a “manifold”



IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY 3

Radiometer 2 Broker

Array Element 
Excitations for 
Beam Forming

Array Element PAs 
with Reconfigurable 
mm-Wave Matching 

Circuits

Radiometer N

Radiometer 1

5G Transmitter 
Controller

...

On-Board Element 
Power and 
Spectrum 

Measurements

5G to Radiometer Interference Assessment Mechanisms:
• On-board 5G element power and spectrum measurements 

using 5G transmitter controller
• Radiometers also assess harmful interference and report to 

Broker, which reports to 5G Transmitter Controller.  

Fig. 2. Block diagram describing the collaboration between radiometers and a 5G Artificially Intelligent Power Amplifier Array (AIPAA) transmitters using
a broker-based system for coordination.

[9]. Each device provides its desired spectral, spatial, and
temporal occupancy, as well as other specifics such as transmit
power and receiver interference power tolerance. Based on
the information from each device, the broker assesses the
potential for interference between each pair of devices using
a scalable culling process. The broker returns a “go” or
“no go” flag, describing whether a direct overlap of space,
time, and frequency parameters has been observed. Even in a
“go” situation, out-of-band or harmonic interference may be
possible. If this is the case, out-of-band and harmonic emission
constraints are communicated to the potentially interfering
transmitter. The constraints are provided in the form of a
dynamically adaptive spatial-spectral mask.

TABLE II
REQUIRED INFORMATION FOR A COLLABORATIVE BROKER

Data Requested Units Symbols
Start Time seconds t

Time Duration seconds ∆t
Latitude decimal degrees ϕ

Longitude decimal degrees λ
Altitude meters a

Center Frequency hertz f
Bandwidth hertz BW
Azimuth degrees α
Elevation degrees β

Beamwidth degrees θ
Transmitter Power dBm PTx

Receiver Power Tolerance dBm T
Antenna Gain dBi GTx/Rx

Fig 3 depicts a flow diagram for how the broker is designed
to control interference between given devices based on their
request manifolds. For each pair of requests, at each level
of the culling process, comparison between the requests is
performed for one parameter set at a time to see if an

overlap, resulting in potential interference, is obtained. There
are five stages of culling: (1) Time Overlap, (2) Frequency
Interference Calculation, (3) Friis Tolerance, (4) Line of Sight,
and (5) Cone Intersection. Each stage compares all device
manifolds. If the determined interference-free condition is met
for a specific stage, the comparisons of the device manifolds
continue to the next stage until completing the entire process.
The stages are designed so that, if at any stage an interference
criterion is not met (for example, devices will not operate at
the same time), then it is determined that these devices cannot
interfere and the broker exits the culling process, indicating
that the pair of devices in question does not present a potential
interference situation. The order of culling presented here
is completed in the most computationally efficient manner,
completing the least complex calculation and moving to the
next complex so that the broker may efficiently and quickly
address each culling stage. However, if overlap is seen for
each of the five culling levels, the broker then provides a
“no-go” to the active device if the comparison is between
active and passive systems, or provides a “no-go” to one of
the devices if the comparison is between two active systems.
If the first four stages (Time Overlap, Line of Sight, Cone
Intersection, Friis Tolerance) show overlap, but the frequency
requests do not overlap, the broker then considers if out-
of-band or harmonic interference is a possibility. If out-of-
band or harmonic interference is deemed possible, the broker
calculates a spatial-spectral mask for the active system trans-
mission(s) that provides frequency and spatial constraints for
the transmission. In our experiments, passive systems are given
ultimate preference; however, different value assessments can
be incorporated to modify the broker if desired.

At the stage of the work presented in this paper, the broker
is a mechanism by which cooperative systems can coexist. To
deal with non-cooperative interference, interference victims
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Fig. 3. Flow diagram showing the broker culling process

would need to sense this interference, report it back to the
broker, and request to move to a different frequency. This idea
of a ”closed-loop broker” could be useful in cases where the
broker has control over either the interferer or the interference
victim. Additionally, the broker presented in this paper does
not consider aggregation of multiple interference sources,
which is a logical step in the broker development. This is
planned for future work.

A. Stage 1: Time Overlap

In Stage 1 the broker first determines if there is any time
overlap within the reported device manifolds. Alg. 1 shows
pseudocode for this stage of the broker culling process using
the symbols indicated in Table II. All algorithms discussed
in this paper reference these same symbols. Based on Line
1, if request A starts before request B and ends after request
B begins, time overlap is confirmed. Likewise, line 3 tests
if B starts before A and ends after B begins. If neither of
these conditions is true, then the two requests do not overlap
in time. If no time overlap exists, then the broker exits and
does not progress to additional culling stages. If the systems
are not using the spectrum at the same time, there can be
no interference, regardless of frequency, line of sight, or cone
intersection overlap.

Algorithm 1 Stage 1: Temporal Overlap
Input: Two user request manifolds (A and B)
Output: Temporal overlap flag

1: if ((tA ≤ tB)AND(tA + ∆tA) ≥ tB) then
2: return TRUE {A starts before B and ends after B

begins}
3: else if ((tB ≤ tA)AND(tB + ∆tB) ≥ tA) then
4: return TRUE {B starts before A and ends after A

begins}
5: else
6: return FALSE {A and B do not overlap in time}
7: end if

B. Stage 2: Frequency Interference Calculation

In Stage 2, the frequency requests of the two systems are
first compared for direct overlap. If the requested frequencies
overlap, then a no-go must be communicated to one of the
systems, or the request of one of the systems must be modified.
However, even if no direct overlap is incurred, out-of-band or

Frequency (MHz)
Tr
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sm

it 
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w
er

 (d
Bm

)
f1 f2 f3 f4

<= 3 BW?

Fig. 4. Out-of-band interference approximation.

harmonic interference may still be possible. A simple approach
was created to account for possible out-of-band interference,
as shown in Fig. 4. If the requested transmitters band is
within three requested transmitter bandwidths of the receivers
requested band, then the potential for out-of-band interference
is identified. For example, if the requested transmission band
is between f1 and f2, and the receivers requested band is
between f3 and f4, then the following situation would indicate
the potential for interference:

|f3 − f2| ≤ 3|f2 − f1| (1)

The potential for harmonic interference is identified if a
receiver request overlaps the band bounded by twice the
frequencies of the requested transmitter band edges:

f4 ≥ 2f1 (2)

and

f3 ≤ 2f2. (3)

Alg. 2 shows the algorithm for determining if any of these
types of frequency interference are present using equations
(1) – (3). Line 5 checks for in-band frequency overlap, line
13 checks for out-of-band frequency overlap, and line 15
checks for second harmonic frequency overlap. If interference
is deemed possible, a spectral-spatial mask is generated that
limits the transmission power at in-band, out-of-band, and/or
harmonic frequencies as a function of transmission direction.
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Algorithm 2 Stage 2: Frequency Interference
Input: Two user request manifolds (A and B) with temporal

overlap, line of sight potential, cone intersection, and
receive power tolerance exceeded

Output: Frequency interference flag
1: fminA ← fA − (BWA/2)
2: fmaxA ← fA + (BWA/2)
3: fminB ← fB − (BWB/2)
4: fmaxB ← fB + (BWB/2)
5: if ((fminA ≤ fmaxB)AND(fminB ≤ fmaxA)) then
6: return TRUE {In-band interference potential}
7: else
8: f1 ← min(fminA, fminB) {Lowest low frequency}
9: f2 ← min(fmaxA, fmaxB) {Lowest high frequency}

10: f3 ← max(fminA, fminB) {Highest low frequency}
11: f4 ← max(fmaxA, fmaxB) {Highest high frequency}
12: if (|f3 − f2| ≤ 3|f2 − f1|) then
13: return TRUE {Out-of-band interference potential}
14: else if ((f4 ≥ 2f1)AND(f3 ≤ 2f2)) then
15: return TRUE {Harmonic interference potential}
16: end if
17: end if
18: return FALSE {No frequency interference}

C. Stage 3: Friis Calculation

During Stage 3, the power received by each user based on
the other users requested transmit power is calculated using
the Friis transmission equation:

Pr = PtGtGr

(
λ

4πR

)2

. (4)

Alg. 3 shows the application of (4) with logarithmic units
to determine the power received by each user from the other.
When the requested transmission power of one device is
greater than the provided tolerance of the other device, then
the broker determines that there is potential for interference
between devices. Following that determination, the broker then
proceeds to the next stage of culling. The culling process ends
for that pair if the calculated received power by both systems
is within its declared receive power tolerance value.

D. Stage 4: Line of Sight

During Stage 4, the broker determines if any users are in
line of sight of each other on spherical Earth with a radius
matching the equatorial radius on WGS84 Earth reference
ellipsoid, as detailed in Alg. 4. The system assumes there
is no over-the-horizon propagation, so if the curvature of the
Earth prevents line of sight, there will be no interference. This
is done by following the method shown in section IV.B of
[9]. Line 3 calculates the straight-line distance between the
two requests and line 7 calculates the maximum line of sight
distance between two users at their given altitudes (a). Line
8 then checks if the distance between the requests is less
than or equal to the maximum possible distance. If it is, then
the possibility of interference exists, and the culling process
continues. Otherwise the user will have no interference.

Algorithm 3 Stage 3: Friis Calculation
Input: Two user request manifolds (A and B) with temporal

overlap, line of sight potential, and cone intersection
Output: Power tolerance flag

1: c← 299792458 {m/s, Speed of light}
2: R← euclideanDistance(A,B)

3: PRxA ← PTxB +GTxB +GRxA + 20 log10( c/fA4πR )

4: PRxB ← PTxA +GTxA +GRxB + 20 log10( c/fB4πR )
5: if (PRxA > TA) then
6: return TRUE {User A receives more power than the

specified receive power tolerance.}
7: end if
8: if (PRxB > TB) then
9: return TRUE {User B receives more power than the

specified receive power tolerance.}
10: end if
11: return FALSE {Neither receive power tolerance is ex-

ceeded.}

Algorithm 4 Stage 4: Line of Sight
Input: Two user request manifolds (A and B) with temporal

overlap
Output: Line of sight visible flag

1: EARTHRADIUS ← 6378137 {meters}
2: X ←

√
sin2 (ϕB−ϕA

2 ) + cos(ϕA) cos(ϕB) sin2 (λB−λA

2 )

3: D ← 2 ∗ EARTHRADIUS ∗X
4: d1 ←

√
aA ∗ (aA + 2 ∗ EARTHRADIUS)

5: d2 ←
√
aB ∗ (aB + 2 ∗ EARTHRADIUS)

6: d← d1 + d2
7: Dmax ← d ∗ 2∗EARTHRADIUS

2∗EARTHRADIUS+aA+aB
8: if (D ≤ Dmax) then
9: return TRUE {The users have the potential to see

each other without the curvature of a spherical Earth
obstructing them.}

10: else
11: return FALSE {The users cannot see each other due

to the curvature of a spherical Earth.}
12: end if

E. Stage 5: Cone Intersection

In Stage 5, a cone intersection calculation is completed
that uses the antenna beamwidth reported by the device in its
manifold. The calculation in Stage 5 approximates the antenna
pattern main beam by using the beamwidth, as shown in Fig. 5.
The line of sight and cone intersection algorithms are detailed
by Marino and Gasiewski [9], Alg. 5 implements this method.
The algorithm checks if the direct vector between the two
requests is contained in the cone of each antenna. If both
antennas are facing each other, then the culling process will
continue. Otherwise there is no possibility of interference, and
the process exits.

III. SPATIAL-SPECTRAL MAP DETERMINATION

The Friis transmission equation (4) can be used to generate
a spatial-spectral mask limiting the transmitted power consid-
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Antenna
Beamwidth

Fig. 5. Broker culling based on beamwidth of the antenna and angular overlap
to approximate a device’s antenna pattern.

Algorithm 5 Stage 5: Cone Intersection
Input: Two user request manifolds (A and B) with temporal

overlap and line of sight potential
Output: Cone intersection flag

1: EARTHRADIUS ← 6378137 {meters}
2: ~RA ← (EARTHRADIUS + aA) ∗

[cos(ϕA) cos(λA), cos(ϕA) sin(λA), sin(ϕA)]
3: ~RB ← (EARTHRADIUS + aB) ∗

[cos(ϕB) cos(λB), cos(ϕB) sin(λB), sin(ϕB)]
4: ~RBA ← ~RB − ~RA
5: ~RAB ← ~RA − ~RB
6: ~PA ← [cos(βA) cos(αA), cos(βA) sin(αA), sin(βA)]
7: ~PB ← [cos(βB) cos(αB), cos(βB) sin(αB), sin(βB)]
8: γA ← arccos (~PA · ~RBA)/(||~P1|| ∗ ||~RBA||)
9: γB ← arccos (~PB · ~RAB)/(||~P2|| ∗ ||~RAB ||)

10: intersectA ← FALSE
11: intersectB ← FALSE
12: if (γA < .5θA) then
13: intersectA ← TRUE {User A faces User B}
14: end if
15: if (γB < .5θB) then
16: intersectB ← TRUE {User B faces User A}
17: end if
18: return (intersectA)AND(intersectB)
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Fig. 6. Simulated spatial transmission scenario for several radiometers with
respect to a single 5G system.

ering all devices with known position and interference powers,
based on the development by Egbert [30]:

Pt(f, φ) = min
0≤R≤∞

[
Pr(f,R, φ)

(4πR)2

GtGrλ2

]
, (5)

where Pt(f, φ) is the power spectral density in dBm/MHz
that can be transmitted at frequency f and the angle φ to
provide the receiver power spectral density Pr(f,R, φ), Gt is
the transmit antenna power gain in W/W, Gr is the receive
antenna power gain in W/W, R is is the radial distance of
the receiver, and λ is the wavelength. Equation (5) assumes
that the receivers are located at a point and have a negligible
angular span with respect to the transmit aperture. The spatial-
spectral mask consists of the maximum values of Pt, plotted
versus f and φ.

Fig. 6 shows a simulated spatial transmission scenario
for several radiometers with respect to a single 5G system
submitted to the broker. Fig. 7 shows an example spatial-
spectral constraint map for a 5G system and 15 radiometers
located within one kilometer. The spatial-spectral constraint
map was determined using the spatial, spectral, and calculated
Friis tolerances. This constraint map is then passed onto the
5G system or other transmitter and can be used to create a
waveform that successfully conforms to these constraints [29],
[31]–[34].

IV. EXPERIMENTAL RESULTS

The broker was experimentally tested through trials de-
signed to exercise all five stages of the broker shown in
Fig 3. Four specific test cases are presented below. Specific
attention is paid to the verification of the spatial-spectral mask
generation after Stage 5. Stages 1 and 3 through 5 were
extensively tested in Marino and Gasiewski [9]. Thus, all



IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY 7

Fig. 7. An example spatial-spectral constraint map for 15 devices that are a
mix of radiometers and 5G systems.

of the test cases below meet the criteria needed to advance
through all stages, with a focus on how Stage 2 classifies
interference. In other words, there is a time overlap in Stage 1,
the Friis calculation of Stage 3 indicates potential interference,
the devices are within line of sight of each other in Stage
4, and there is a cone intersection in Stage 5. Cases 1
through 4 demonstrate particular examples that are illustrative
of the important operating modes of the broker. Each test
case demonstrates a 5G device operating in the vicinity of
five terrestrial radiometers.

A. Case 1: 5G In-Band Interference to Five Radiometers

Case 1 represents an interference test case for the broker
where a 5G device requests an operating bandwidth that
directly overlaps the operating bandwidth of the radiometers.
The relevant device operation parameters may be found in
Table III. The criteria for all stages are met with this test case
to indicate the potential of interference and generate a spatial-
spectral mask. While present allocations require that a 5G de-
vice should only be operating at or above 24 GHz and it should
never be in-band to a radiometer, this test case is designed
to verify that the broker identifies and constructs a spatial-
spectral mask that is appropriate. The 5G transmitting device
requests operation with a center frequency of 23.9 GHz and
a bandwidth of 0.40 GHz, an allocation request that is within
the operating bandwidths of five nearby radiometers. The
radiometers have center frequencies ranging from 23.6 GHz
to 23.9 GHz and bandwidths that range from 0.20 GHz to
0.40 GHz with interference levels of -105 dBm to -85 dBm.
Fig. 8 shows the calculated spatial-spectral constraint map.
When reaching Stage 2 of the culling, the broker properly
determines that there is in-band interference to each of the five
radiometers and later calculates a constraint map that is based
on the radiometer operation parameters. Each shaded region
on the plot shown in Fig 8 represents a constraint placed on
the 5G operation by a radiometer. This calculated constraint
map is then passed onto the 5G system to provide limits to

Fig. 8. Case 1: Spatial-Spectral Constraint Map when a single 5G device
operating at 23.9 GHz interferes with five radiometers operating in a frequency
range from 23.6 GHz to 23.9 GHz. The blue region represents frequencies
in-band and the green region represents frequencies out-of-band to the 5G
device.

the 5G transmission at these combinations of frequency and
direction.

TABLE III
CASE 1: 5G AND RADIOMETER DEVICE PARAMETERS, IN-BAND

INTERFERENCE TO FIVE RADIOMETERS

5G System Radiometer Ranges
Center Frequency 23.9 GHz 23.6 GHz – 23.9 GHz

Bandwidth 0.40 GHz 0.20 GHz – 0.40 GHz
Interference Levels N/A -105 dBm – -85 dBm

B. Case 2: 5G Potential Out-of-Band Interference to Five
Radiometers

Case 2 represents a scenario where a 5G device has the
potential for out-of-band interference to five radiometers. This
potential for out-of-band interference is identified by calculat-
ing according to the simple algorithm presented in Section II-B
and equation (1). As in Case 1, all criteria are met in each
other stage(i.e. time overlap, Friis tolerance, line of sight, and
cone intersection) to be dependent on Stage 2 (i.e. frequency
interference calculations). Here the 5G device is requesting an
operating center frequency of 24.5 GHz, which is within three
bandwidths of the operating frequency of the five radiometers
as described in equation (1). The 5G device has an operating
bandwidth of 0.40 GHz and the radiometers have operating
bandwidths that range from 0.20 GHz to 0.40 GHz having
interference levels that range from -105 dBm to -85 dBm as
shown in Table IV. Using equation (1), the broker correctly
identifies that the 5G device would interfere with all five
radiometers and calculates a spatial-spectral constraint map,
shown in Fig 9. This spatial-spectral constraint map is then
passed onto the 5G system to incorporate those constraints
into the transmitted wave pattern to avoid interference with
the identified five local radiometers.
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TABLE IV
CASE 2: 5G AND RADIOMETER DEVICE PARAMETERS, POTENTIAL

OUT-OF-BAND INTERFERENCE TO FIVE RADIOMETERS

5G System Radiometer Ranges
Center Frequency 24.5 GHz 23.6 GHz – 23.9 GHz

Bandwidth 0.40 GHz 0.20 GHz – 0.40 GHz
Interference Levels N/A -105 dBm – -85 dBm

Fig. 9. Case 2: Spatial-spectral constraint map when a single 5G device
operating at 24.5 GHz with a 0.40 GHz bandwidth interferes with five
radiometers operating in a frequency range from 23.3 GHz to 23.9 GHz (all
within 3 bandwidths). The blue region represents frequencies in-band and the
green region represents frequencies out-of-band to the 5G device.

C. Case 3: 5G Harmonic Interference to Five Radiometers

Case 3 demonstrates the handling of potential harmonic
interference to five radiometers. As with Cases 1 and 2, all
criteria are met in Stages 1, 3, 4, and 5 indicating that there is
operation within the same time period (time overlap), within
range as calculated by the Friis equation, line of sight between
devices, and cone intersection (the antennas have intersection).
Section II-B discusses calculating the potential for harmonic
interference and presents these calculations in equations (2)
and (3). As shown in Table V, the 5G device has a center
frequency of 26 GHz and a bandwidth of 0.4 GHz. The 5G
device operates in the vicinity of five radiometers with center
frequencies ranging from 50 GHz to 58 GHz, bandwidths
from 0.27 GHz to 0.40 GHz, and interference threshold levels
that span -105 dBm to -85 dBm. Using equations (2) and
(3), the broker identifies that the 5G device has the potential
for harmonic interference with the radiometers operating with
center frequencies of 50 GHz to 58 GHz. The resulting spatial-
spectral constraint map is shown in Fig 10.

TABLE V
CASE 3: 5G AND RADIOMETER DEVICE PARAMETERS, POTENTIAL

HARMONIC INTERFERENCE TO FIVE RADIOMETERS

5G System Radiometer Ranges
Center Frequency 26 GHz 50 GHz – 58 GHz

Bandwidth 0.40 GHz 0.27 GHz – 0.40 GHz
Interference Levels N/A -105 dBm – -85 dBm

Fig. 10. Case 3: Spatial-spectral constraint map when a single 5G device
operating at 26 GHz with a 0.40 GHz bandwidth could harmonically interfere
with five radiometers operating in a frequency range from 50 GHz to 58 GHz
due to harmonics. The magenta region represents frequencies in the second
harmonic of the 5G device.

D. Case 4: No Interference

Case 4 is the final case when there is no interference
between a 5G system and five radiometers to verify the
operation of the broker presented in this paper. Once more,
the criteria of culling Stages 1, 3, 4, and 5 are met, indicating
that the 5G and the five radiometer devices are operating
within the same time period, within the line of sight based
upon antenna and power-level assumptions. However, for this
case, there is no potential for either in-band or out-of-band
interference, so the consideration of potential interference is
dismissed from the culling process after Stage 2 (frequency
overlap). Table VI presents the device operating parameters
for this coexistence scenario. The 5G transmitter operates at
26 GHz with a bandwidth of 0.4 GHz. The five radiometers
operate with center frequencies of 23.4 GHz to 23.9 GHz,
having bandwidths that range from 0.27 GHz to 0.40 GHz.
The broker correctly identifies that the 5G device will not
interfere with five radiometers and flags the 5G system for
unencumbered operation.

TABLE VI
CASE 4: NO IN-BAND OR OUT-OF-BAND INTERFERENCE FROM A 5G

SYSTEM TO FIVE RADIOMETERS

5G System Radiometer Ranges
Center Frequency 26 GHz 23.4 GHz – 23.9 GHz

Bandwidth 0.40 GHz 0.27 GHz – 0.40 GHz
Interference Levels N/A -105 dBm – -85 dBm

V. CONCLUSIONS

A dynamic spatial-spectral broker that protects passive
systems from both in-band and out-of-band interference from
nearby active transmitters has been presented. In potential
out-of-band or harmonic interference scenarios, the broker
generates a spatial-spectral mask to limit the active device
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transmitter, preventing potential interference. In-band, out-
of-band, and harmonic interference can be avoided by lim-
iting active device transmissions using this spatial-spectral
masking method. This method will allow basic brokers to
be deployed that can protect the use of active transmissions
near, or harmonically related to, bands that are used for
passive receivers. Additionally, this method is capable of
allowing passive receivers to opportunistically use additional
bands other than their original assigned bands. Significant
spectrum-use flexibility and adaptivity will be provided by the
implementation of this method in practice.
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