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Abstract—5G network operators are constantly under pressure
from regulatory agencies who restrict the deployment of base
stations (gNBs) close to incumbent services, such as radio
astronomy services (RAS), to avoid interfering with them. Recent
works for coexistence with RAS employ limited channel modeling
approaches and use explicit out-of-band communication between
the gNB and RAS. However, the strict latency requirements of
5G make explicit communications less desirable due to their
overheads. Deploying gNBs close to RAS is also not yet supported.
In this paper, we propose a proactive open-loop beamforming and
interference nullification technique in which a gNB nullifies its
downlink signal at a nearby RAS telescope while beamforming
to its users (UEs). We estimate the gNB-RAS channel using
raytracing on open-source terrain maps. We formulate a problem
that maximizes the minimum rate for UEs under the constraint
of maximum allowable interference power at the RAS and show
that its time complexity scales cubically with the number of gNB
antennas. Hence, we propose a heuristic solution that achieves
4 orders better latency and 100 dBW lower interference power
than the max-min rate solution with similar sum rate on users.
Our proposed solution consistently achieves less than -310 dBW
interference power, even when the gNB-RAS distance is less than
1 km, satisfying international regulations, and is robust against
moving users that vary in location and elevation.

Index Terms—5G, RAS, nullification, coexistence.

I. INTRODUCTION

5G cellular operators are pushing for more efficient, smarter,
and geographically widespread base stations (a.k.a. gNBs) to
deliver ubiquitous, high-speed, and low-latency services [1],
[2]. Although expanding network coverage is attractive for
the operators, deployments in new geographic regions still
have to abide by the radio frequency interference (RFI) regu-
lations mandated by regulatory agencies, such as the Federal
Communications Commission (FCC), and ensure that nearby
incumbent systems, such as radio astronomy services (RAS),
are unaffected. Extremely strict regulations which include
interference limits of ↭220 dBW pose a challenge for net-
work operators [3]. The proliferation of emerging coexistence
protocols, such as 5G New Radio Unlicensed, has also led
to a significant increase in RFI by gNBs now in the 5–
7GHz bands, which overlap with the 0–10GHz bands used by
RAS telescopes, causing substantial damage to astronomical
observations [4]. If the RFI regulations are violated, sanctions
can be placed on 5G operators by the FCC [5]. Hence, there is
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a need to develop a fair and compliant coexistence mechanism
that allows 5G operators to coexist with RAS observatories.

National Radio Dynamic Zones (NRDZs) have been re-
cently proposed to aid RAS-coexistence research efforts in
the United States. These zones employ large-scale experi-
mental testbeds to enable spectrum-sharing research and real-
world validation of, among others, 5G and RAS coexistence
schemes [6]. These NRDZs work well with RAS telescopes
that operate at almost 100% duty cycles across a wide range
of frequencies, including 0–10GHz. However, they require 5G
operators to remain within interference threshold boundaries,
especially for gNBs located close to the edges of the zones
which pose a big challenge [6]. Moreover, NRDZs do not
yet cover observatories that only have access to small single-
dish telescopes of less than 4m diameter, such as the “KROC”
telescope located in Ionia, NY, that is affected by gNBs within
10 km [7]. Due to such limitations, we argue that an alternative
method where gNBs could proactively nullify their interfer-
ence at the location of the RAS observatories using carefully
designed precoding techniques would be more effective. In
practice, however, implementing such nullification schemes is
challenging since they need to (1) work with passive receivers
that themselves do not provide any explicit feedback for
channel state information (CSI) carrying information about,
for example, terrain reflections, (2) limit the unintentional
negative effects on their users (UEs), (3) satisfy strict latency
requirements of 5G, and (4) support widespread deployment
of gNBs in areas close to RAS.

A gNB may estimate the channel based on limited CSI
feedback using techniques such as channel covariance models
as features for deep learning frameworks [8] or using the angle
of arrival and departure information for deriving CSI [9]. How-
ever, these techniques are insufficient for modeling channels
that also involve terrain reflections, which may not be strong
enough to severely impact UEs, but significantly contribute to
interference on RAS telescopes. To limit the negative effects
of nullification on UEs, interference broadcast channels have
been proposed but with drawbacks. For example, techniques
that determine CSI using Gaussian-like interference channel
models cannot accurately implement terrain reflections [10].
Alternatively, explicit channel coordination schemes have also
been proposed that do not require the exchange of CSI, such
as those that send stochastic characteristics of the downlink
signals via out-of-band links [4], [11], or use intelligent
reflecting surfaces to mitigate RFI [12]. However, they may be
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Fig. 1. 5G and RAS coexistence in a nutshell.

challenging to implement in 5G due to the latency overhead of
using explicit communication links, which is undesirable for
ultra-reliable and low-latency applications of 5G that require
latency of less than 0.5ms [13]. Besides the above limitations,
none of the existing works have simultaneously addressed all
the challenges mentioned above and they do not support a
gNB placed close, within 1 km, of an RAS telescope which
would help cellular network providers expand their coverage.

In this paper, we propose a coexistence mechanism that
addresses all the above challenges and provides 5G network
operators the means to satisfy RFI regulations and latency
constraints of 5G even when deploying the gNB close to the
RAS telescope or NRDZ. To the best of our knowledge, we are
the first to propose an entirely proactive nullification scheme
that does not require any explicit CSI exchange between the
gNB and RAS (although it can support the addition of external
sensors to help with CSI estimation).

To achieve our goal, we first formulate a problem to
maximize the sum rate of the UEs of a given gNB, which we
then simplify into a max-min fair rate problem, subject to the
constraint of interference power at the RAS telescope being
less than ↭220 dBW. Due to the high computational complexity
of this problem, which scales cubically with the number of
gNB antennas, we propose a novel heuristic solution that
leverages the channel between the gNB and RAS telescope,
determined through a coarse channel estimation technique.
Our idea is to use raytracing methods, operating on open-
source terrain data obtained from OpenStreetMap [14], as a
tool to determine information on rays of propagation paths
of the gNB’s signals between the gNB and RAS telescope
locations. These rays contain the angle of arrival and departure,
path delays, and path gain information used to define the CSI
between the gNB and RAS telescope. As shown in Fig. 1,
we use this channel information to derive a carefully chosen
heuristic to beamform the gNB downlink signal on UEs,
achieving a sum rate that is comparable to the max-min fair
solution while satisfying the interference power constraint. Our
proposed solution consistently reduces the interference power
at the RAS to less than ↭310 dBW under most common gNB
operating parameters, even when the gNB is within 1 km of
the RAS telescope, with a similar sum rate of UEs while being
4 orders of magnitude faster in latency compared to the max-
min fair solution. We show that our scheme is also robust
against moving UEs that vary their location and elevation.

The rest of the paper is organized as follows. In Section II
we provide a primer on RAS and raytracing for channel
modeling. We then describe our open-loop beamforming and

interference nullification technique in detail in Section III. The
performance evaluation of our proposed technique is provided
in Section IV before concluding the paper in Section V.

II. BACKGROUND AND SYSTEM MODEL

We first provide an overview of RAS systems, followed
by raytracing methods and a description of the 5G and RAS
coexistence system model used in our paper.

A. Radio Astronomy Services

Ground-based RAS stations observe deep space objects
using low-frequency radio waves ranging from 0–10 GHz [15].
At these frequencies, RAS telescopes are looking for electron
transitions in hydrogen atoms that can help locate distant
celestial objects. These low-frequency radio waves, with wave-
lengths spanning from a few meters to several kilometers,
can penetrate through dense clouds of gas and dust that
obstruct visible light, enabling ground telescopes to observe
celestial objects and phenomena that would otherwise remain
concealed. Radio telescopes, designed to detect these radio
waves, are typically situated in remote locations to minimize
RFI from external sources, such as gNBs, and keep the
interference power of RFI sources below ↭220 dBW at the
RAS telescope.

B. Raytracing Methods

The shooting-and-bouncing rays (SBR) method of raytrac-
ing is used to determine the propagation paths of the downlink
signal between the gNB and the RAS telescope. This method
involves backtracking by generating rays from the intended
receiver, i.e., the RAS telescope, and tracing the rays as they
reflect off of objects and terrain in the environment. After
backtracking, the rays that reach the gNB are the propagation
paths of the downlink signal. The total number of possible
propagation paths is controlled by assigning a maximum
number of ray reflections, R, which limits the number of
reflections a ray will make before it reaches the gNB. A ray
that has undergone signal attenuation of greater than ↭130 dB
before it reaches the receiver is considered to be terminated.

C. System Model

In our 5G and RAS coexistence system, we assume the
gNB has M omnidirectional dipole antennas serving K UEs.
All UEs are less than 100m away from the gNB. The gNB
transmits on carrier frequency fc within the FR1 frequency
bands of up to 7.125GHz. We consider a single-dish telescope
that is 2m high and between 100m and 12 km away from the
gNB with one parabolic antenna operating in the 0→ 10GHz
range. The CSI between the gNB and the kth UE is denoted
by hk and that between the gNB and RAS is denoted by
hgR. Note that hk and hgR are time-variant, but we omit the
dependency on time since the channels are updated after each
1ms 5G subframe when the gNB executes channel estimation.
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III. OPEN-LOOP BEAMFORMING AND INTERFERENCE
NULLIFICATION

In this section, we first formulate our problem to optimize
the rate for UEs under an interference power constraint at the
RAS. We then describe our raytracing approach to estimate the
gNB-RAS channel, followed by our highly efficient heuristic
solution to achieve our objective.

A. Problem Formulation

In this paper, we primarily consider RFI from the downlink
signal of one gNB. We first consider the optimization prob-
lem (P1) to find the precoder w that maximizes the sum rate
for K UEs while under a maximum allowable interference
power constraint at the RAS telescope, as shown below:

max
w→C1→M

K∑

k=1

log2

(
1 +

|hkw
H
|
2

ω2
k

)
(P1)

s.t. |hgRw
H
|
2
↑ ε, ε > 0 (1)

0 < ↓w↓
2
↑ ϑb (2)

where ϑb is the beamforming power budget at the gNB, ω2
k is

the noise power at the kth UE, and ε is the maximum allowable
interference power at the RAS telescope.

The objective function in (P1) is non-convex. To simplify
it, we assume the noise power ω2

k of each of the K UEs
remains constant and convert the sum of logarithm terms into
a logarithm of the product of |hkw

H
|
2 terms, followed by

removing the log2() function entirely since the |hkw
H
|
2 terms

are monotonically increasing. Hence, we get the equivalent
sum rate maximization problem as shown below:

max
w→C1→M

K∏

k=1

|hkw
H
|
2 (P2)

s.t. |hgRw
H
|
2
↑ ε, ε > 0 (3)

0 < ↓w↓
2
↑ ϑb. (4)

The problem in (P2) is NP-hard since it requires simultane-
ously maximizing each quadratic term in the product [16]. We
argue that a suboptimal solution to (P2) can be obtained by
solving an alternate problem where we maximize the minimum
of |hkw

H
|
2 across all K users, as shown below:

max
w→C1→M

min
k→{1,...,K}

|hkw
H
|
2 (P3)

s.t. |hgRw
H
|
2
↑ ε, ε > 0 (5)

0 < ↓w↓
2
↑ ϑb. (6)

The problem in (P3) is similar to a Max-Min fair beamforming
problem, such as the one in [17], with the added maximum
allowable interference constraint. Although the solution to (P3)
is suboptimal to (P2), (P3) is solvable in polynomial time. For
this, we use the Semidefinite Relaxation method as follows:

max
W→CM→M

min
k→{1,...,K}

Tr(HkW) (P4)

s.t. Tr(HgRW) ↑ ε, ε > 0 (7)
0 < Tr(W) ↑ ϑb,W ↔ 0 (8)

where W = w
H
w,Hk = hk

H
hk,HgR = hgR

H
hgR.

Note that we have dropped the rank(W) = 1 constraint to
relax (P4) into a semidefinite program and W ↔ 0 denotes
that the matrix W is positive semidefinite. We can further
introduce an auxiliary variable ϖ and remove the minimization
problem in (P4) while also converting the outer maximization
problem into a minimization one as shown below:

min
W→CM→M ,ω→R

→ ϖ (P5)

s.t. Tr(HkW) ↗ ϖ, ↘k ≃ {1, ...,K} (9)
Tr(HgRW) ↑ ε, ε > 0 (10)

0 < Tr(W) ↑ ϑb, W ↔ 0 (11)

The problem in (P5) is solvable because it involves minimizing
a convex objective function with convex constraints. Due to
the impracticality of deriving a closed-form solution to (P5),
we use analytical solvers such as CVX, a package for spec-
ifying and solving convex optimization problems [18], [19].
However, the worst-case time complexity of (P5) is O(KM3),
which is still significant for when M ⇐ K. Hence, in the
following sections, we develop a heuristic solution with a
lower computational complexity and nullification at the RAS
telescope, and a comparable sum rate for the UEs, while
addressing challenges such as estimating the hgR channel
without explicit channel feedback.

B. Coarse Estimation of hgR

To estimate hgR ≃ C1↑M , we need the path delays, the
path gains, and the angles of arrival and departure (azimuth
and zenith directions) for all the signal propagation paths orig-
inating at the M antennas of the gNB and terminating at the
RAS telescope’s receiver. The SBR method (see Section II-B)
is used to populate these parameters for each signal path
from each of the M antennas. For this, only the geographical
locations of the gNB and RAS are needed, along with access to
open-source terrain maps like OpenStreetMap. The locations
of the gNB and RAS are initialized in the terrain maps and the
terrain data is used to evaluate rays between the gNB and RAS,
assuming R maximum number of ray reflections. These rays
involve reflections from the ground and nearby buildings, if
any. Once the rays have been evaluated, path parameters from
these rays can be extracted using the raytrace() function
of MATLAB’s Communication Toolbox.

The extracted path parameters can then be used to create
an NR Clustered Delay Line (CDL) channel delay profile
which can then provide a coarse channel estimate for hgR,
using the nrcdlChannel() channel object of MATLAB’s
5G Toolbox based on 5G specifications [20]. Although this
channel estimate is not dynamic, it provides a coarse estimate
sufficient for nullifying the gNB downlink signal at the RAS.
This is because the primary components (due to line-of-sight)
of this course channel estimate dominate other components
(for example, due to reflections) by at least one order of
magnitude. A detailed analysis of the sensitivity of our scheme
to channel estimation error is left for future work.
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Fig. 2. Comparing the max-min rate solution wmmn (w/ RAS null), wmm (w/o RAS null), and our heuristic wheu for K UEs.

Fig. 3. Radiation pattern of the gNB when using our heuristic solution. The
red pin indicates the location of the simulated gNB, the blue pin for the RAS
telescope is highlighted in the center, and the remaining blue pins are the
locations of simulated UEs.

C. Heuristic Solution to Nullify The gNB Signal at RAS

We assume the gNB uses linear precoding, such as the zero-
forcing precoding technique to nullify the gNB interference
at points of interest by projecting the downlink signal onto
the null space of those points [13]. Similarly, we define the
precoding scheme wnull ≃ C1↑M , which only nullifies the
gNB downlink signal at the RAS but does not simultaneously
beamform on the UEs. Let P denote the orthonormal basis
for the null space of the hgR channel. Hence, hgRPP

H = 0.
When the precoding vector wnull is a member of the subspace
P and is applied to the gNB downlink signal, it will ensure
that the signal’s null region overlaps with the location of the
RAS telescope. Hence, we define wnull as,

wnull = cvgRPP
H (12)

where vgR ≃ C1↑M contains the singular vectors of the hgR

channel and c is any scalar. We can see that the constraint (5) is
satisfied since P is in the null space of hgR and hgRw

H

null =
hgRPP

H
v
H

gR = 0. The precoding scheme wnull will perfectly
nullify the gNB at the RAS, however, it may also harm some
of the UEs by inadvertently nullifying UE locations. Hence,
we slightly modify (12) as shown below,

wheu = cvgUPP
H (13)

where vgU ≃ C1↑M contains the singular vectors of the chan-
nel matrix HgU = [hT

1 ;h
T

2 ; ...;h
T

K ] containing the channel
vectors to all the K UEs. The expression for wheu in (13)
satisfies the constraint in (5) since hgRPP

H = 0, and hence

is a valid solution for (P5). Although not an optimal solution,
the worst-case time complexity of our proposed solution wheu

in (13) is O(M2), which is better than that of (P5) by a factor
of KM when using analytical solvers.

IV. PERFORMANCE EVALUATION

In this section, we compare our heuristic solution with the
optimal one, then measure the change in gNB interference
power at the RAS telescope, the change in SNR for a moving
UE, and the latency of our beamforming algorithm.

1) Simulation Setup: We evaluate the performance of our
beamforming algorithm by running simulations in MATLAB
on an 8-core CPU with parallel processing capabilities. We
implement the coarse channel estimation technique described
in Section III-B. We assume R = 1, 2, 3 maximum number
of ray reflections. To estimate the channels between the gNB
and the K UEs, we implement CSI-RS and CSI Feedback
messages sent by the gNB and UEs respectively. The gNB
can have M = {4, 8, 16} antennas transmitting at fc = {0.7
GHz, 1.8 GHz, 5.9 GHz} carrier frequencies, and supporting
K = {1, 2, 4, 8, 16} UEs. The distance between the gNB
and the RAS telescope varies between 100m and 12 km. We
run 10, 000 unique iterations for each combination of gNB-
RAS distance, M , fc, K, and R for an extensive performance
evaluation. Our simulations assume a real RAS observatory,
“KROC” [7], located at the Max Farash Center for Observa-
tional Astronomy in Ionia, NY. We define this RAS telescope
in all our MATLAB simulations, which remains constant, and
randomize gNBs and UEs at simulated locations around it.
In Fig. 3, we show the beam pattern of our proposed heuristic
solution wheu for one of the simulation runs, where the red
pin indicates the location of the simulated gNB, less than
1 km from the RAS telescope (the highlighted pin), and the
remaining blue pins are the locations of simulated UEs. We can
see that our proposed solution wheu nullifies at the location
of the RAS telescope.

2) Heuristic vs. Max-Min Rate Solution: To prove the
effectiveness of our proposed heuristic solution, we compare,
(a) the beamformer used by gNBs in practice which does not
nullify the RAS telescope by default, denoted by ”No Null”,
(b) our proposed heuristic solution wheu, (c) the solution to
problem (P5), denoted by wmmn, and (d) the solution to
problem (P5) but without the RAS interference limit constraint
in (10), denoted by wmm. We set M = 16, fc = 1.8GHz,
R = 3 and K = {1, 2, 4, 8, 16}. In Fig. 2 (a), we can see
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Fig. 4. Interference power of the gNB at the RAS telescope with and without nullification, plotted in solid and dashed lines, respectively, while varying the
gNB-RAS distance and the parameters M, fc and K.

that the interference power achieved by wheu is more than
100 dBW lower than wmmn. This is because wheu is in the
null space of hgR, bringing |hgRw

H
|
2 very close to zero.

Additionally, as seen in Fig. 2 (b), the sum rate for both wheu

and wmmn is comparable to when there is no nullification
being performed. This shows that both wheu and wmmn are
acceptable solutions. Note that the sum rate when performing
no nullification is indeed less than wmm, since in practice
gNBs use a closed-form solution, based on singular value
decomposition of the UE channels, instead of a slower, optimal
one due to strict latency constraints [13]. In fact, as seen
in Fig. 2 (c), the latency of wheu is consistently less than
0.5ms, while that of wmm and wmmn is more than 1000ms,
4 orders of magnitude higher, which shows that our proposed
solution wheu is significantly faster. Considering these results,
we argue that our proposed heuristic solution wheu is more
practical and effective than the max-min rate solution, and
hence we use only wheu to evaluate the following results.

3) Interference Power: In Fig. 4, we plot the interference
power of the gNB at the RAS telescope versus increasing gNB-
RAS distance and M to show their effect on the performance
of our scheme. The dashed and solid lines denote default no
nullification and heuristic solution, respectively. Our proposed
solution incurs at most ↭300 dBW interference power at the
RAS telescope for all gNB-RAS distances, while it varies
between ↭350 – ↭310 dBW for varying M , fc and K. In
our set of simulations, with the gNB is less than 1 km away,
the interference power was the highest at ↭312 dBW for
M = 8 antennas, fc = 5.9GHz, R = 3 ray reflections
and K = 16 UEs. This shows that our scheme meets the
RAS interference constraint in (10) for most practical cases
of gNB-RAS distance and M . Additionally, our nullification
scheme performs well even in an edge case with K = 8 UEs
surrounding the RAS telescope in a circle with 1m radius,
where the interference power is observed to be ↭333 dBW, with
a total sum rate of 28 bits/s/Hz, compared to no nullification
getting ↭37 dBW interference power and 36 bits/s/Hz sum rate.

4) Moving UEs: In Fig. 5, we plot the SNR at a moving
UE to analyze the impact of changing the height and location
of UEs on our scheme. We test three cases of moving UEs:
(1) UE starts at the same latitude and longitude as the RAS
telescope and moves vertically to heights 2, 4, 8, ..., 1024m,
(2) UE starts at a random latitude and longitude that is within
100m radius of the gNB and moves vertically similar to case
1, and (3) UE starts at a random location within 100m of

1 2 3 4 5 6 7 8 9 10

UE Position Index

-10

0

10

20

30

S
N

R
 (

d
B

)

Case 1 Case 2 Case 3

Fig. 5. SNR at a single moving UE that is varying its direction and elevation
with and without nullification, plotted in solid and dashed lines, respectively,
versus UE position index.

the gNB at 30m height and moves northward (increasing
latitude) at increments of 10m. Case 1 analyzes how close a
UE can get to the RAS telescope without adversely affecting
our scheme, while cases 2 and 3 show that our scheme can
support UEs moving in both vertical and horizontal directions,
respectively. Solid lines represent nullification at RAS, while
dashed is for a default beamformer. Firstly, the dashed and
solid lines have similar results for all cases, showing that
our proposed heuristic solution is robust against moving UEs.
For case 1, we see that the moving UE still has about 9 dB
SNR even within 1m of the RAS telescope, as per position
index 2 (the height of the telescope is 5m), showing that our
scheme works fairly well even when UEs are close to the RAS
telescope. Note the SNR decreases as the UE moves from
position index 1 to 3 since it is moving closer to the RAS,
then the SNR starts increasing again from index 4 onwards
as it starts moving away. We see a similar trend for case 2,
with an SNR difference of 0–10 dB between cases 1 and 2,
showing that the starting position of the moving UE does not
significantly impact the change in its SNR as the UE increases
its height. Also, for case 3, the UE moving northward has
similar SNR with and without using the precoding scheme
from our proposed solution. Note that the decrease in SNR
for increasing UE index, in all cases, is due to the increase in
distance between the gNB and the UE.

5) Latency: To show that our proposed scheme satisfies
the latency requirements of 5G, in Fig. 6, we plot the latency
of our proposed beamforming and interference nullification
algorithm, where we observe that the latency is within 0.5ms
for all the gNB operating parameters that we tested. Latency
is measured by observing the current system time before and
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Fig. 6. Latency of our scheme while varying the parameters M,R,K, and the gNB-RAS distance.

after executing the equation (13). In Fig. 6 (a), we observe that
the latency of our proposed scheme increases with M and K
for constant gNB-RAS distance of 1 km, fc = 5.9GHz, and
R = 3, since M and K are the dimensions of the channel
matrix HgU directly controlling the computational complexity
of our algorithm. In Fig. 6 (b), we observe that the latency
is unaffected by the maximum number of ray reflections,
R, for constant gNB-RAS distance of 1 km, M = 16 and
fc = 7GHz. This is because the ray tracing algorithm used
to determine a coarse estimate of the gNB-RAS channel,
hgR, needs to be run only once. Once the gNB has the hgR

channel, it can use the same channel object for all subsequent
precoder computations, unless there are significant changes
in the terrain and environment between the gNB and RAS.
Hence, it does not affect the latency of our scheme. Finally,
in Fig. 6 (c), we see that the latency of our proposed scheme
is mostly unaffected when increasing the gNB-RAS distance
for constant M = 16, fc = 2.4GHz, and R = 3.

V. CONCLUSION AND FUTURE WORK

In this paper, we have developed a proactive and open-loop
beamforming and interference nullification scheme to facilitate
5G and RAS coexistence. We have formulated a problem to
maximize the minimum rate for UEs under an interference
power constraint of ↭220 dBW at the RAS telescope. We then
propose a highly efficient heuristic solution, based on singular
vector decomposition, whose time complexity is better than
the max-min rate evaluation by a factor of KM . We have also
shown that our proposed solution has a similar sum rate for
UEs when compared to the max-min solution while achieving
more than 100 dBW lower interference power at the RAS
and a latency that is 4 orders of magnitude faster. Through
extensive simulations, we have shown that our proposed so-
lution consistently achieves less than ↭310 dBW interference
power at the RAS, even when the gNB is less than 1 km from
the RAS telescope, and is robust against moving UEs that
vary their location and elevation. For future work, we plan to
experimentally evaluate our scheme and improve our heuristic
solution to nullify the entire surface of the RAS telescope
antenna and improve the robustness of our technique against
errors in channel estimation using open-source terrain data.
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