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Abstract—This paper proposes the transmission of beacon
signals to alert potential interferers of an ongoing or impending
passive sensing measurement. We focus on the interference
from Low-Earth Orbiting (LEQO) satellites to a radio-telescope.
We compare the beacon approach with two versions of Radio
Quiet Zones (RQZs): fixed quiet zones on the ground and in
the sky, and dynamic quiet zones that vary across satellites.
The beacon-assisted approach can potentially exploit channel
reciprocity, which accounts for short-term channel variations
between the satellite and radio telescope. System considerations
associated with beacon design and potential schemes for beacon
transmission are discussed. The probability of excessive Radio
Frequency Interference (RFI) at the radio telescope (outage
probability) and the fraction of active links in the satellite
network are used as performance metrics. Numerical simulations
compare the performance of the approaches considered, and
show that the beacon approach enables more active satellite links
relative to quiet zones for a given outage probability.

Index Terms—Radio astronomy, radio frequency interference
(RFI), low earth orbit (LEO) constellation, radio quiet zone
(RQZ).

I. INTRODUCTION

Radio telescopes used for astronomy (i.e. passive sensing)
are typically very sensitive, as they must detect extremely
weak signals from distant, faint astronomical sources [1]-[5].
The larger telescopes may utilize highly specialized receivers
with low-noise amplifiers to amplify weak signals and cryo-
genic cooling to reduce thermal noise to achieve ultra-high
sensitivity [6]. A modern radio telescope can be 150 dB more
sensitive than a GSM cell phone [1], [2].

The high sensitivity of radio telescope receivers makes
them susceptible to radio frequency interference (RFI) from
other sources, such as radio and television transmitters, mobile
phones, satellites, and other wireless devices [1], [2]. RFI
can limit the precision of radio telescope measurements and
obscure or distort the weak signals from astronomical sources
[1], [7]. Particularly, when RFI signals are strong enough
to drive the amplifiers in a radio telescope receiver system
into saturation or the non-linear regime, radio observations
cannot be calibrated precisely and no useful data is obtained.
For useful radio frequency observations, any RFI must permit
linear operation of the amplifiers [1], [7].
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The International Telecommunications Union (ITU) has im-
plemented regulations pertaining to the allocation and utiliza-
tion of spectrum in order to effectively manage and mitigate
potential conflicts arising from various services [8], [9]. Radio
quiet zones (RQZs) have been designated to protect scientific
users from interference due to active users that may operate
in adjacent bands [1], [8]. Defining the boundaries of RQZs
presents a problem involving a trade-off between passive and
active users. RQZs must be sufficiently large so that RFI will
not disrupt measurements made by the radio telescope. On the
other hand, the area should not be too large so as to unduly
limit spectrum utilization by active users [10].

In 1958, the United States established the first RQZ at the
Green Bank Observatory station for the protection of radio
astronomy observations [1]. In accordance with that original
RQZ, multiple RQZs have been established in various loca-
tions globally. Examples include the RQZs surrounding the
Large Millimeter Telescope in Mexico, the ALMA telescopes
in Chile, and the RQZ in Western Australia [1].

The majority of early transmitters, with the exception of
amateur radio, were operated and controlled by government
agencies or large corporations. In contrast, in recent years
the vast majority of low-powered transmitters have operated
within the private sector [1]. This complicates the evaluation
and management of radio transmitters near an RQZ. In addi-
tion, early devices were scarce and, in the majority of cases,
fixed. Recent tendencies have shifted towards much higher
densities of mobile devices and networks that can be rapidly
deployed. Moreover, the international nature of low earth
orbit (LEO) satellite mega-constellations will compromise the
effectiveness of the RQZ protections [1].

Concern about spectrum conflicts between scientific and
active users has increased significantly, despite the fact that
these technologies differ greatly in terms of sensitivity lev-
els, interference tolerance, and space, time, and frequency
usage patterns [1], [4], [5], [8]. Widespread use of differ-
ent broadband technologies, including LEO satellite mega-
constellations, are likely to increase and intensify conflicts
[11, [3], [5], [11]. Since active users cannot determine exactly
when scientific users are taking measurements via spectrum
sensing, dynamic spectrum access techniques for coordinating
active users have not been directly applied to resolve conflicts

[5].

A. Main Results

We discuss potential methods for enabling the LEO satellite
networks to share spectrum resources over time and space
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Fig. 1. Off-axis angles for the i-th satellite and the radio telescope.

with radio astronomy. We start by presenting two different
versions of the RQZ. We first consider quiet zones both in
the sky and the ground with fixed radii (Fixed Quiet Zones).
We subsequently propose quiet zones on the ground which
vary based on the satellite location (Dynamic Quiet Zones).
We present a simple path-loss model that provides insight into
the tradeoff between the probability of excess RFI at the radio
telescope versus number of active satellite links. The model
accounts for beam patterns at both the radio telescope and the
satellites.

Our analysis shows that the fixed quiet zones approach
may prove overly restrictive for the satellite network. By
incorporating antenna orientations into the design through the
utilization of dynamic quiet zones, a significant improvement
in the number of active satellite links is attained.

As an alternative to varying RQZs dynamically, we propose
an approach where the radio telescope or nearby antenna
transmits a beacon signal that alert satellites when and where
passive measurements are being made (i.e. frequencies, look
directions, integration times, etc). A motivation is to exploit
near reciprocity so that successful decoding of the beacon
at the satellite according to a preset threshold implies that
it would generate excessive RFI at the radio telescope. In that
scenario the satellite must cease any transmissions. Adjusting
the beacon power then controls the extent of the RQZ and
number of active satellite links. We extend the preceding path-
loss model to analyze the probability of excessive RFI as a
function of beacon power, number of satellite links, and beam
characteristics. Our analysis shows that because the beacon
approach can account for short-term channel variations, more
satellite links can be enabled compared with the RQZ ap-
proaches while achieving the same outage probability.

II. SYSTEM MODEL

A passive sensor such as a radio telescope in general
conducts a measurement by collecting received energy over a
particular frequency band B for a duration of 7" seconds along

a designated look direction. A transmitter in or adjacent to the
passive sensing band generates RFI at the radio telescope. In
this paper we consider RFI from satellites, where the arrival
of the satellites to the field-of-view of the radio telescope is
modeled as a stochastic process. The aggregate RFI level at
the radio telescope is denoted as RFI(¢) for ¢ € [0,T]. The
maximum allowable level of RFI at the radio telescope is
denoted as RFl.x. The radio telescope discards its recorded
data that corresponds to time instances when the instantaneous
RFI level exceeds RFI, ..

The satellites are LEO, and are positioned at an altitude
of h = 550 km which corresponds to Starlink LEO satellite
constellation [12]. Moreover, our methods are not limited to
this specific altitude. In particular, satellites reside on the
surface of the sphere centered at (0,0,0) with the radius
R, + h, where R, = 6371 km is the radius of the earth.
Let N represent the number of distinct satellites that enter
the field-of-view of the radio telescope throughout the entire
measurement interval [0, 7. If the value of T is sufficiently
large, N can be as many as the total number of satellites within
the constellation, although at a particular time, only a fraction
of those will be in the field-of-view.

We consider the worst case scenario where the satellites and
the radio telescope are using the same frequency band. For
adjacent channel interference, our method still applies, but the
path loss between satellites and the radio telescope must be
adjusted to reflect the attenuation by filtering of the adjacent
RFI.

We denote p;(t) as the transmit power of the i-th satellite
at time t; we denote d;(t) as the distance between the i-th
satellite and the radio telescope at time t. The Free Space
Loss (FSL) between the i-th satellite and the radio telescope
is expressed as [1], [13]:

FSL (d;(t)) y

2
(47Td2(t)fc) 7 0
where c is the speed of the light and f, is the carrier frequency.

As depicted in Fig. 1, we use 6;(t) to denote the angle
between the look direction of the i-th satellite and the direction
from the ith satellite to the the radio telescope at time t; we
use ¢;(t) to denote the angle between the look direction of
the radio telescope and the direction from the radio telescope
and the ith satellite at time t. We denote wp(-) as the
antenna pattern of the satellites (assuming all satellites have
the antenna pattern), and wg(+) as the antenna pattern of the
radio telescope.

The fundamental problem is enabling more efficient use of
spectrum across time and space accounting for both the radio
telescope and the satellite network. In other words, we would
like to determine a set of satellite links to activate, subject to
constraining the RFI level to be within the radio telescope’s
tolerance, which may depend on the particular measurement.

Let H, represent the set of active satellites that are posi-
tioned over the field-of-view of the radio telescope for any

250

Authorized licensed use limited to: MIT. Downloaded on February 06,2025 at 22:33:58 UTC from IEEE Xplore. Restrictions apply.



2024 IEEE International Symposium on Dynamic Spectrum Access Networks (DySPAN)

S,

Satellite lies in
the Sky Quiet
Zone.

_/'

Radio Telescope
Look Direction

Satellites cannot
point to a ground
station whose
distance is less
than L km to the
radio telescope
(Ground Quiet Zone)

Satellite Look
Direction

< L km

Fig. 2. Illustration of the fixed quiet zone (sky quiet zone and ground quiet
zone).

given time ¢ € [0, 7). Then, for i € H,, the interference due
to the i-th satellite at time ¢ is modeled as

o wr (8:(1) wr (4i(1)
10 = pi) 55 (0, 0)

&i(t), 2

where &;(t) captures the uncertainty in the instantaneous RFI
level. We model the &;(t)’s as independent stochastic processes
across the satellites. The aggregated RFI at time ¢ can be
expressed as

RFI(t) = > I(t). (3)
i€Hy
We define the outage probability as the average fraction of the
time that the aggregated RFI level exceeds RFIx,

1 T
Py & lT / L{RFI(t) > RFloa} dt|, (4
0

where 1{C} denotes the indicator of condition C, i.e.,
1{C} = 1 if condition C holds; otherwise, 1{C} = 0. In
general, one should note that the powers and the locations of
the satellites may be time-varying.

For simplicity, we will use the number of active satellite
links as the performance metric for the satellite network. In
the subsequent sections, we discuss two distinct methods for
allocating the spectrum across the satellites over time.

III. RADIO QUIET ZONES

In this section we present two different models for designing
RQZs.

A. Fixed Quiet Zones

We consider quiet zones both on the ground and in the sky.
In particular, the space is partitioned into regions as illustrated
in Fig. 2:

e Ground Quiet Zone: This is a region around the radio

telescope. If the distance between a ground station and

j-th satellite
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Fig. 3. Dynamic quiet zones for two different satellites.

region

the radio telescope is less than L km, the ground station
will not receive any satellite service.

o Sky Quiet Zone: This region is based on the intersection
point of the look direction of the radio telescope and the
sphere on which the satellites reside. If the distance of a
satellite to the intersection point is less than V' km, the
satellite cannot transmit.

The radii L and V' are taken as design parameters. Both the
outage probability in (4) and the number of active satellite
links are functions of V and L. The optimal values of V' and
L achieve a desired outage probability while minimizing the
number of deactivated links.

The simplicity of this approach is its key benefit. V' and
L can be computed offline and announced to the satellites.
For instance, this announcement could be transmitted through
a terrestrial connection to a satellite ground station. The
feedback from the radio telescope does not vary over short
time scales. However, this design is rigid in that it disregards
the satellite antenna orientations: a satellite located in the sky
quiet zone may not create harmful interference at the radio
telescope if its look direction is pointed away from the satellite.
In addition, the footprints of the satellite transmitters may span
hundreds or thousands of kilometers, making it difficult to
restrict the quiet zones without affecting much larger areas

[1].

B. Dynamic Quiet Zones

To increase the number of active satellite links with quiet
zones, we consider varying the quiet zones dynamically.
Referring to Fig. 3, each satellite can autonomously determine
the region on the ground to which they cannot point based
on their transmit power profiles and frequency assignments
given an RFI threshold 7. These regions then change across
satellites, depending on their locations.

One drawback of this method is that it requires significantly
more computation than the fixed quiet zones method. If the
number of satellites seen by the radio telescope and their
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Fig. 4. Illustration of the beacon approach.

trajectories are predictable over a particular time period (e.g.,
a few days), then the determination of quiet zone boundaries
for all satellites might be performed periodically and reloaded
into the memory of each individual satellite. Alternatively, a
band manager or the radio telescope operator may perform
these calculations and periodically communicate the results to
satellites through an independent channel.

IV. BEACON-ASSISTED PROTOCOLS

Neither the fixed nor dynamic quiet zones methods capture
short-term channel variations that may occur between the radio
telescope and the satellites. As pointed out in [1], RQZs may
include options for notification of active users. To that aim, we
propose a method for establishing a dynamic communication
environment between active and scientific users that enable
more efficient use of spectrum resources.

Referring to Fig. 4, we consider the scenario in which the
radio telescope can control the transmission of beacon signals
to notify potential interferers about measurements in progress.
The beacon transmitter(s) might be located at or near the radio
telescope, and operate within or adjacent to the band being
sensed. One option would be to exploit frequencies associated
with satellite command and control uplink. Another might be
to act as a user ground terminal which provides information
via a data channel or via an added modulation or side channel.

This approach can exploit instantaneous channel reciprocity
if the beacon transmitter is located at the radio telescope. If
the beacon transmitters are located near the radio telescope,
the compromise in the channel state information may not be
significant. That is, if a satellite can (cannot) detect the beacon,
then it will (will not) likely interfere with the measurement.
Hence beacons can take into account dynamically varying
channel state information as well as variations in passive
antenna operations and orientations. Moreover, the satellites
need to equipped with the additional receivers to sense the
beacon.

A. Design Considerations

The beacon power profile may be spread over time, fre-
quency and space. We denote Py(t, f,{2) as the beacon power
profile for a given time ¢, frequency f, and spatial direction 2.
The question we consider is how to design the beacon power
profile P,(t, f,€2) to maximize the number of active links in
the satellite network subject to a constraint on the probability
of excessive RFI at the radio telescope. In this section we
outline some basic design considerations. We assume that the
satellites know when and where in frequency and space to
listen for the beacon.

a) Beacon duty cycle: During the measurement, many
satellites may enter and exit the radio telescope’s field-of-view.
Hence the beacon must be transmitted frequently enough to
capture time-variations in the satellite locations and associated
channels. One possibility is that the beacons are transmitted
periodically and upon entering the field-of-view of the radio
telescope, a satellite must wait for that period to ensure that
there is no beacon before transmitting. Clearly, the cost of
this approach is that it would impact the throughput of the
satellites. On the other hand, the advantage of non-continuous
transmission of beacons is reducing the possible RFI from the
beacons to the radio telescope. For the subsequent analysis
we assume that the beacon signal is continuously transmitted.
That is, there is a dedicated frequency band B, for the beacon
signal where the beacon signal is always present during the
measurement.

b) Ultra-wideband signaling: This refers to an impulsive
type of signal that periodically illuminates the entire channel.
The primary disadvantage of this scheme is that the radio
telescope may need to be turned off during the beacon
transmission periods due to the large peak-to-average power of
the beacon, which can drive the radio telescope into saturation
or the non-linear regime. This is difficult in practice, due to
recovery and hysteresis effects associated with dynamically
shunting the beacon signal away from the radio telescope
front-end.

c) In-band versus out-of-band signaling: Referring to
Fig. 5, the beacon signal might be transmitted within the
passive sensing band (in-band), or in frequencies adjacent to
the passive sensing band (out-of-band). By exploiting channel
reciprocity, an in-band beacon can account for frequency
selectivity, but deletes the part of the spectrum that can be
sensed, because of its presence. In contrast, an out-of-band
beacon is subject to band-edge propagation, which may have
different characteristics from in-band propagation, increasing
the probability of excessive RFI. Exploitation of satellite
control uplink channels would depend on the placement of the
uplink relative to the passive observation band in question.

d) Spatial design: Another degree of freedom is how to
spread the beacon power across space, i.e., the beacon antenna
pattern. To exploit reciprocity, the beacon antenna pattern
should be matched to that of the radio telescope receiver.
If there is some antenna pattern mismatch with the radio
telescope, the beacon power must be adjusted accordingly
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Fig. 6. Beacon transmission scheme when the satellites periodically measure
the energy of the beacon.

to compensate for the difference in uplink versus downlink
attenuation.

e) Placement of beacon transmitters: Beacon transmit-
ters can be located either at or nearby the radio telescope.
Co-locating the beacon transmitter at the radio telescope may
pose dynamic range limitations to avoid causing compression
or damage to the radio telescope front-end. Instead, the beacon
transmitters may be placed around the radio telescope. In
that scenario, the radio telescope and the transmitters can
communicate with each other through a separate dedicated
(perhaps wired) channel. The drawback is potential mismatch
between antenna patterns associated with the beacons and
radio telescope.

B. Satellite Transmissions

When a satellite enters the field-of-view of the radio tele-
scope, we assume that the satellite collects the beacon energy
by integrating the received signal over the designated time-
frequency-spatial pattern assigned to the beacon. Referring
to Fig. 6, we denote the duration of this energy collection
as Tj, a design parameter. This must be less than the travel
time over the field-of-view of the radio telescope. To exploit
reciprocity, T3 should also be less than the coherence time of
the channel between the satellite and the radio telescope. The
satellites must not transmit while listening the beacon signal.

We present two alternative scenarios for controlling satellite
transmissions. !

First, the satellite senses the beacon only once when the
satellite first enters the field-of-view of the radio telescope. If
the beacon energy collected at the satellite exceeds a certain
threshold, the beacon signal is detected at the satellite. The
threshold depends on the satellite receiver sensitivity. Once the
beacon signal is detected, the satellite ceases to transmit until
it exits the field-of-view of the radio telescope. If the beacon
signal is not detected at the satellite, the satellite transmits until
it exits the field-of-view of the radio telescope. However, the
RFI generated by the satellite may increase during its travel
over the field-of-view of the radio telescope, increasing the
probability of excessive RFIL.

Second, the satellite periodically senses for the presence

Satellite exits from the field-of-view.Of the beacon signal. The satellite disrupts transmissions to

periodically sense the beacon with period T},. The first T
seconds of each period are reserved for measuring the energy
of the beacon so that T}, /T, represents the overhead spent on
sensing. If the beacon is detected in any of those intervals,
then the satellite ceases to transmit, but continues to sense
the beacon, and resumes transmissions if the beacon is no
longer detected. If the satellite does not detect the beacon,
its transmitter turns on and off according to the sensing duty
cycle.

V. PERFORMANCE EVALUATION
A. Assumptions

We assume a single radio telescope with a fixed look direc-
tion over the measurement interval. The arrival and departure
processes of the satellites across the field-of-view of the radio
telescope are stationary processes. We assume that the satellite
power profiles are constant over time when active. The process
{RFI(¢) | t € [0,T]} is assumed to be stationary.

For the beacon approach, we assume that there is a single
beacon transmitter located at the radio telescope. In addition,
we assume that the satellites periodically sense the beacon
signal, and that the measurement interval for the radio tele-
scope is much larger than the beacon period T}, as described
in Sec. IV-B. At any given time ¢ outside of the sensing period
T}, any satellite located within the field-of-view is transmitting
with some probability based on whether or not it detected the
beacon in the preceding sensing interval.

Since {RFI(t) | ¢ € [0,7T]} is assumed stationary, we
consider a snapshot of the network. That is, we drop the
dependence on t. We assume that the network consists of
N satellites where their locations are uniformly distributed
over the surface of a sphere centered at (0,0,0) with radius
R.+h km.? Specifically, the locations are generated according
to the homogeneous binomial point process [14, Prop. 1].
If M of these satellites lie in the field-of-view of the radio

IThese schemes could be combined with additional signaling about the
measurement schedule over the command and control channel used to manage
the satellite constellation.

2This is an approximation of the actual distribution since satellites are
launched in particular orbits and inclinations.
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telescope, we assume M ground stations uniformly distributed
over a region on the earth. In this region, each point is located
at a distance of less than 100 km from the radio telescope.
M is a random variable dependent on the realization of the
satellite locations. The associations between the satellites and
ground stations are selected to minimize the total distance
between them. The transmit power of each active satellite is ps.
The short term channel variations are modeled as log-normal
random variables, 10log;(&;) ~ N (0,03;) for each i.
Deactivation of the satellite links in the quiet zone approach
depend only on their locations. For the beacon approach, on
average M T, /T, satellites are listening for the beacon signal,
and the remaining M (T, — Tp) /T, satellites have made their
decisions based on the preceding listening interval so that they
are either transmitting or are deactivated. For the simulations
we assume that T3,/7, is small so that approximately all
satellites have been instructed to transmit or remain silent.

B. Dynamic Quiet Zones versus Beacons

Let 7; be the channel gain between the i-th satellite and
the radio telescope. For the dynamic quiet zone approach, the
aggregated RFI at the radio telescope can be written as

N
RFly = Y pevi&il{psyi < 7}, (5)
i=1
where 7 is the RFI threshold level.

Ty is assumed to be shorter than the coherence times of
the satellite channels. The beacon is transmitted over the
frequency band B, with power p, for ¢t € [0,T]. Let ;
denote the channel gain for the beacon transmission to the
i-th satellite. If there is no antenna mismatch, 7; = ;. Let n
denote the threshold ratio of received beacon energy to noise
density N at the satellite. That is, the beacon is detected at
the ith satellite if p,T7:& > nNo.

Therefore, the aggregate RFI at the radio telescope with the
beacon-assisted protocol is

N
RFI, = Zps%fil{PbTb%& < nNo}. (6)
i=1

From (5) and (6), if p, and T} are chosen such that
nNo 7
»wTy  ps’
RFI levels are deterministic, i.e., & = 1 for all 4, and there
is no antenna mismatch between the beacon and the radio
telescope, then the dynamic quiet zone and beacon-assisted
approaches turn off the same satellite links and achieve the
same aggregate RFI level (RFIy = RFI,).

(7

C. Simulations

The simulation parameters are given in Table I. We consider
the frequency band 10.6 — 10.7 GHz centered around f. =
10.65 GHz, which is assigned to radio astronomy. The radio
telescope antenna diameter D can be found from

D

Gmax =20 loglo <)\> 3 ®)

Carrier frequency 10.65 [GHz]
Bandwidth 100 [MHz]
PFDmax —240 [dBW/m?/Hz]
Satellite altitude 550 [km]
Satellite transmit power —8.3 [dBW/MHz]
Maximum gain of the satellite antenna 30 [dBi]
Satellite beam-width 5 [degree]
Maximum gain of the radio telescope (Gmax) 64 [dBi]
Beacon power (py) 10 [mW]
Maximum gain of the beacon transmitter 32 [dBi]
Threshold at the satellite (7)) 9.6 [dB]
0dB 5 [dB]
Sky (Antenna) noise temperature (715) 300 [K]
Satellite receiver noise temperature (77) 100 [K]
Radio telescope antenna pattern ITU-RA 1631 [15]
Beacon antenna pattern ITU-RA 1631 [15]
Satellite antenna pattern 3GPP TR 38.811 [16]

TABLE I
SATELLITE AND RADIO TELESCOPE PARAMETERS.

Radio Telescope
= == Beacon Transmitter

Antenna Gain [dBi]

0 5 10 15 20
0 [deg] (off-axis)

Fig. 7. Antenna gain versus off-axis angle for the radio telescope and the
beacon transmitter.
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Fig. 8. Outage probability versus 7} for the beacon approach for N €

{500, 1000, 1500, 2000}.
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Fig. 9. Outage probability versus the fraction of the active links for the fixed
quiet zones, the dynamic quiet zones, the beacon approach and the genie-
aided approach, when N = 1000.

where A is the wavelength [15]. The threshold for the power
flux density (PFDy,y) is taken from [17] for 7' = 2000 sec-
onds. The relationship between PFDp,x and RFI,, is given
by

RFIa = PFDpam(D/2)? x Bandwidth. 9)

The noise power spectral density at the satellite, Ny, is given
by No = k(T, + T.), where k is the Boltzmann constant
(1.38 x 10723J/K), and T, and T, are sky noise temperature
and satellite receiver noise temperature, respectively.

For the beacon transmission, we assume an antenna mis-
match with the radio telescope corresponding to a reduction
in antenna gain: the maximum gain of the beacon transmitter
is assumed to be 32 dBi whereas for the radio-telescope it is
64 dBi. The mismatch in the resulting patterns is shown in
Fig. 7. The figure shows that the mismatch goes to zero when
the off-axis angle is greater than 6.5°.

Fig. 8 shows outage probability for the beacon approach
versus Ty, for N € {500, 1000, 1500,2000}. The correspond-
ing average numbers of satellites in the field-of-view are
{21,42,63,84}. It is evident that an increase in the number
of satellites necessitates a longer beacon duration 7} in order
to maintain a consistent outage probability. It is important to
note that the value of T} is contingent upon the power of the
beacon. Specifically, a decrease in beacon power requires an
increase in the duration of T}.

Fig. 9 compares the performance of the quiet zones (fixed
and dynamic) with the beacon approach for N = 1000. For
this example, the average number of satellites in the field-of-
view is 42. The figure shows outage probability versus the
fraction of active satellite links each method. The fraction of
active satellite links are computed for the satellites located
within the radio telescope’s field of view.

Also shown as a performance benchmark is the performance
of a genie-aided greedy algorithm, where the genie knows

the RFI generated by each satellite and deactivates the links
associated with the largest RFI to ensure that RFI < RFI ..
Specifically, for the genie-aided method let (I;)XY.; denote the
interference levels of the satellite links where I; < I; when
i < g If Zf\il I; < RFI,.x, all links remain active, and if
I; > RFI,., all links are deactivated. Otherwise, there exists
a unique K € N such that 1 < K < N and

K K+1
> L <RFlyy < Y ;. (10)
i=1 =1

Then, the first K links are active and the others are deactivated.
Hence, in the genie aided approach, the outage probability is
Zero.

To generate the simulation results in Fig. 9, in each ran-
dom trial the satellites and the ground stations are dropped
uniformly over the spherical region. For the fixed quiet zone
L = 50 km, both the outage probability and the fraction
of the active links within the radio telescope’s field of view
are computed for a range of quiet zone radii in the sky V'
between 0 and 24/h(2R. + h). That is, the fixed quiet zone
curve in Fig. 9 is obtained for L = 50 km and all quantized
values of V' in that range. For the dynamic quiet zone curve,
the corresponding outage probabilities and the fractions of
the active links are computed for different values of the RFI
threshold 7 € [10717,10714]. Similarly, the results for the
beacon are obtained for values of T} € [0,5.3] ms.

Even with the genie-aided approach, a minimum of 66% of
the satellites located within the field-of-view of the radio tele-
scope must be deactivated to ensure that RFI < RFI,,x. The
results show that for an outage probability < 10~2, dynamic
quiet zones enable a significant increase in active satellite links
relative to fixed quiet zones, and the beacon approach provides
a similar further gain relative to the dynamic quiet zones.
The gain depends on the variance of &;, which represents the
random channel variations as &; increases, so does the relative
gain of the beacon-assisted approach.

In addition, we expect that the gap between the beacon and
genie-aided approaches decreases as N decreases. In particu-
lar, when the radio telescope’s field-of-view encompasses only
a single satellite and there is no mismatch between the antenna
patterns, the beacon-assisted performance achieves the genie-
aided bound.

VI. CONCLUSIONS

We have proposed a beacon-assisted protocol to facilitate
sharing of spectrum between passive sensing and a satellite
network. The beacon exploits channel near reciprocity, i.e., if
the beacon energy received at a satellite exceeds a threshold
then the satellite is likely to generate excessive RFI, and is then
instructed not to transmit. The beacon power can be adjusted to
ensure that the aggregate RFI from multiple satellites does not
exceed a threshold that disrupts measurements at the passive
sensor. For parameters selected based on a network of LEO
satellites, numerical results show that a beacon with modest
power combined with integration times of a few msecs can
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reduce the probability of excess RFI (outage probability) to
less than 0.01. When compared with a conventional fixed
quiet zone surrounding the radio-telescope, the beacon offers
a significant increase in the number of active satellite links
that can be supported with the same outage probability. In the
presence of random channel variations (e.g. due to changing
weather conditions), the beacon approach can also offer a
significant gain with respect to a dynamic scheme for defining
quiet zones based on predictable satellite trajectories.

Although we have focused on the scenario in which a
radio-telescope shares spectrum with a satellite network, the
general approach applies to spectrum sharing between other
types of passive sensors and terrestrial wireless networks. An
extension of this work is to consider the design of the beacon
signal with shorter integration times at the passive sensor. In
that scenario the outage probability should take into account
nonstationarities in received RFI. Another extension is to
consider the design of a distributed set of beacon transmitters
nearby the radio telescope or transmitters directed radially
around a passive sensor. Such approaches could communicate
with terrestrial networks or user devices.
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