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ABSTRACT
Should you decide to launch a nano-satellite today in Low-Earth
Orbit (LEO), the cost of renting ground station communication
infrastructure is likely to significantly exceed your launch costs.
While space launch costs have lowered significantly with innovative
launch vehicles, private players, and smaller payloads, access to
ground infrastructure remains a luxury. This is especially true for
smaller LEO satellites that are only visible at any location for a
few tens of minutes a day and whose signals are extremely weak,
necessitating bulky and expensive ground station infrastructure.

In this paper, we present a community-driven distributed recep-
tion paradigm for LEO satellite signals where signals received on
many tiny handheld receivers (not necessarily deployed on rooftops
but also indoors) are coherently combined to recover the desired
signal. This is made possible by employing new synchronization
and receiver orientation techniques that study satellite trajectories
and leverage the presence of other ambient signals. We compare
our results with a large commercial receiver deployed on a rooftop
and show a 8 dB SNR increase both indoors and outdoors using 8
receivers, costing $38 per RF frontend.
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1 INTRODUCTION
Today, if you launch a small satellite in space, you are likely able
to communicate with it from the ground station only for about
ten minutes per day [4, 5, 58]. Further and perhaps paradoxically,
the rent one pays on today’s satellite ground stations [6, 38, 85]
for every minute of access could quickly add up to rival the actual
launch costs of a small satellite (with recent nano-satellites costing
as little as $2000 to launch). Building or buying your own base
station – including the few existing open-source designs – is an
even larger investment [71, 89, 95]. These cost and communication
bottlenecks mean that very little useful data can be retrieved from
small satellites – often less than a few hundred kilobytes per day.
More problematically, should the nanosatellite be unresponsive
over the ten minute window or miss sending relevant data, an
entire day’s worth of data is lost. Given that many small satellite
missions are only designed to last a few months [52] with mechani-
cal or radiation-related failures being a constant threat, every day’s
data is precious. In other words, wireless communication to the
ground remains the key bottleneck in ensuring the success of the
small satellite revolution – and a problem that we in the MobiCom
community are best suited to address.

There have been several admirable efforts that have sought to
reduce or open source ground station infrastructure. Amazon’s
AWS ground stations [7], Stellarstation [2] and Planet Labs [69]
are recent efforts that allow users to rent time on base stations at
extremely fine granularity, providing cost savings. Various open
source implementations, e.g., Satnogs [30] have built frameworks
that simplify deploying your own base station. However, across
these efforts a fundamental challenge remains – the cost of individ-
ual base stations is high [71, 89, 95], and these need to be placed
in optimal pre-surveyed locations (e.g., rooftops) with significant
installation and maintenance cost – both of which limit the scale
and add to the cost of the network.

In this paper, we take the first steps towards addressing this
problem by building Quasar, a satellite ground station that costs a
few tens of dollars and can be placed anywhere (including indoors).
Our system is designed so that while each single base station is
unlikely to pick up even the strongest satellite signal, teams of
wimpy base stations can collectively pool their data at the cloud to
coherently combine and decode them. While there is rich literature
on distributed coherent combining in wireless LANs, cellular net-
works, low-power IoT and even radio observatories [19], we believe
the Low Earth Orbit (LEO) satellite context and our per-base station
price point brings forth unique system design challenges that we
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address. We implemented and evaluated our system by distributing
Quasar's inexpensive ground stations over a large U.S. city and
obtained a distributed image of the city (and surrounding regions)
captured from LEO satellites overhead in space that was not decod-
able (or even detectable) individually at any single ground station.
Our satellite hardware system design will be made fully open source
and has an associated online portal for contributing satellite data
to create the framework for a community-driven satellite ground
infrastructure.

The rest of this paper describes our solutions to the key-challenges
in building a low-cost and distributed community-run satellite
ground station infrastructure. We focus on three speci�c challenges:

(1) Low-Cost vs. Synchronization of Base Stations: To perform
coherent combining accurately, ground stations must be perfectly
synchronized in time, frequency and phase. Yet, precise and accu-
rate clocks to synchronize base stations are expensive and often re-
quire deployment outdoors (e.g., GPS clocks, roof rent), which goes
against Quasar's accessible spirit and low-cost approach. Quasar
addresses this challenge by using signals-of-opportunity from unre-
lated ground devices like amateur radio towers as e�ective beacons
to synchronize distributed ground stations. We further show how
we can use the known trajectory and velocity of satellites over time
to account for Doppler shifts in frequency.
(2) Guidelines for Antenna Deployment: An important draw-
back of being able to deploy a node in any environment is signif-
icant signal attenuation, particularly in dense urban and indoor
settings. Indeed, this is precisely why satellite ground station sites
are typically chosen to ensure a clean line-of-sight path to satellites
overhead. Quasar addresses this challenge by providing general
guidelines on optimal indoor placement and orientation of nodes
and their antennas, accounting for factors including cardinal di-
rections, elevation, and proximity to adjacent surfaces using ob-
servations of trajectory and measured attenuation from satellite
reception in di�erent indoor scenarios.
(3) Noise Resilience vs. Limited Backhaul: To be truly resilient
to noise, one would have to coherently combine signals from as
many ground stations as possible � including those where sig-
nals are deeply buried under noise to the point of not even being
detected. Yet, this means that ground stations would have to con-
stantly stream all received signals to the base stations, even if they
appear like complete noise. This is a signi�cant strain on uplink
bandwidth (particularly when this uplink is home broadband) and
can disincentivize system adoption through a community-driven
approach. To mitigate this challenge, Quasar uses the known tra-
jectory of satellites as well as cues from ground stations that do
receive less noisy versions of the satellite's signal to decide, which
of noisy received signals to push to the cloud, while other more
noisy receptions can be locally discarded. We show that the result-
ing approach requires a very modest fraction of the total uplink
bandwidth in a typical home broadband connection.

We implement and evaluate Quasar on an RTL-SDR (costing
$25) that can be connected to a Raspberry PI or the user's laptop.
These are connected to EXS136SMI Laird technologies antennas
[28] allowing for a form factor of 9.95 by 1.20 centimeters and not
requiring specialized installation. The Quasar toolkit is developed

in Matlab and Python with an associated visualization tool avail-
able via a web portal designed using ReactJS. All source code and
hardware designs developed through this project have been made
open source to encourage community adoption and can be accessed
at https://www.witechlab.com/quasar.html. Our results reveal the
following:

� Quasar achieves an SNR gain of 8 dB by aggregating signals
at 8 ground stations, compared to the signals at individual
ground stations.

� Quasar conserves backhaul bandwidth by 33% at the average
user-deployed ground station by predicting when they need
to relay data up-stream.

� Quasar achieves an average structural similarity index of 0.85
outdoors and 0.74 indoors in recovering weather satellite
images using 8 ground stations; an improvement from 0.52
and 0.35 respectively, for a single ground station

Contributions: This paper's technical contributions are:

� The design of an open-source, distributed and community-
driven satellite ground infrastructure that e�ectively decodes
LEO satellite signals from individually low-cost gateways
that can be deployed anywhere.

� An approach to perform e�cient synchronization, con�g-
uration and coherent combining of signals from low-cost
gateways to recover signals individually undecodable at any
single gateway.

� An end-to-end system evaluation demonstrating e�cient
satellite data decoding, with minimal strain on backhaul
bandwidth.

2 RELATED WORK
Satellite Ground Infrastructure: Satellite signal access and spe-
cialized ground stations have been well studied since the time
the �rst satellites were sent to space. Di�erent designs have been
explored based on speci�c applications [29, 54]. Prior work has
also explored receive beamforming using large arrays with appli-
cations to radio astronomy [16, 39, 46] � di�erent from our work.
Recently, many non-government entities, e.g., universities, launch-
ing their own satellites and subsequently building a ground sta-
tion [1, 21, 82], ranging about $6000-10000 and countless volunteer
student hours, or creating networks of receivers that have limited
participation [50, 75, 78]. This e�ort and cost has limited the deploy-
ment of ground stations to only a few amateur radio enthusiasts
who are willing to deploy huge antennas on their rooftops.

Recently there has been increasing interest in both academia [77,
90] and industry [2, 7, 55, 68, 69, 86] to design ground station net-
work from which users can simultaneously access multi-satellite
data using a subscription model. While these e�orts have improved
satellite data access by reducing latency using innovations in the
cloud and ground station network, we di�er in our approach where
we try to receive single satellite data using distributed receivers.
SatNogs[30] allows users to schedule receptions after deploying
one's own ground stations as well as access to processed data from
other users; however, it doesn't provide raw I/Q samples for pro-
cessing. There have been many e�orts towards miniaturizing parts
of the ground station hardware [49, 66, 74, 76]. These works reduce
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Figure 1: LEO satellites (a) operate in low altitudes and hence
o�er only a small angular view of the Earth, and (b) operate
in polar orbits and complete one rotation in just 100 min.

the cost by innovating on the SDR or rotator front, but size of an-
tenna and space required still remains the bottleneck. We strive
to �ll a gap in this space: cheaper receivers that do not require
roof access and whose data can be shared among users. We argue
that providing this will lower the barrier of entry to satellite re-
ceivers and encourage wider spread networks of ground stations,
particularly in under-served geographical regions.

Satellites in Mobile Computing: In the mobile computing con-
text, we've seen a budding interest in space, for applications includ-
ing lower-power GPS solutions for ground and satellites [14, 57, 60],
planetary network testbeds [10], and to supplement other sensing
modalities [12, 51] as well as recent surge in interest in enabling
satellite Internet [20, 37, 87] and satellite IoT [23, 63]. Since latency,
bandwidth and inter-satellite links are the bottlenecks in enabling
satellite internet, initial proposals in [13, 23, 36] have tried to sug-
gest some approaches to overcome these. We distinguish ourselves
from this body of work in that we are focused on applying mobile
computing concepts to ground stations for LEO satellites.

Coherent combining in Wireless Networks : Enabling synchro-
nous reception for wireless distributed systems have also been
extensively studied [17, 26, 32, 53, 62, 79, 84] showing promising
techniques for enhancing communication as well as sensing per-
formance. Coherent combining has also been integral to varied
wireless systems for enhanced communication [26, 32, 33, 70, 83],
location tracking [31, 43, 44, 61, 92] and sensing applications [22, 31,
42, 99, 100]. Designs for synchronization of low cost receivers using
GPS and custom hardware [3, 25, 35, 45, 48] have been studied,
but we aim to reduce the complexity of the receiver by not adding
additional hardware which goes against the spirit of our system.
Coherent combining has also been used for enabling optical com-
munication [11, 34]. In contrast to this body of work, our objective
is to build on this work in the LEO satellite context.

3 PRIMER & MOTIVATION
In this section, we describe brie�y why satellite base station in-
frastructure is expensive, particularly for LEO small satellites. We
note that we focus on LEO satellites because they o�er the cheap-
est launch costs for nano-satellites and form the vast majority of
satellites launched by small players (hobbyists, schools,etc.).

LEO satellites o�er a small angular view of the Earth: This
is due to their proximity to the Earth � typically a few hundred kilo-
meters away from its surface [4, 5, 97](about 160 - 2000 km). While
orbital parameters vary, this means that it takes approximately

15 LEO satellites to form a constellation that can cover the earth,
compared to only 3 in MEO [15] (e.g. GPS). That is, a LEO satellite
covers about 34 million sq.km. or approximately 7% of the Earth's
total surface area. While governments, defense forces and large
enterprises can a�ord to rent or install base stations that span the
Earth for LEO, this becomes an expensive proposition for hobbyists,
educational institutions or small �rms launching cubesats.

LEO satellites are only overhead for a short time: A second
related challenge that LEO satellites face is that they are visible
over any given geographical location only for about a few tens of
minutes per day [4, 5, 58, 97]. This is both due to the small angular
view of the satellites as explained above and their high speeds � they
revolve around the Earth in about 60-100 minutes typically. Note
that orbital parameters vary every revolution around the Earth, so
they often do not visit the same location of the Earth more than
a few times a day. This means that should a satellite data not be
received for any reason (e.g. faults) over these time windows, all
data for the day is completely lost. Unfortunately, most hobbyists
rent ground stations at a very small number of locations (typically
just one [6, 38, 85]), due to high rent costs.

Nano-Satellites live short lives: The life of a nano-satellite is
notoriously hard to predict given that it can be knocked o�ine
due to multiple reasons such as radiation-related failure, battery
failure or orbital decay. On aggregate however, small satellites live
much shorter lives than large satellites at LEO (e.g. the International
Space Station), given that satellite weight directly in�uences orbital
decay. It is common for cubesats to last as little as days to as long
as few years, but most typically a few months [52]. This means
that most hobbyists only obtain about few tens to a few hundreds
of days worth of communication traces from a cubesat before it
goes o�ine. This makes it all the more critical to lower the cost and
availability of satellite-to-ground communication links � there are
only so many chances one gets to communicate before a satellite
goes o�ine, and exactly when this might happen is hard to predict.

4 QUASAR DESIGN AND CHALLENGES
In this section, we discuss why we chose our particular design of
coherent combining across low-cost ground stations. We follow up
by explaining the research challenges in designing such a system
and present an outline for the rest of the paper.

4.1 Design � Why Coherent Combining?
Quasar's approach to lower the cost of access to space places low-
cost gateways that cost a few tens of dollars indoors or outdoors. We
envision a community-operated design where satellite enthusiasts
can place inexpensive receivers, wherever they have space available
within their homes, with guidelines provided on what locations
will be optimal. Signals from these gateways are then coherently
combined at the cloud to recover weak signals that may not be
individually recoverable at any single gateway.

Why not engineer cheaper ground stations? One might won-
der why we opted for the coherent combining approach rather
than geo-replicating existing ground station technology or engi-
neer cheaper ground station hardware. Our choice stems from the
fact that a major bottleneck in the cost of ground stations today
is installation [71, 89, 94, 95]. Today, satellite ground stations are
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Figure 2: System Overview: Quasar comprises of: (1) Syn-
chronizing Receivers (2) Guidelines for placement of re-
ceivers (3) Coherent Combining in the cloud

bulky and deployed on specially chosen locations, typically on
rooftops or hills. Installing a new base station at a carefully chosen
location incurs a cost that might often rival hardware components.

Our choice: Instead, our approach opts for the opposite �deploy
where you can� approach, allowing receivers to be placed indoors
or outdoors and relies on inexpensive hardware with a small form
factor. The result is signi�cant improvements in ease of deployment,
with the �ip side being that the ground stations are unlikely to
receive strong satellite signals. We address this problem through
coherent combining � adding up weak receptions across ground
stations that are geo-distributed to recover the satellite's signal.

4.2 Challenges and System Outline
The rest of this paper discusses three key challenges in Quasar's
design. We illustrate how each of these challenges interplay to
contribute to Quasar's architecture in Fig. 2.

Low-Cost Synchronization: Given that our ground stations are
inexpensive and often indoors, they lack the ability to natively
receive time, frequency and phase synchronized signals across
geo-distributed receiving devices. Sec. 5 discusses our approach to
address this challenge that relies on signals-of-opportunity from
other ground devices (e.g. Amateur Radio devices) to synchronize.

Optimal Ground Station Placement: While our system allows
for ground stations to be deployed indoors or outdoors, we provide
general guidelines to satellite enthusiasts on where ground stations
should be deployed for optimal performance. Sec. 6 describes our
analytical and data-driven approach.

Minimizing Strain on Backhaul: Having collected synchronized
signals from distributed ground stations, we now need to collect
satellite receptions without overwhelming backhaul bandwidths of
home broadband connections. Sec. 7 discusses our approach to do
this and to perform coherent combining e�ectively at the cloud.

We note that these techniques and engineering guidelines are
designed keeping in mind the unique challenges in the context of
distributed satellite reception while ensuring that the system can
scale seamlessly with increasing number of satellites and users.

Figure 3: Overlap between LEO satellites and Amateur radio
towers and repeaters in Pittsburgh city.

5 SYNCHRONIZATION
Coherent combining is essentially adding signals in a phase-coherent
manner across multiple receiving ground stations to boost signal to
noise ratio. This is why synchronizing distributed receivers is a key
component of any coherent combining system. The need for this is
further accentuated in our context because our system comprises
several inexpensive radios serving as ground stations. Owing to
the low cost of these radios, their hardware components are not
designed to provide frequency stability for a long time [73] � par-
ticularly the long reception times of ten minutes, which is typical
for Low Earth Orbit satellites. Moreover, because our radios are
distributed over a wide geographical area, techniques that involve
sharing a frequency stable clock are not a viable solution. To add
to this, many of our radios are deployed indoors with weak or no
access to popular time and frequency sharing systems like GPS.

In addition to these factors, there are certain challenges unique
to the LEO satellite receiver context that makes the use of prior
distributed receiver system techniques ine�ective. We need to keep
in mind that unlike most ground-based distributed systems, (1) the
transmitter in the case of LEO satellites is almost never under the
control of the users (except for the entity or organization owning
the satellite). This means that receivers deployed on ground by
general public cannot control and coordinate with satellite trans-
mitters to aid synchronization by incorporating smart preamble
design, Forward Error Correction, etc. (2) The high orbital speed
of LEO satellites introduces frequency o�sets called Doppler shifts
of greater magnitude than seen in ground based systems. (3) The
signals received from satellites are extremely weak due to the high
path loss incurred across 1000s of kilometer separation. Therefore,
traditional WiFi inspired phase-based synchronization techniques
will not work because the phase of the received signal itself is noisy
due to low SNR. An important di�erence here from GPS signals is
that we target generic LEO satellites whose transmit signals might
not be designed speci�cally for synchronization and localization.

Keeping these factors in mind, the design of our distributed
receiver system should be such that it works without tweaking the
satellite signals, can work even in low SNR scenarios and �nally,
should not impose additional burden on the users. In designing a
solution to operate with these constraints, one can intuitively think
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of using beacon systems akin to GPS which can provide strong
signals indoors to lock on to. We note that many satellites today
including Earth observation, weather monitoring, amateur and
educational satellites operate in or near amateur radio bands in
VHF (144-148 MHz) and UHF (420-450 MHz) amateur frequency
bands [8, 59, 64]. Fig. 3 plots the LEO satellites [91] and Amateur
radio stations operating in the VHF and UHF bands in Pittsburgh
city region[18, 47]. It can be seen that the operating frequencies of
satellite and amateur radio stations signi�cantly overlap in the VHF
band and lie in close proximity in the UHF band. Because of their
low frequency of operation, amateur radio signals can travel long
distances and be received indoors. Given their proximity to many
LEO satellites' frequency of operation, it is lucrative to use these
signals for synchronization inspired by other systems which use
separate transmitters for synchronization in MIMO [79] context.
We refer to these signals as signals of opportunity. The advantage of
using signals of opportunity is that they are already available, thus
preventing the need to use additional resources by the users for
synchronization. In areas where these amateur radio signals are not
available, we propose one of the users to produce an arti�cial signal
of opportunity by installing a transmitter to serve the vicinity. When
the received SNR is not poor, we can use preamble and frequency
synchronization headers from the received satellite packet itself.

5.1 An Analysis of Hardware O�sets
Before describing our techniques in detail, let us �rst understand
the di�erent o�sets which need to be synchronized especially in
our context. To characterize these o�sets succinctly, we develop a
narrow band signal model as follows. Consider a receiver labelled as
8. These receivers su�er three broad classes of o�sets: (1)Frequency
O�sets:when their carrier frequency (58) is o�set from that of the
satellite (5); (2)Phase O�sets:when the locking of their phase locked
loops result in a phase (q8) that is o�set from the satellite (qB); and
(3)Sampling Frequency O�sets:when their sampling frequency (C8)
is o�set from the satellite (CB).

A challenge unique to satellites is introduced by the high orbital
velocities of LEO satellites. Their motion causes signi�cant Doppler
shift (538) which can reach around 500-1000 Hz for a minute of
reception. Mathematically, our channel model can be written as:

� B! 8 = �̂ B! 849¹2c 5 ¹C8� CBº¸ 2c ¹58¸ 538� 5ºÇ ¹ q8� qBºº (1)

Where �̂ B! 8 is the true wireless channel in the absence of any
hardware o�sets and� B! 8 is the measured wireless channel. The
remainder of this section describes two solutions to nullify these
o�sets. Remember, our goal is to synchronize di�erent receivers
with each other, not necessarily synchronize each receiver to the
transmitter. We use this approach in our solution using signals of
opportunity. In the absence of any such signals, we synchronize
each receiver to the transmitting satellite.

5.2 Using Signals of Opportunity
While receiving satellite signals, radios inevitably simultaneously
listen to any signal of opportunity that falls within their bandwidth.
As described earlier, the decision to use signals of opportunity for
synchronization is driven by the following two factors: (1) lack of
control of satellite transmitters and low SNR of received signals,
and (2) overlap of satellite transmissions with amateur radio bands.

Figure 4: Quasar uses signals from nearby amateur bands op-
portunistically to synchronize di�erent satellite receivers.

Our approach is to leverage channel measurements from frequency
bands corresponding to the satellite and the signal of opportunity.
Using these measurements, we synthesize an e�ective channel
between each pair of receivers that is free of all time varying o�sets
as follows.

First, we deal with Doppler shifts using local measurements at
each receiver. Each receiver experiences a di�erent Doppler shift
based on its geographical position and the satellite trajectory under
consideration. Simpli�ed Perturbation Models [40] - called SGP4 -
model satellite trajectory mathematically and report Doppler ve-
locities for a satellite with respect to a point on Earth at any time.
Using the Doppler shift values from the SGP4 model, we can nul-
lify the e�ect of Doppler for 8th receiver by multiplying measured

� B! 8 with 4� 92c 5̂38C, where 5̂38 is the Doppler shift predicted by
the model.[24, 67, 80, 96] report the accuracy of the SGP4 model
for orbit determination with errors of the order of 1 km. However,
Doppler shift for any satellite is calculated using the rate of change
of relative range of satellite from earth based receiver (also called
the range rate). Despite the large error in position, the error in
range rate is not high due to the slow growth in position error over
time, resulting in less than 150 Hz average doppler shift prediction
error for VHF and UHF bands [98]. This error in Doppler estima-
tion results in a small value of frequency o�set that can be easily
accounted for using phase correction on per packet basis using the
preamble. Let the Doppler free channel after this be~� B! 8.

To remove other o�sets, we make use of measurements from a
signal of opportunity. Similar to Equation 1, the channel from a
signal of opportunity involves all the o�sets other than Doppler.
We consider the case when the center frequency of signals of op-
portunity is (5>) and that of satellite (5).Based on our model for the
hardware o�sets in Sec. 5.1 above, the channel model for receiving
a signal of opportunity at the8th receiver is:

� >! 8 = �̂ >! 849¹\ >! 8¸ 2c 5> ¹C8� C> º¸ 2c ¹58� 5> ºÇ ¹ q8� q> ºº (2)

Our synchronization objective at this point can simply be thought
of as removing, step by step, the various o�set terms and obtaining
a value that is only dependent on thê� terms. To do so, we realize
that we can synchronize each pair of receivers¹8• :º at any time.
As a starting point, we �rst subtract channel phases of8and :
for satellite and signal of opportunity separately using~� B! 8~� *B! :
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and � >! 8� *>! : respectively. The idea here is to remove o�set
terms that correspond to the satellite and the source of the signal
of opportunity individually that inherently appear in a similar
fashion across both receivers from the same source. These terms
individually compute to:

~� B! 8~� *B! : = �̂ B! 8�̂ *B! : 492c 5 ¹C8� C: º¸ 2c ¹58� 5: ºÇ q8� q:

~� >! 8~� *>! : = �̂ >! 8�̂ *>! : 492c 5> ¹C8� C: º¸ 2c ¹58� 5: ºÇ q8� q:
(3)

(.)* denotes complex conjugate. It is easy to see that the above
two terms can be broken down into two components � o�set free-
channels (indicated by thê� terms) and hardware-o�set related
phases. Fortunately, the hardware-o�set related terms are identical
except for the center frequency of the satellite and the signal of
opportunity transmitter, which tells us that we can get rid of most
of them by dividing these two terms or equivalently, subtracting
their phases as shown below:

� 8: = ~� B! 8~� *B! : � *>! 8� >! : (4)

The resulting term that we call� 8: is free of frequency and phase
o�sets of between receivers8and: but has a remaining phase o�set
term 2c ¹5 � 5>º¹C8 � C: º as shown below:

� 8: = �̂ B! 8�̂ *B! : �̂ *>! 8�̂ >! : 492c ¹5� 5> º ¹C8� C: º (5)

This term characterizes the frequency o�set between the satellite
and signal of opportunities transmitter as seen at the receivers8
and: , arising due to di�erent operating frequencies. Since both the
satellite and signal of opportunity are not under the user's control,
traditional distributed MIMO [72] and cellular[79] approaches can-
not be used where the reference base station(in this case the signal
of opportunity) transmits for a very short interval just before client
transmission( in this case the satellite) on the same frequency to
estimate the phase and cancel the additional o�set term.

To remove this o�set, we need to estimate the phase of the chan-
nel at each receiver at the same time and frequency. Inspired by [32],
we extrapolate the averaged phase of the satellite and the signal of
opportunity channel using piecewise cubic spline extrapolation to
estimate the phase di�erence at the guardband between the two fre-
quencies at each receiver. The di�erence in the extrapolated phase
at the guardband corresponds to the term2c ¹5 � 5>ºC8 for receiver
8. The same process is repeated for receiver: and the di�erence
of the 2 terms accounts for the additional term2c ¹5 � 5>º¹C8 � C: º.
Extrapolation works because the (1) Doppler spread leading to the
fast fading channel is already accounted for using the satellite's
trajectory in Doppler correction step and (2) similar narrowband
transmission characteristics between satellite and LP-WANS[32]
in the VHF and UHF bands. We note that the above formulation
completely accounts for satellite signal channels(captured within
the �̂ terms) as well as all hardware-related o�sets. This approach
also extends to any pair of receivers and can be replicated prior to
coherent combination (described in Sec. 7).

5.3 Synchronization Using Satellite Signal
In the absence of signals of opportunity, we make use of the pre-
amble and frequency synchronization markers which are already
present in satellite packets. Unlike the previous approach, here we
are synchronizing each receiver to the transmitted satellite signal.
This approach requires that the signal strength of the received

Figure 5: SNR gain achieved using Signals of Opportu-
nity (SOP) vs Preamble for synchronization.

satellite packet be su�ciently high so that the preamble can be
detected as well as the phase of the signal in time and frequency is
recoverable. We note that in low SNR scenarios there are situations
when the data in the packet is undecodable, even if the preamble is
detectable. This is because the preambles are long and structured
sequences that can be detected at lower SNRs with correlation com-
pared to data payload which can be random and buried under noise.
This results in incorrect phase estimation for frequency and timing
synchronization. Hence, a minimum SNR is needed to ensure syn-
chronization with satellite signals. In cases where the individual
SNR is low, our only option is to leverage signals of opportunity as
in Sec. 5.2 above, while our approach in this section addresses the
other cases where the SNR is above a minimum threshold.

With the received signal, our objective is to identify the di�erent
o�sets in Equation 1. The carrier frequency o�set and the Doppler
shift manifest as a single term that linearly change the slope of
the phase over time. By estimating the slope, the sum of these two
terms is estimated. Similarly, the sampling frequency o�set creates
a slope over frequency when the signal is viewed in the frequency
domain. Estimating slope in the frequency domain, we get the
sampling frequency o�set. Other o�sets such as phase o�sets, do
not evolve over time and can be estimated using a simple one tap
equalizer. Fig.5 compares the analytical SNR gain of the system
after coherent combination (Sec.7.1) using the two synchronization
methods described in Sec.5.2 and Sec.5.3 for 6 receivers at di�erent
minimum individual SNRs by decreasing the magnitude of AWGN
noise in satellite signal. It can be seen that both the methods show
similar trends in SNR gain, however, the method using signals of
opportunity starts yielding gains at lower received SNR because it
is less susceptible to errors in phase of satellite signal.

6 GUIDELINES FOR ANTENNA PLACEMENT
Flexibility in placement of ground stations is critical for adoption

of Quasar. A signi�cant barrier to entry for deploying a base station
for the average consumer, beyond just expense, is access to a roof.
Quasar allows deploying base stations at a much lower cost inside
the home. When considering optimal placement of base stations in
an environment, users should consider the following observations:

Orbital Parameters: Many LEO satellites are in polar orbits, to
support coverage of the earth for applications like providing inter-
net or monitoring weather. CubeSats are also often deployed from
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Figure 6: 100 satellite passes of 10 LEO satellites, showing (A)
Azimuth Angles with local maxima at 0, 360 degrees (North)
and 180 degrees (South). (B) Elevation angles primarily near
the horizon (close to 0 degrees)

the International Space Station, at an orbital inclination of 51.64� .
In practice, we see from the ground that most satellites pass roughly
from north to south or south to north, as shown in Fig. 6(a). Fur-
thermore, most buildings are rectangular and coarsely align with
the cardinal directions. Thus, for the typical case, a base station
deployment could be selected based on system requirements: East
or West for fewer, more complete passes, or North or South for
more, less complete passes.

Antenna Behavior: The monopole antennas we use (Laird EXS136)
are vertically polarized duck antennas, as they co-optimize low cost
and small form factor ( 4 in) even at meter-scale wavelengths. Duck
antennas are omnidirectional and propagate roughly in a toroid,
and thus are most receptive of signals near the horizon when they
are vertically oriented and most receptive of signals overhead when
they are horizontally oriented. As most satellite passes are relatively
near the horizon as seen in 6(b), we recommend vertically orienting
antennas within the home for typical usage.

We show SNR across time for a very good trajectory for three
antenna directions in Fig. 7. The vertical antenna performs better
in the beginning while the satellite is near the horizon, and the
horizontal antenna performs better in the middle when the satel-
lite is overhead, supporting our hypothesis. We note our antenna
oriented at 45� performs poorly over the duration of the trace,
which we surmise is due to re�ectors, polarizers, and di�ractors in
the environment (e.g. buildings), which are typically built at right
angles.

Obstructions: Obstructions to indoor settings can be quite prob-
lematic. Since wavelengths for LEO satellites are usually quite large
(on the order of meters), they can typically propagate through most
building materials. However, some building materials have quite
a high permittivity and can result in signi�cant attenuation, par-
ticularly moist masonry, which can attenuate a signal up to 26x

Figure 7: SNR over a satellite pass for di�erent indoor an-
tenna angles. Note the vertically oriented antenna works
better in the beginning, when the satellite is near the hori-
zon, and the horizontal antenna works better in the middle,
when the satellite is overhead.

Figure 8: SNR over a satellite pass from windows at di�erent
indoor elevations. Note that the second and third �oors be-
have comparably well, but the �rst �oor su�ers because of
nearby ground obstructions.

as much as a vacuum [56]. RF waves cannot propagate through
metal, either, so received signals might be poor near window frames
and doors. Environmental factors such as leaves may attenuate the
received signal as well, particularly after a rain.

Floor: Conventional wisdom for antenna deployment recommends
deploying ground stations as high as possible [88]. In practice,
we found that for signals from satellites, there is little di�erence
in receiving data across �oors when near a window as long as
the antennas are high enough to avoid interference from ground
re�ections (i.e. a wavelength). In Fig. 8, we show SNR across time
for three di�erent �oors with the same antenna con�guration. We
observe that the second and third �oors behave similarly well,
but interference from ground re�ection results in the �rst �oor
performing relatively poorly.

Multipath: Multipath complicates the ideal placement of ground
stations in an environment-speci�c way. Unlike the aforementioned
considerations, devising universal placement advice that accounts
for multipath in a new environment is challenging. We believe that
a data-driven approach to placement guidance that accounts for
multipath is possible, when Quasar is deployed at a truly dense and
global scale. We leave this for future work.

7 COHERENT COMBINING
Upon deploying the receivers (following the guidance in Sec. 6)
and synchronizing di�erent receivers at the cloud (Section 5), in
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this section, we describe how Quasar coherently combines received
satellite signals. After synchronization, the signals no longer have
any hardware speci�c o�sets and are phase coherent. With this,
our main objective is to combine weak signals from tiny receivers
into high-quality received signals. We set out the exact formulation
that we use for coherently combining such signals in Sec. 7.1 as
well as the associated system design challenges in Sec. 7.2.

7.1 Coherent Combining Algorithm
Consider# receivers receiving a signalGand each with a di�erent
channel� B! 8. Intuitively, it su�ces to simply time, frequency and
phase synchronize each satellite receiver to any single common
one. Let us assume that ground station: is this common receiver
to create the illusion that the entire network of ground stations is
connected to receiver: 's clock. Following the operations described
in Sec. 5.2 on� B! 8G, we get� 8:G. With this, we have synchronized
the8th receiver to: . After synchronizing each stream, we perform
maximal ratio coherent combining [27] as follows.

Gcombined=
#Õ

8=1

� *8:� 8:G (6)

(.)* denotes complex conjugate. In order to perform this, we need to
estimate the channels� 8: after synchronization. This is done using
a one tap equalizer and estimating this over the preamble portion
of G. When� 8: is estimated accurately, each receiver's signal adds
in phase and noise adds up incoherently, thus providing gain in
SNR compared to a single receiver. This gain is termed as diversity
gain.

It is important to note that irrespective of which synchronization
approach is used, the algorithm for coherent combining resembles
Equation 6. Speci�cally, in the case of synchronizing each receiver
to the transmitted satellite signal (according to Sec. 5.3),� B! 8Gnow
becomes,̂� B! 8G. Once again,̂� B! 8, is estimated for each receiver
separately and we combine them as

Í #
8=1 �̂ *B! 8�̂ B! 8G.

7.2 System Design
From a design perspective, obtaining a strong combined signal
through a cloud architecture for coherent combining presents inter-
esting tradeo�s. This is because in theory, the quality of the result of
coherent combining will always improve as more and more streams
are provided from receivers. But from a systems point of view, we
note that there could be several reasons why it may be unnecessary
to send raw I/Q streams to the cloud all the time. (1) Because LEO
satellites are visible at any point on the Earth for only short periods
of time during the day, signals received by a particular receiver is
irrelevant for most of the day, except when the satellite is over-
head. (2) As explained in Sec. 6, not all receivers havegoodsignal
to noise ratio for each pass of the satellite. On the other hand, in
certain deployments, there may be too manygoodreceivers. In both
these cases, sending raw I/Q streams from all receivers is also not
necessary and at some point results in diminishing returns.

Based on these observations, our solution in tackling these sce-
narios is to design the system such that the cloud is a central author-
ity in deciding when and which receivers to combine and therefore,
save vital upstream bandwidth at the distributed ground stations.
We propose the receiver-cloud architecture encompassing the fol-
lowing features:

Figure 9: A screenshot of Quasar's web portal (all designs,
code will be made open source). Quasar seeks to create an
active community towards democratizing access to satellite
reception.

Location aware satellite reception : LEO satellites pass over a
location only for a small amount of time over the course of a day.
This is precisely why receivers don't need to listen always. In our
system, receivers make use of satellite trajectory model predictors
(such as SGP4) to identify at what times di�erent satellites pass
overhead at its speci�c location. With this information, receivers
turn on their radios only for this estimated duration. In the event
of multiple satellite passes occurring over an overlapping time
interval, users can decide which satellite to listen to. In this way,
each receiver independently decides when to listen to a satellite and
record I/Q samples. Given a su�cient population of radio receivers
and common interest in listening to a particular satellite, this will
result is successful recovery of data using coherent combination
for each satellite.
Report recording statistics to cloud : Upon completing the record-
ing, each receiver computes basic statistics such as Average SNR
and Peak SNR. It then reports them to the cloud along with the
initial recording time stamp at which satellite's signal was recorded
and the center frequency that was locked to listen to it. The cloud
receives these and performs an analysis to decide which receivers
to combine (which we detail, next). Meanwhile, in case the receiver
is expecting another satellite pass overhead, it pushes the recorded
data into a circular bu�er and proceeds with the new recording.
Cloud decides which streams to combine : The greater the num-
ber of streams coherently combined, the greater is the signal strength
that is boosted. On one hand, combining as many signals as possi-
ble when the average SNR reported by many satellite receivers are
poor makes intuitive sense. But on the other hand, combining fewer
signals makes sense if each of them have very high average SNR.
The quantity that drives the choice between theaggregate alland
aggregate what you needstrategies hard is the uplink bandwidth
cost. To choose a suitable operating point along the bandwidth
consumed vs. SNR gained curve, the cloud considers the satellite's
data payload (image, voice, ...) and decides on an acceptable SNR
(SNR-Desired) for the coherently combined signal that gives a good
quality of decoded data. It then computes the maximum theoretical
SNR that can be achieved by coherently combining di�erent sets of
receiver streams. If none of them are at least as high asSNR-Desired,
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