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Most small satellites operations, including those in the CubeSat community, maximize
the duration of single communication passes with ground stations, but, in doing so, do
not maximize the total data transferred. In this paper we examine methods to maximize
data download by waiting to begin transmission at a non-intuitive high elevation angle.
This elevation angle reduces the slant distance and allows the link to be closed at a higher
fixed data rate. Though the transmission duration is shorter, the total data downloaded is
greater.
We examine this method for a variety of pass configurations and compare it to distributions of passes for known ground stations around the world. The results of this study
(analytic and numerical) are presented along with recommendations for strategies for maximizing the amount of data transmitted for a given satellite orbit. These methods rely
on the ability to alter the data rate of a radio while on-orbit, enabled through the use of
flexible-rate radios.
We expand this study by examining the amount of data transferred for individual
groundstations over the course of a year. It is shown that an optimal fixed data rate
can be found such that the amount of data downloaded is maximized for the year. Finally,
recommendations for radio development are given for the small satellite community.

I.
A.

INTRODUCTION

Overview and Motivation

ypical small satellite communication links are attempted near where the satellite passes over the local
T
horizon. This has the benefit of maximizing the duration of communication with the satellite, which
helps for coordination and operational activity, but restricts achievable data rates. Since most low-cost
satellite radios have a single fixed data rate, the radio system must be tuned to communicate at this low
elevation,1 which often means that only low data rates can be realized.
As more small satellites take on science missions, however, greater amounts of data are generated on
orbit. These missions require methods to improve the total data downloaded, but still are limited to fixedrate radio technology. Thus mission designers are faced with limiting data generation in some manner
(onboard processing, compression, sampling, etc) to reduce communication requirements or are forced to
increase the satellite size to allow for more advanced radios. To date, several interesting science missions
have been prevented from using small satellites because of this limitation.2
Rather than increase satellite size, in this paper we consider methods to exploit knowledge of the orbital
path to increase the total data downloaded while remaining constrained to a fixed-rate radio. These methods
allow for the use of current radios (and small satellite structures), but their use is also investigated for larger
missions.
B.

Literature Review

Methods to optimize communication links and radio systems have been studied for years and a wide literature is available. Here we focus on specific methods that seek to improve data throughput for small
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satellite as these are usually the most constrained systems. Generally research has focused on optimizing
the satellite communication system, the groundstation or the radio hardware. A basic small satellite (a
CubeSat) communication system design is discussed in 5 while the close relationship between the amateur
radio community and the CubeSat community is discussed in 3. The characteristics of any communication
system are generally described by link budgets. A thorough description can be found in 1, but the amateur
radio community also is exhaustive in its description.4 Active antennas and antenna design to improve
communications have been considered in 6 and 7, but these are generally difficult to implement on a small
satellite. An alternative to the standard hardware radio, software defined radios, have been considered for
CubeSats in 8, but has yet to be realized.
A majority of CubeSat architectures use fixed data-rate radios onboard, often restricted to a few selective
baud rates (4800, 9600, 19200, 57600, etc),3 though these rates are chosen by the radio manufacturer rather
than the designer. In general we will restrict ourselves to a more flexible fixed rate (any integer rate) but
will also consider these specific rate choices and their impact upon the mission.
Much of the literature previously discussed describes the design of communication systems. Several works
describe the fact that the system must be designed for the longer communication distance when the satellite
is located near the horizon. A few mention the existence of a wide link margin between this design and one
for a slant distance when the satellite is directly overhead.9 The availability and exploitation of link margin
is thoroughly discussed in 10. Much of that discussion is similar to the modeling section in this paper. This
paper differs from the existing literature in that we examine methods to exploit the link margin by finding
a better fixed data rate to utilize. This exploitation provides the capability for satellites in low-Earth-orbit
to potentially double the total data downloaded.
C.

Original Contributions and Paper Outline

In this paper, the problem of improving data download for small spacecraft is discussed analytically and
numerically in the context of a maximization problem. The present paper studies this optimization problem
and provides the following original contributions:
• An analysis is presented for data rates, data download and duration of link as a function of elevation
angle.
• The elevation at which to begin a transfer of the maximum amount of data is shown not to be at the
horizon due to large slant distance and small link margin, but generally at a higher elevation.
• Considerations are given to altitude effects as well as implementation for non-LEO missions.
• A method is shown to provide the data rate giving maximum data transferred over the course of a
year.
The remainder of the paper is as follows. In Section II, the problem is formulated while communication
and orbital pass models are constructed. In Section III methods are shown to exploit the available link margin
with additional considerations for the choice of data rate based on satellite pass numbers over the course
of a year. Additional subsections provide details on variable data rates and deep-space mission examples.
Conclusions are then provided in Section IV. Orbital and spacecraft parameters for the example satellite are
provided in Appendix A.

II.

Problem Formulation and Modeling

In this section, we model the orbital geometry and a simplified link-budget. In doing so, we identify the
limitations of fixed data-rate radios and mathematically formulate the problem considered in this paper.
A.

Orbit Pass Geometry

A satellite in circular orbit has its position and velocity defined through the use of the Keplerian elements, a,
e, i, ω, Ω and ν, also known as the semi-major axis, eccentricity, inclination, argument of periapsis, longitude
of the ascending node and true anomaly respectively. With these elements we can find the relative position
of the satellite with respect to the ground station’s latitude and longitude. For the examples used in this
paper, the orbital parameters are defined in Appendix A.
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Much of the following analysis is derived from equations found in Reference 1. Consider a ground station
located at latitude and longitude (λ̂, L). Figure 1 describes the relationship between the various angles and
distances describing the satellite position relative to the the center of the Earth and is taken with permission
from Reference 1. Figure 2 describes the relationship between the satellites position and the position of the
ground station for a pass.

Figure 1. Geometric relationship between an orbiting satellite and a surface groundstation with respect to
the center of the Earth. Figure used with permission.1

Figure 2. Geometric relationship between a spacecraft and the groundstation during a pass while on a circular
orbit. Figure modified and used with permission.1

Define S to be the range from the satellite to the ground station. From these figures, it can be seen that
S is greatest when the satellite is at the local horizon (when λ = λmax ) and least when the satellite passes
at the maximum elevation angle (when λ = λmin ).
Two expressions for slant distance are provided here based on the geometry presented in Figures 1 and
2:


r + RE 2
2
1/2
S = RE ((
) − cos δe ) − sin δe ,
RE
sin λ
,
(1)
= RE
sin η
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where δe is the elevation angle above the local horizon, λ is the Earth central angle and η is the nadir angle
and can be derived directly from 1. Of these parameters, δe and S are variable while the other parameters
remain fixed (for a circular orbit) for each pass. It is possible that over the course of many passes, λmax and
λmin will vary (see Section III.A).
B.

Pass Time

The duration of a satellite pass above a ground station can be expressed as:
P
cos λmax
,
arccos
180
cos λmin
E
90 − δe − arcsin(sin RR
cos δe )
P
E +r
=
,
arccos
180
λmin

T =

(2)

where λmin can be found as a function of elevation as:
RE
,
RE + r
sin η = sin ρ cos δe ,
sin ρ =

(3)
(4)

λ = 90 − δe − η,

(5)

⇒ λmin = 90 − δe,max − arcsin(

RE
cos δe,max ).
RE + r

(6)

The pass time will vary over the course of many orbits when the positions of the spacecraft and the
groundstation do not exactly align. It directly relates to the total amount of data downloaded for each pass.
C.

Signal-to-Noise Ratio

The signal-to-noise ratio (SNR) relates all of the parameters in communication systems. A high SNR
indicates that a communicated message will likely pass uncorrupted from transmitter to receiver. A low SNR
is indicative that the message may be obfuscated. By adjusting the various parameters in a communications
system we can observe their effect on the SNR. If the SNR does not exceed a specified value, communications
cannot occur.
From Reference 1 an approximate SNR of a communication system is given by the link equation as:
SNR =

P Ll Gt Ls La Gr
,
kTs Dr

(7)

where P is the transmitter power, Ll is the transmitter-to-antenna line loss, Gt is the transmit antenna gain,
Ls is the space loss, La is transmission path loss, Gr is the receive antenna gain, k is Boltzmann’s constant,
Ts is the system noise temperature and Dr is the data rate. For a given orbit, only the Ls parameter will
vary.
Furthermore, we can expand Ls as in Reference 1 as:
Ls =

λ
,
(4πS)2

(8)

where λ is the wave-length of the transmitted signal and S is the path length in meters.
By combining and re-arranging these equations, we can examine the relationship between path length
and data rate as:
P Ll Gt λLa Gr
,
16kTs Dr π 2 S 2
P Ll Gt λLa Gr
,
⇒Dr =
16kTs π 2 S 2 [SNR]
α
= 2
S

SNR =
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(9)

(10)

P Ll Gt λLa Gr
where α = 16kT
and is approximately constant assuming a fixed SNR as needed for communications
2
s π [SNR]
and given satellite and orbital parameters for each communication pass. In this paper, path length is
directly equivalent to slant distance. It can be seen, therefore, that the available data rate for a given SNR
is approximately inversely related to the square of the distance the signal must travel.
To receive data, however, the SNR must be maintained at a high enough value for the message to be
detected in spite of noise. The excess SNR above the minimum SNR level for communication is known as
the link margin. For instance, a data rate chosen (with associated minimum required SNR) may not be
viable for a long slant distance (when the spacecraft is at the horizon) as opposed to a short one (when the
spacecraft is overhead).
Ideally in a pass, the link margin is minimized. Excess margin implies that a faster data rate could be used
(or more power is being utilized than required), thus more data could be transmitted down. Unfortunately,
some margin must be maintained (due to unpredictable effects, such as weather, that affect the noise level),
typically about 3 dB. Available link margin can be predicted through the completion of a link budget and
achievable data rate through (10).
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Figure 3. The data rate that can be maintained as a function of elevation and the corresponding pass duration
for that data rate. For each elevation where communication begins (x-axis) the corresponding maximum data
rate and duration of link can be found (y-axis). Orbit and satellite parameters can be found in Appendix A.

D.

Problem Formulation

Based on the integrated communications model presented, the problem in this paper is to maximize the total
data downloaded for each pass while constrained to transmit at a single fixed data rate, or:

max
Dr

Z

tf

aDr dt,

(11)

t0

and subject to the constraint that:
a=


0

1

if SNR < 3 dB,
otherwise,

(12)

where a indicates the availability of a link. This is equivalent to examining a saturation control problem,
where a constant control strategy is needed to maximize a cost function, but it is likely that any control
chosen will have regions of zero or inefficient impact on the cost.
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III.

Exploiting Link Margins

The link budget, as modeled in the presented problem formulation, has excessive link margin for some
slant distances that is in excess of what is needed for good communications. In this section, we examine
methods to exploit this margin such that total data downloaded can be increased.
A.

Constant Data Rates

The majority of ground stations and satellites attempt to communicate as soon as the satellite passes over
the local horizon, i.e., when δe = 0. For a sample satellite, with communication and orbital parameters as
in Appendix A, the fixed data rate that can be maintained as a function of elevation is shown in Figure 4.
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Figure 4. The data rate that can be maintained as a function of elevation, δe . Here we assume the satellite
passes directly over the groundstation. Orbit and satellite parameters can be found in Appendix A. It can be
seen that significantly higher data rates can be achieved as the elevation increases, or equivalently, as the slant
distance decreases.

The majority of radios used in satellite communications are built for a single data rate. The data rate
chosen for the radio is such that the satellite can communicate with the ground station (given antenna and
other link budget parameters) at approximately 5 deg above the horizon. While Figure 4 indicates that much
higher data rates could be achieved at higher elevations, the radio is constrained to a single rate (i.e., the
control is saturated once this elevation is reached and is unfeasible at lower elevations) and is unchangeable
after launch.
Consider Figure 3. Here a constant data rate is chosen for each elevation angle and maintained throughout
the satellite pass. Higher data rates cannot be maintained for the entire pass and so data is only transferred
while the link margin is positive. In the figure, we compare the duration of communication in a pass versus
the data rate that can be maintained. It can be seen that high data rates can only be maintained for short
periods of time.
In Figure 5 we examine the total data transferred if we were to choose a fixed data rate for a pass and
maintain it for the duration of achievable communications. This is equivalent to choosing an elevation angle
to begin communications and choosing a data rate such that the link margin in minimized at this elevation.
It can be seen that a maximum exists for the amount of data that can be transferred from a satellite in a
pass and it is not at the minimum elevation angle for communications.
Analytically we can express the total amount of data transferred as:


2 
Data = αRE



r + RE
RE

2

− cos2 δe

!1/2

2

− sin δe 

E
90 − δe − arcsin(sin RR
cos δe )
P
E +r
arccos
180
λmin

(13)

which is simply the data rate, held constant for a given elevation angle, multiplied by the duration that the
link can be maintained.
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Table 1. The amount of data downloaded, minimum elevation to begin communication and duration of communication link for standard data rates. Note that the maximum data transferred happens during a high
speed, short-duration passes, but not the highest speed pass possible.

Baud Rate
4800
9600
19200
57600
84000
115200

Minimum Elevation
0 deg
9.16 deg
19.48 deg
45 deg
63 deg
N/A

Total Duration
6.9 min
4.84 min
3.13 min
1.43 min
22.76 sec
N/A

Data Downloaded
1.99 Mb
2.79 Mb
3.61 Mb
4.94 Mb
2.91Mb
N/A

2.5

Data (Mb)

2

1.5

1

0.5

0

0

10

20

30

40
50
δ (deg)

60

70

80

90

Figure 5. The total data downloaded as a function of elevation (data rate). For each elevation where communication begins (x-axis) the corresponding maximum data transferred can be found (y-axis). Note that a
maximum exists at approximately 42 deg elevation. Orbit and satellite parameters can be found in Appendix
A.

Consider the standard bauds (4800, 9600, 19200, etc) which are often the selectable data rates for common
radios. At these rates, we can calculate the total amount of data downloaded as in Table 1.
We can numerically solve for the point of maximum data for each pass (an analytic solution is generally
difficult). If we consider that the satellite might not pass directly over the ground station, we can consider
a family of passes and find the elevation angles at which to begin communication where the most data can
be transferred. Figures 6 and 7 indicate these angles for our sample satellite.
B.

Variable Data Rates

The ideal situation would be for a flexible radio to change data rates as needed to always maximize the
amount of data transferred while respecting communication link constraints. Often this requires the use
of software-defined radios (where many parameters are flexible), or the ability for the data-rate switching
to happen quickly. Reference 10 discusses this approach for CubeSats and the use of changing fixed-data
rates. Unfortunately this requires both the groundstation and spacecraft to remain in sync, so some overhead
or pre-arrangement is required for this to work. An alternative method is the use of clock-less signals (or
rate-less signals), which supplies a clocking signal along side the data signal.11 With the common small
radio unable to change data rate frequently enough to exploit variable data rates and rate-less radios not
yet available for small satellites, these methods must be reserved for future use.
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Figure 6. The total amount of data downloaded as a function of the elevation angle to begin communications
and the pass duration. The more red the data point is, the more information that can be downloaded.

C.

Altitude Effects

As the semi-major axis of the circular orbit is increased, the gain in data transferred by optimizing the data
rate as before decreases. By approximately 10,000 km altitude over the Earth, almost no gain is provided
through this method. This is due to the fact that over the pass, the slant distance, from horizon to overhead,
changes very little as the altitude increases. We examine the amount by which the slant distance changes
(and by extention through Equation 16, the data rate that we can maintain) in Figure 8.
Consider the following analytic proof. The slant distance, given by Equation 1, is defined at the horizon
and directly overhead the ground station respectively as:


r + Re 2
(14)
) − 1)1/2 ,
SH = Re ((
Re


r + Re
) − 1) .
(15)
SO = Re ((
Re
If we compare a ratio of these two slant distances,

SH
SO ,

we can simplify as:

Distance Ratio =

r

1+2

Re
.
r

(16)

As r → ∞, the so-called Distance Ratio approaches 1. Therefore as altitude increases, the change in slant
distance decreases, reducing the total link margin available to exploit.
This ratio also depends strongly on the radius of the object being orbited. Consider the asteroid Itokawa,
the target of the recently completed Hayabusa mission. The small Minerva rover was designed to be deployed
to the surface while the Hayabusa spacecraft remained in orbit overhead. Though irregularly shaped, we
will assume that Minerva, upon landing, would operate on the surface of a bounding sphere with radius RA
co-located with the center of mass.
Minerva carried a small radio operating at 9600 bps with a range of 20 km.12 We will assume RA = 0.27km
(the largest dimension of Itokawa13 ). If remains in a safe circular orbit of approximately 1km altitude,13 we
can find the ratio of maximum to minimum slant distances to be 1.24 leading to a corresponding potential
total data gain if link dynamics are taken into account.
If we instead examine actual events, where Hayabusa remained at its home position (7km altitude) for a
majority of its time near Itokawa, we can see almost no gain can be achieved with these methods.
Since asteroid mission spacecraft usually are equipped with light-weight and robust equipment (often
fixed-data-rate radios), they might well benefit from the methods proposed in this paper.
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Figure 7. The elevation at which a maximum amount of data is downloaded as a function of pass duration.
Note that for short passes, it is better to begin communication as early in the pass as possible as the satellite
does not achieve a very high elevation during the pass.

D.

Global Passes

Over the course of a year, a spacecraft will pass a ground station with a variety of pass durations and slant
distances. We can examine the number of passes a satellite makes of a ground station at different latitudes
and pass durations in the form of a histogram as in figure 9 (Note that these figures are numerically derived
with a coarse grid leading to some numerical discrepencies).
Consider a particular ground station, at Ann Arbor, MI, so that we can look closer as in figure 10.
Given the data rate corresponding to the most data downloaded for each pass, we can maximize the
total data downloaded for an entire year to design an optimal fixed data rate. This global rate does not
necessarily match the local, single pass rate. This is illustrated in figure 11.
Future work will investigate analytic and numerical tools to find the optimal ground station locations to
use for a given orbit based on this histogram information.

IV.

Conclusions

This paper has investigated methods to exploit the communication link of small satellites that are required
to use fixed data rates. By choosing an appropriate data rate, total data downloaded can be maximized. This
method primarily works for LEO missions and loses its effectiveness as a function of altitude. In conjunction
with global pass coverage analysis, the methods presented can help designers plan for optimal placement of
groundstations and the optimal fixed data rate to use for the ground stations planned.
The concepts illustrated here presented here alter the normal mission planning strategy for small spacecraft communication links. Previous methods have been based on the idea that more time provides more
data. In this paper we have shown that this is not always optimal. Future work will investigate tools making
use of these methods for communication link design. It will also examine flexible radios that can change
their data rate and so follow an optimal data rate curve to maximize data downloaded.
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Figure 8. Comparison of slant distance changes as a function of pass elevation. As slant distance is inversely
proportional to data rate, a significant change in slant distance over a satellite pass indicates that a large link
margin might exist that can be exploited to achieve higher data throughput.

Figure 9. A histogram of pass durations based on latitude over the course of a year.
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Figure 10. A histogram of pass durations based on latitude over the course of a year. Spacecraft and orbit
parameters can be found in Appendix A. Note that the longest passes occur around 50 deg elevation.

Figure 11. Comparison of data rates between global and single passes.
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Appendix A: Satellite and Orbit Parameters
The example spacecraft used throughout this paper has the following properties:
Table 2. Spacecraft Parameters

Transmit Antenna Gain
Frequency
Receive Antenna Gain
Power

Gt
f
Ga
Pw

0.1566
440
0.711
0.7

dB
M Hz
dB
W

The example orbit used throughout this paper has the following properties:
Table 3. Orbit Parameters

Semi-Major Axis
Eccentricity
Inclination

a
e
i

7028.15
0
72

km
deg
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