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Nomenclature
AL = vehicle inclination, rad
BW = bandwidth of pseudo-noise signal, Hz
Eb/Nc(rec) = received total energy per bit-to-noise

density ratio, dB
Eb/Nc(req) = required total energy per bit-to-noise

density ratio, dB
f = frequency, Hz
G p = process gain, dB
H = altitude of satellite, m
ML = link margin, dB
R = bandwidth of data, Hz
RE = mean radius of Earth, 6371 km
RV = altitude of launch vehicle from center

of Earth, m
α = angle between vehicle axis and satellite, rad
β = angle between vehicle axis and its horizontal

direction, rad
γ = angle between launch azimuth and satellite

launch head line segment, rad
ε = angle between satellite and tangent of sphere

at the vehicle altitude, rad
η = angle between satellite center of Earth line

segment and vehicle–satellite line segment, rad
λ = angle between satellite center of Earth line

segment and vehicle center of Earth line
segment, rad

ρ = angle between satellite center of Earth line
segment and vehicle tangent of sphere at
normal at altitude of vehicle, rad

Introduction

O NE of the most crucial tasks of a communication system for
launch vehicles is that of evaluating real-time tracking and

telemetry data to provide command sequences for range safety.1−3

Range safety is a collection of services that maintain the integrity
of the launch system to avoid threats to human life. Many com-
munication services with launch vehicles can tolerate outages,
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whereas range safety requires constant, reliable communication.
Range safety communication systems receive inertial guidance and
system health status data from the vehicle and transmit command
data to the vehicle to invoke necessary action. For example, the
flight of future vehicles may be controlled by their propulsion sys-
tems, thereby allowing for a controlled reentry. In addition, the
range safety application may be expanded to include critical com-
munication for vehicles from launch, orbit, and reentry. There-
fore, ranges require a modern, reliable communication method to
be useful.

The current method for providing range safety commands for
U.S. ranges requires ground-based antenna systems to maintain an
ultra-high frequency link with the launch vehicle. The link extent re-
quires multiple downrange antenna systems. Associated with these
systems are the operational expense, logistics, and technical com-
plexity. New concepts for providing range safety have been inves-
tigated because of the costs associated with maintaining antenna
systems, ground station horizon coverage limitations, and uhf fre-
quency band crowding.

Space-based ranges may provide a more flexible, robust, and tech-
nologically advanced solution for range safety.1,4−8 They offer in-
creased reliability and global coverage, augmenting or eliminating
the ground-based tracking systems currently used. In contrast to the
current method for providing range safety, future communications
systems are often based on digital spread-spectrum modulation.
Spread spectrum is a digital modulation technique that separates
signals by codes and transmits different signals in the same time
and frequency space.9 It is transmitted over a wide bandwidth, so
that it provides an inherent degree of resistance to narrowband jam-
ming and noise interference. However, little work has been done to
evaluate the performance of a digital spread-spectrum communica-
tion system in a space-based range.

This Note determines the link characteristics of a digital spread-
spectrum communication system between a launch vehicle and
a space-based range during the launch phase. The launch phase
represents one of the most critical times for communication with
a launch vehicle. In contrast to a ground-based range, a vehi-
cle at the launch head is typically farthest from a transmitter
in a space-based range. This characteristic is unique to space-
based ranges and is made more complicated due to the effects
of rocket exhaust. There have been several studies on the ef-
fect of rocket exhaust on signal transmission.10−19 However, most
of these studies deal with analog ground-based transmission and
cannot be directly applied to satellite-based spread-spectrum sys-
tems. Although we used the NASA Tracking and Data Relay
Satellite System (TDRSS) as a specific example, our methodol-
ogy is general and can be applied to a variety of satellites and
geometries.

Our methodology includes the effect of attenuation due to rocket
exhaust, the trajectory of a launch vehicle, and several parameters
of the communication link such as signal-to-noise ratio (SNR), and
data rate. As an example, we considered the use of the TDRSS
geosynchronous satellite network for range safety services and pro-
vide results for a typical launch. In the next section, we briefly
discuss spread-spectrum communication. Next, we discuss the at-
tenuation due to rocket exhaust, followed by a discussion of the
geometry involved. Finally, we use a specific launch profile to pre-
dict the performance of a communication system through the launch
phase.
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Theory
Spread-Spectrum Communication

Spread-spectrum communication is currently used to provide re-
liable communications in a variety of commercial and military ap-
plications. It can be transmitted at low power, can be made difficult
to jam by design, and can allow multiple users to occupy the same
channel.9 Signals are transmitted in the same time and frequency
space and separated by codes, a process called code division multi-
ple access. Direct sequence spread spectrum (DSSS) is probably the
most widely recognized form of spread spectrum. The transmitted
signal is spread over a bandwidth much wider than that required
to send the actual data signal. At the receiving end, the signal is
then despread by the same amount. In channels with narrowband
noise or interference, increasing the transmitted signal bandwidth
results in an increased probability that the received information will
be correct. The process gain

G p = BW/R (1)

provides increased system performance without requiring a high
SNR.

The DSSS process is performed by effectively multiplying an rf
carrier with a binary pseudonoise (PN) signal that is running at a
much faster rate than the data. The signals generated in this manner
appear noiselike in the frequency domain with a bandwidth equiva-
lent to that of the PN signal BW. The wide bandwidth provided by
the PN code may actually allow the signal power to drop below the
background noise threshold without loss of information. Basically,
the spread-spectrum system transmits a signal over a frequency that
is much wider than the minimum bandwidth required for the signal.
At the receiver, the signal, but not interference, is despread because
of the unique code used.

The demodulation process correlates the incoming rf signal with
the PN code used in the transmitter. Using the same PN code in
the receiver as in the transmitter de-spreads the bandwidth of the
received signal to that of the data stream at the input of the trans-
mitter. The signal resulting from the same PN code is then filtered
and demodulated, and the data are recovered. Signals encoded with
different PN codes will generally not interfere because the codes
are usually chosen to be uncorrelated.

Effect of Rocket Exhaust Plumes
Rocket exhaust has been known for some time to have a signifi-

cant effect on communication to and from launch vehicles. This
is primarily because rockets generate exhaust plasma clouds con-
taining a high density of free electrons.12,14 It has been found that
the attenuation of a microwave signal by rocket exhaust plasma can
be modeled as a diffraction problem, where the exhaust plasma is
replaced by a diffracting object.11,15 This model has shown to be use-
ful, but it is only valid for relatively small angles from the vehicle
axis. An improved model would allow for the effects of scattering at
larger angles. Such an approach would allow the modeling of both
diffraction and multipath fading.

Scattering
Modeling of rocket exhaust by a diffracting disk to determine the

attenuation of a signal has been previously described.11,15 We con-
sidered a conducting sphere to model an exhaust plume to include
the effects of reflection at larger angles than those typically used with
diffraction.17 It has been shown that the scattered (diffracted) field in
the forward direction of an obstacle does not depend on the detailed
shape of the obstacle.20 This phenomenon has been observed exper-
imentally with a scale model of a rocket.11 Therefore, the scattering
by a sphere in the forward direction is a typical diffraction pattern,
and our approach is consistent with previous results with respect to
diffraction. The diffracted field due to rocket exhaust has been pre-
viously described.15 In addition, a general solution describing the
scattered field from a sphere at all points in space has been reported
in detail.17

Geosynchronous Satellite Communications
Overview

We considered the use of TDRSS geosynchronous satellite sys-
tem for a space-based range.21,22 It consists of several satellites in
geosynchronous orbits, a dedicated ground station, and a remote sta-
tion. Two satellites form the nominal operational TDRSS service at
41◦ W and 174◦ W longitude with a ground station in New Mexico.
There are at least four other satellites in the constellation that are not
necessarily available for service and whose final locations are not
presently known. The two available satellites provide near global
coverage, excluding a small region at about 285◦ W longitude. A
vehicle must maintain a 1200-km altitude for global coverage in
this region. A third satellite operates at 285◦ W, with limited service
with a ground station in Guam that could possibly provide global
coverage.

Geometry
Figure 1 shows the geometry of the relationship between the

vehicle and a satellite. The subsatellite point and vehicle are both on
the surface of a sphere concentric about Earth, where the dark lines
indicate arcs on the surface. Figure 2 shows the relevant relationships
in the satellite–subsatellite–vehicle plane. The angle at the vehicle ε
between a satellite and the tangent of the sphere can be found from23

cos ε = sin η/ sin ρ (2)

where

tan η = sin ρ sin λ/1 − sin ρ cos λ (3)

sin ρ = RV /RE + H (4)

Fig. 1 Geometry of vehicle–satellite system.

Fig. 2 Satellite–subsatellite–vehicle plane.



368 J. SPACECRAFT, VOL. 42, NO. 2: ENGINEERING NOTES

Fig. 3 Value of α as a function of time for STS-103 on a 90-deg launch
azimuth.

For a vehicle traveling at an inclination of AL , the angle between
the launch azimuth and the satellite-launch head line segment can
be written as

γ = π/2 + (π/2 − ε) cos(AL − λ) (5)

The vehicle will be traveling along a trajectory where its vehicle axis
makes an angle with the direction of inclination, depending on the
vehicle’s slope. Labeling the angle between the vehicle axis and the
horizontal direction of the vehicle as β, we write the angle between
the vehicle axis and the satellite at the vehicle axis as

α = γ − β (6)

As an example, we used the flight trajectory from a launch ve-
hicle to find the value of α between the vehicle and the TDRSS
satellites. We used the flight trajectory from space shuttle mission
STS-103, on 20 December 1990, from NASA Kennedy Space Cen-
ter, Florida, on a 90-deg launch azimuth. Using this trajectory, we
calculated the values of α for both TDRSS satellites as shown in
Fig. 3. Note that the TDRS-west satellite cannot support this mission
at launch because the launch site is on the fringe of coverage and not
usable in line of sight. However, the TDRSS support opportunities
increase during the orbit insertion period. Therefore, values of α for
the TDRS-west satellite are not shown when it is unavailable. The
results show a similar pattern of angles increasing with time as the
vehicle slopes more toward horizontal. In addition, the TDRS-west
satellite has consistently larger angles than the TDRS-east satellite.

Simulation
We determined the link margin under ideal conditions as a func-

tion of data rate, then included the effect of rocket exhaust. A de-
tailed link budget analysis of the TDRSS–vehicle (forward) link was
previously performed.1 The link margin can be written as

ML = Eb/N0(rec) + G p − Eb/N0(req) − PL (7)

where each parameter in Eq. (7) is measured in decibels. We con-
sidered a carrier frequency of 2106.4 MHz that is a service available
on each TDRS. The processing loss (PL) is due to various ineffi-
ciencies in the receiver and was taken to be 1.0 dB (Ref. 1). The
value of Eb/Nc(rec) at 250 bps with the TDRSS operating in high-
power mode was taken to be 21.4 dB, which was the value found in
a previous study.1 The required value of Eb/N0 (req) depends on the
bit-error rate (BER) that can be tolerated and the type of modulation
used. We considered binary phase shift keying modulation in our

Fig. 4 Link margin as a function of data rate for Eb/N0(req) = 5.1 dB.

study, which is commonly used and available with the TDRSS, and
considered a BER = 10−5. There are different methods to decode the
data. A common practice uses convolutional encoding of data with
a one-half code, Viterbi decoding with a constraint length of 7, and
a 32-bit path memory, which gives Eb/N0(req) = 5.1 dB (Refs. 1
and 9). Using the TDRS value for BW = 6 MHz in Eq. (1), and
for a data rate of 250 bps, gives G p = 43.8 dB. Therefore, Eq. (7)
shows the static link margin to be 16.2 dB at 2106.4 MHz.

The link margin is dependent on data rate, BER, and modulation
method. Using the aforementioned values, we determined the link
margin from Eq. (7) as a function of bit rate as shown in Fig. 4.
The results show that appreciable link margins can be achieved if
the bit rate is low enough. For larger values of Eb/N0(req), the data
are shifted down by the corresponding amount and shifted up for
smaller values of Eb/N0(req).

For reliable communication, the link margin must be greater than
a predetermined value for all times. To establish the link margin
as a function of time, we first calculated the signal attenuation as a
function of angle α. For small values of α, the attenuation will be due
to multipath effects from reflection by the plume. In this case, we
used an average symbol energy-to-interference ratio of one, with
the phase uniformly distributed. Note that an additional 3 dB is
required by the degraded channel to achieve the same performance
as an unfaded channel.24 For large values of α, the attenuation will be
primarily due to diffraction. We used the same geometry as others,25

specifically, a ratio plume center-to-receiver distance to a plume
diameter of 2.8. The attenuation is a function of angle and is shown in
Fig. 5 for the STS-103 mission. At small values of α, the attenuation
is due to multipath effects; hence, the constant value. As the angle is
increased, the source moves from the front of the vehicle to its rear,
and the signal interacts more with the plume; therefore, attenuation
increases. In general, the actual value of attenuation also depends
on the propellant used; the large attenuation in Fig. 5 is due to the
high aluminum content of the solid boosters.

The link margin may be determined as a function of time because
the geometry of the launch vehicle is known as a function of time,
just as the attenuation is a function of angle. Using the trajectory
in Fig. 3 and an initial static link margin of 16 dB at a data rate of
250 bps from Fig. 4, we calculated the link margin as a function
of time shown in Fig. 6. Because diffraction effects only occur at
relatively large angles, the signal from the TDRS-east satellite was
only affected by reflection and suffered a constant 3-dB attenuation.
Because the TDRS-west satellite made relatively large angles with
the vehicle, it suffered attenuation due to diffraction. Therefore,
its link margin was attenuated more than the TDRS-east satellite.
For this particular launch profile, one satellite would be able to
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Fig. 5 Attenuation of link margin as a function of α due to rocket
exhaust.

Fig. 6 Link margin as a function of time for STS-103 at 250 bps.

provide range safety services. For other launch profiles, the attenua-
tion could be determined for a particular data rata, Eb/N0(req), and
propellant. The attenuation would determine whether range safety
services could be provided or whether another satellite is needed to
provide services.

The cost of implementing a space-based range can be high. The
most practical solution is to consider satellites already available for
service. Therefore, the launch and development of satellites can be
avoided. Under this assumption, the cost of a space-based system is
reduced to support services and equipment. Some ground services of
space-based ranges are needed. They are, for example, data process-
ing, weather forecasting, security, and command system tests. For
ground-based systems, additional maintenance costs are needed to
keep ground sites operational. The current method requires numer-
ous ground sites to support range activities effectively. Agreements
with different countries could change, causing an impact to current
range operations. In addition, the range safety retention of UHF
frequencies is uncertain. Another support frequency band may be
needed that would significantly increase ground-based costs. There-
fore, if a satellite network is considered an available asset, the cost of
a space-based system is generally lower than that of a ground-based
system.

Conclusions
By the use of our approach, the link margin for a particular ve-

hicle launch profile, data rate, and signal-to-noise ratio can be de-

termined. The features of a spread-spectrum communication link in
a space-based range that contributed the most to the link margin of
the received signal were the processing gain and bit rate. By ad-
justment of these factors, the link margin may be increased to an
acceptable level. For a given satellite with a fixed processing gain,
the bit rate can be lowered to increase the link margin. Given the
TDRSS network and a launch azimuth of 90 deg from the east coast
of the United States, a flight termination system with bit rates in the
vicinity of 100–250 bps seems the most probable, with link margins
in the vicinity of 13 dB. For this trajectory, we found that at least
one of the two operational TDRSS satellites could provide flight
termination.
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