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(ABSTRACT)

Engineering problems involving the development of
cheap, easy-to-use, and effective packet communications
terminals for connectivity to low-earth-orbit satellites
(PACSATs) are addressed.

Two prototype terminals were developed: a base
station for maximum duration connectivity to the
satellite, and a smaller station for portability and low
cost. Commercially available systems for related amateur
radio uses were integrated for these prototypes. The
prototypes illustrated areas for further development
before widespread use of PACSATs can be realized.

To better understand some of the issues for PACSATs,
two analyses were developed. The first analysis approach
characterizes PACSAT orbits so that tradeoffs are readily
identified and quantified. Results from an analysis of
one PACSAT orbit indicate conflicting needs for the two

terminal types.



The second analysis approach addresses issues
involving the use of an increasingly popular method for
transmitting 9600 baud FSK which combines the spectral
efficiency of premodulation pulse shaping with the
simplicity of using FM discriminators for demodulation.
The spectrum of the transmitted signal is studied and the
performance of the demodulator is compared to that of an
appropriate coherent receiver. Doppler shifts on the
channel is particularly important for PACSAT
communications. An analysis approach that addresses the
mistuning problem is presented. Results of this analysis
identify changes that would better suit the needs of

PACSAT terminals.
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Chapter 1

Introduction

VITA, Volunteers in Technical Assistance, is a
nonprofit organization that provides technical assistance
worldwide, and especially to developing nations and areas
of recent natural disasters. VITA is developing a
communications network to improve their communications to
their volunteers as well as provide organizations in
developing nations with low-cost communications access to
information available at VITA headquarters and other
areas. This network integrates packet communications and
a computer bulletin-board system (BBS) with a low-earth-
orbit (LEO) satellite into a LEO packet store and forward
system called PACSAT.

Although LEO store and forward satellites have been
around for some time, PACSAT is unigue because it is a
commercial, general purpose system based on technologies
and techniques developed by amateur radio experimenters
over the past decade. The amateur radio community has

developed techniques of packet communications for



terrestrial networks and satellite communications for long
distance voice or Morse code (CW) communications. During
the past few years, there have been a number of

1 The most recent

experiments that integrated the two.
experiments are included in the recent launch of six Oscar
(Orbiting Satellite Carrying Amateur Radio) microsats.

One of these microsats is the UoSAT3 (U0O-14) with the
PACSAT Communications Experiment (PCE) onboard, which is
the the test bed for VITA's PACSAT concept. UoSAT3 was
developed by the University of Surrey's Surrey Satellite
Technology Limited (SST) which is also developing VITA's
PACSAT satellite.

Virginia Tech in cooperation with the University of
Virginia has developed communications ground stations for
VITA to use with the PCE. These ground stations also
serve as prototype ground stations for VITA's PACSAT.

Some of Virginia Tech's contributions to the development
and analysis of the ground station hardware and system are
the subject of this thesis.

The following sections provide an overview of the

technologies and techniques for the PACSAT concept and an

overview of the contents of this thesis.



1.1 Amateur Satellites

There is a considerable amount of amateur radio
interest in communications using satellites. With the
launch of the six microsats in January, 1998, there is a
total of 19 Oscar satellites. In addition, a number of
amateur radio satellites have been launched by the USSR
and by Japan. Even some shuttle missions and Mir (USSR's
space station) missions have included amateur radio
activities. Still other satellites, such as weather
satellites, have attracted interest in simply receiving
the satellites' data or telemetry. This interest has led
to a considerable amount of development of ground stations
for satellite communications. A good description of the
extent of amateur radio interest in satellites and a good

history of Oscar is presented in The Satellite

Experimenter's Handbook.2

Perhaps the most popular satellites for amateur use
are the Oscar Phase 3 satellites, Oscar 10 and 13. These
satellites are in highly elliptical orbits with very high
apogees. As a result, by operating transponders on these
satellites, a radio amateur operator can communicate over
very long ranges. However, in order to operate these
satellites, specialized equipment is required. Due to the

popularity of this type of communications, much of the



required equipment is available commercially and is
relatively inexpensive.

Figure 1 shows a block diagram for a typical Oscar
Phase 3 ground station. Due to the long ranges involved,
the station requires a high gain antenna. Circular
polarization is used on the satellite to avoid problems
with Faraday rotation; however, the sense of the
polarization should be switchable since the satellite may
deliver opposite-sensed polarized signals at the ground
station. A mast-mounted preamp is used primarily to
overcome the cable losses between the antenna and the
radio. The motion of the satellite in the sky dictates
the use of rotors for antenna pointing in both the azimuth
and elevation directions. The transceiver must be able to
handle weak signals and be able to tune out the doppler
shift from the satellite motion. For voice operation, the
control of the rotors and tuning is often done manually
with the aid of some satellite schedule information.

Due to the availability of Oscar Phase 3 equipment,
it can be conveniently incorporated into PACSAT ground
stations. Unlike the Oscar Phase 3 satellites, PACSAT
transmits linear polarization of uncertain orientation.
The Oscar type antennas are still useful because the
polarization loss is a constant 3 dB; however, there is no

requirement for switching the polarization sense. Also,



Rotor |......cvciiunn. High Gain
Antenna
Preamp
Transceiver
(Cable) (Tower)
Existing:

*VHF/UHF '"Mode J'" Transceivers
e0Orbit Prediction Software
sAmateur LEO Satellites

New Work:
«9600 Baud for LEO Satellites
sAutomation for Radio and Antennas
eAppropriate Orbit Prediction Software

Figure 1: Typical Oscar Phase 3 Ground Station



PACSAT ground stations must have the doppler tuning and

rotor position under computer control for automation.

1.2 Amateur Packet Radio

With the proliferation of personal computers during
the 1980s, amateur radio operators began developing
techniques to use radio communications for communication
between their computers. These efforts culminated in the
introduction of a standard for packet radio
communications: AX.25. There are several ARRL (American
Radio Relay League) publications that provide good
descriptions of this protocol, its operation, and its
history. A particularly good introduction to amateur

packet radio is Your Gateway to Packet Radio.3

Packet communications was originally developed for
communications between terminals and mainframe computers.
This type of communications is characterized by a demand
for a short burst of high speed communication separated by
long periods of silence. The concept of organizing the
information into packets (or groups of packets) is well
suited for the bursty nature of this type of

communications. These packets will also contain control



information which typically includes source, destination,
sequence numbering, and error control.

Due to the many commercial uses for packet
communications, there arose several protocol standards.
One popular standard is the X.25 recommendation of the
CCITT, the International Telegraph and Telephone
Consultative Committee. This standard provides a packet
interface between a data-terminal equipment (DTE) which is
the data source or sink, and a data-communication
equipment (DCE) which is part of the network. The X.25
standard includes a link layer standard known as LAPB
(Balanced Link Access Procedures), which is a subset of

the HDLC (High-level Data Link Control) protocols.4

1.2.1 A Short Overview of AX.25

The AX.25 standard is a modification of the HDLC used
in X.25. The distinguishing feature of this modification
is that it allows identification of source and destination
fields with FCC allocated call-signs. Such
identifications are known throughout any AX.25 network;
this is different from X.25 which assigns logical
addresses only at the interface between the DTE and the

DCE. As a result, there is no distinction between a DCE



and a DTE in BAX.25 and in the AX.25 protocol all nodes are
referred to as DXEs. Furthermore, since there was a lack
of network protocols or even the call setup protocols of
X.25 in AX.25, AX.25 allows for intermediate destinations
to be identified in each frame. These intermediate
destinations allow the use of packet repeaters
(digipeaters) but their implementation was only meant to
be temporary until higher level protocols were developed.5

Figure 2 outlines some of the differences between
HDLC and AX.25. The primary differences are in the
definition of the address field, the use of the control
field, and the reservation by AX.25 of the first byte of
the information field for protocol identification (PID).
The PID was reserved for future use by higher level
(layer 3) protocols.

The frames of the two protocols are compared in
Figure 2a. The frame, or packet, is bracketed by a pair
of flags of 7E in hexadecimal which is a unigque word
within the protocol: An octet (sequence of 8 bits)
consisting of 7E is always a flag occurring outside of the
data fields within the packet. The address field contains
source and destination information for both protocols but
this field is larger for AX.25 since it must contain the
source and destination call signs coded one call sign

character per octet. Also, AX.25 allows for several



a) Field Comparison of HDLC and AX.25

Frame:

Flag “ Address ControlllInformation FCs Flag

HDLC: Ox7E 8 bits 8 bits n octets 16 bits @x7E
AX.25: @x7E 7N octets 8 bits n octets 16 bits @=x7E

(N > 2 for digipeat, n limited to 256 for AX.25)

b) Control Field Definitions

HDLC AX.25
bit: @ 1 2 3 4 5 6 7 ¢ 1 2 3 4 5 6 7
I-Frame: @ -N(S)-- P =--N{(R)- @ -N(S)-- P --N(R)-
S-Frame: 1 ¢ s S8 P --N(R)- 1 ¢ s 8 P --N(R)-
U-Frame: l1 1 M M P M M M l1 1 M M P M M M
UI-Frame: ---- NOT DEFINED -~--- 1 1 ¢ ¢ p © @0 0

In both: N(R), N(S), P, S, and M bits operate the same way.

Figure 2: A Comparison of HDLC and AX.25
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intermediate nodes to be identified as digipeaters so that
the total address field can contain up to ten addresses or
a total of 70 octets compared to one octet for HDLC. The
FCS, frame check sequence, is a 16 bit cyclic redundancy

6 that is used to detect if any errors occurred within

code
the frame.

The control field in both protocols consists of an
octet coded as shown in Figure 2b. BAX.25 uses the same
error recovery method as HDLC uses. Once a pair of nodes
are connected, a sliding window flow control is used where
the maximum window length is seven frames. The sliding
window protocol is implemented through the control fields
for I-Frames (which contain an information field) and S-
Frames (supervisory frames which do not contain an
information field). When an error is detected, the
sending node retransmits the frame in error and all of the
frames transmitted afterwards: this mode of operation is
also called GO-BACK-N. When the maximum number of frames
in a window is transmitted, the transmitting node stops
transmitting until one of the frames is acknowledged.

When a frame is acknowledged, the transmitting station
assumes that all of the previous frames were also received

and the window is adjusted to begin with the first frame

that has not yet been acknowledged. The sliding window
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flow control protocol is controlled by the N(S), N(R), S,
and P subfields in the control field.

There is also a mode in both protocols that allows
the transmission of control information before a
connection exists (e.g., for when a request for connection
is sent). This control information is sent in U-Frames.
BAX.25 expands the definition of the U-Frame to come up
with a UI-Frame which allows information to be sent
without establishing a connection. This mode is of some
value to send beacon messages and was used for preliminary
testing of the UoSAT3/PACSAT.

Due to the popularity of the AX.25 protocol, several
manufacturers began developing TNCs which perform all of
the AX.25 functions. A TNC, terminal node controller,
consists of a packet assembler/disassembler for AX.Z3 and
a FSK modem. These TNCs are fairly inexpensive and they
greatly simplify the setup of a packet radio station. A
block diagram for typical packet radio station for
terrestrial use is shown in Figure 3. The TNC greatly
simplifies the integration with just about any computer
and radio.

Until recently these TNCs operated primarily at 1200
baud for VHF operation and used the Bell 282 modem
standard. (For HF, 300 baud from the Bell 1063 standard is

popular.)7 These modem standards were originally designed
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TNC Transceiver

Computer

Existing:

New Work:

Antenna

*Terminal Emulation Software
*AX.25 TNC
Transceivers

(Related to use of 9600 baud)
sDirect Modulation of FSK
eEfficient Protocols
*TNC Suitability

Figure 3: A Typical Terrestrial Packet Radio Station
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for voice-grade telephone networks and their signals were
provided to the radio as audio (mike) signals. This
approach is referred to as AFSK, audic-frequency shift
keying. Recently, a new approach to modems was developed
to directly modulate the RF carrier. This approach allows
9609 baud communications within the same FM voice channel
that was used to transmit 1208 baud AFSK. This modulation

8 It has some

was selected for the PACSAT satellite.
important features and it will be discussed in more detail
in a later chapter. The primary disadvantage of this
modulation compared to the earlier modulations is that it
will only work with certain FM transceivers (generally,

the more expensive base stations) and in most cases it

requires a modification of the radio's hardware.

1.3 PACSAT BBS Protocol

The bulletin board system (BBS) aspect of PACSAT has
its origins in the need for communications between
personal computers which have proliferated in the past
decade. Amateur packet radio operators have incorporated
and improved the BBS concept for packet radio use.
However, the basic BBS concept allows a user to enter,

edit, browse, and retrieve messages through a remote
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computer., Such a manual interface makes the BES
accessible but inefficiext. Due to the limited visibility
time available for a PACSAT, the PACSAT BBS system needs
automation through a new set of protocols that are
efficient for both the ground station and the satellite.
When operational, these protocols should allow
communications with PACSAT to occur without the presence
of an operator.

New protocols for the BBS function are being
developed by the University of Surrey and Virginia Tech
for VITA's PACSAT. The primary protocol is a file
transfer protocol which provides the functions normally
associated with a BBS. Details of this protocol will be

presented in future documentation of the PACSAT program.

1.4 Station Control Software

A lot of personal computer software has been
developed for various amateur radio applications. 1In
particular, software programs written for satellite
tracking, for real-time control of rotors and radio
tuning, and for terminal emulation are available.
Satellite tracking software generally computes satellite

position from the known ephemeris of the satellite.
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Software for real-time control of the rotors and tuners
operates in background so as not to interfere with the
communications tasks. By using the software that has
already been developed, considerable savings in time and

development costs can be achieved.

1.5 PACSAT Ground Station Development

PACSAT ground stations combine features of both
amateur satellite ground stations and terrestrial packet
stations. The ground stations will also include new

software for BBS protocols and station control.

1.5.1 Ground Station Requirements

In this project, VITA desired two different types of
ground stations for PACSAT: a base station and a portable
station. The two stations represent the extremes of a
continuum of potential applications; however, both ground
stations will be operated by relatively untrained
operators. The communications and tracking aspects of the
ground stations need to be automated and simple to use

interfaces are also desired.





































































































































































































































































































































































