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ABSTRACT

This paper describes a data link system used on a pro-
totype eutonomous roving vehicle, This system provides a means
of amcquiring, formetting and transmitting information on board the
vehicle to & controlling computer. Included is & statement of
requirements and the d~sign philosophy. Additionelly, interfacing
with the rover sysv-ms is discussed, al.ng with the overall per-

formance of the telemetry link.
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INTRODUCTION

Since 1967 there has been research at RPI aimed towards an
autonomous roving vehicle for the exploration of Mars, Due to the
great distances invelved, interplanetary expicration will have to be
done ty machines with leccal artificial intelligence,

The goal of this NASA-funded prcject at RFI has been to

4 detvstion/obstacle
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study and determine the feasitility o

avoidance system. The hardware centers upon e laser triangulaticn

scheme where pulses of light are projected at the terrain chead and
the returns are electro-cptically sensed and evaluated,

During the course of research, considerable hardware has
bean “~veloped to support this computer vision system. 4 four-wheel
drive roving vehicle, capable of negotiating wneven terrain,
built and evolved over the years. Recently, capabilities have teen
expanded both on board the vehicle and crff. Recently nmicrcprocressor
control of the steering and propulsicn system has been added to the
vehicle. A second generation laser scanning system with greater
resolution has been added. Additicnszlly, a more powerful ccmputer
is now being used.

Due to the fact that the decision-making computer is not

cn board the vehicle, a telsmetry data link Iis necessary in order to

relay the real-time information to the hest compuler.
This paper focuses on such a system and describes its

theory, oreration, constraints end maintenance. The hardware de-
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gerived has been built and tested
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PART Z

SYSTEM CONSTRAINTE

2.1 Dats Sources

The telemetry system is designed to provide a communications
link from the autonomous roving vehicle to the controlling computer,
This vehicle has numerous sources of information on board.

The main source of information is the laser vision system.
This unit, called the laser scenning mast, fires shots of infrared
light at the terrain ahead, and encodes the returns it detects. Ad-
dress information conteining azimuth and elevaticn informetvion of the
laser shot as well as data information describing the detected returm
are gathered bty the mast controller (see Craig's paper [1]). This
data is buffered and appears as one of the sources of information to
be sent to the computer.

The vehicle itself i1s the other major source of data. 3ince
the rover must move under real-time control, information concerning
its speed, pitch, roll, heading, steering angle, stc., must be included
in this data-acquisition system, Thes: data must also be buffered to

gllow for the access time involved in multiplexing many data sources.

2.2 BSystem Requirements

The main feature of the new telemetry system is its ability
to pass data at the higher rate required to service the laser scanner.
Additionelly, the system puts the data into a 16-bit address and 16-bit
data form, with each channel described by its own address. This allows

future expansion capabilities and a full 1€ bits of resolution if
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necessery. The system alsc selects the format in which the outrut

S S

is trensmitted so that the informetic: gan e quickly and efficiently
processed. The format can be selected by programming the read only
menory on the multiplexer board.

The speed constraint is set by the laser vision system.
The laeser mast can be progremmed to fire l:...er shots in any pattern
desired., The number of tnese shots determines the speed required.
Teking a worst-case figure, there can be up to 32 laser shots per
2,3 degree azimuth, as shown in Fig. 1. The real-time computer soft-
were elgorithms reguire e full block of vehicle information (gyro
headings, wheel speeds, ete.), after each azimuth. This means that
32 laser words and *h“en 32 vehicle words must be transmitted before
the next azimuth (€4 words ver azimuth). This implies a rate of 2L2
microseconds ver word, or a word rate of U129 words per second minimum.

The telemetry frame format in Fig., 2 shows the serial frame.
The ADLC (Advanced Data Link Controller Chip) generates the opening
flag, error check bits and closing flag. Thus for a Sh-bit-long word
sent at 4130 words mer second, we need a serial bit rate of at least
264 .2 kHz, A bit rate of 500 kHz is used to allow for a margin of
safety.

To allow for storage of data before it iz sent, FIFO (First
In, First Out memory) rate buffers are used in the laser electronics.
These allow data to be shifted into storage as it is generated from
the laser electronics and shifted out of the FIFO as it is transmitted.

The use of FIFO rate buffers guarantees thet no data will be missed

when the transmitter is servicing another date source. Also, rate
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buffering allows the information to be sent out in bursts or blocks,

The laser FIFO's are 40 words deep tu allow for a whole 32 word

zzimuth block.
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PART 3

ELEMETRY TRANCMITTER

The telemetry transmitter performs the functions of both de-
ciding which data source to service 'nd doing the actual serializing

and enceding of data. The schemetic diagrams are shown in the appendix.

3.1 Daota Pricrity Network

3.1.1 Deseripticn. The data priority network is shown in

#24

ig. TT1. Data input can ccme from either the four laser FIFOs or the
four vehicle FIFOs. To minimize the number of interconnecting wires,
the output eneble lines (CENARUS) on the FIFOs are used and the tri-
state data lines from each source are tied together on one commen bus.
This bus centains Lo address lines (Ab = least significont bit); 1<

data lines (Do = least significant bit), and control lines for the two

¥IFY3. These lines are all sent over cne SC-conductor ri
the teleometry transmitier card.

Mie to the interrupt-driven nature of the real-time vehicle
controlling software, the network must format the data it sends.
Appendix 1 lis%s the transmitted interrupts. EOA (end of ezimuth) and
E0S (end of scan) generated in the laser controller and sent threugh
the address FIFOs in bits AL3 and AL2, respectively, are described in
detail in Craig's [1] thesis. EOA is generated after each set of
azimuth shots and EOS tags the last shot of the last azimuth of a scaxn.
This scheme allows the real time system to be not!fied that it has

received a given azimuth set and the completion of a scan.
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Arnother duty of the priority netwerk is to ascune that fresh
vehicle date is sent elong with each EQA and that vehicle data bhlocks
are identified. Identification is accomplished by sending the vehicle
multiplexer board EOV (end of vehicle) interrupt. This interrupt is
pleced on the mest significant address bit of the last vehicle data
word for a given block of data.

3.1.2 Desicsn and Qreration. The interrupt bits above are

taken right from the bus and are used to set conditions in a J-K "mode"
flip-flop (U21, schematic TT-1). After a system master reset pulse
(MR) the "mode" (flip-flop, U21) gets cleared and the priority network

starts in the "vehicle mode," with the vehicle data FIFQ enabled and

the laser FIFC output disabled. Clocks ladbeled with numbers are genere-

ted from the 1 MHT master clock with decoders (U39 and ULJ)., Once in
the vehicle mode, phase "2" shifts out the vehicle FIFQ which causes
the first vehicle werd to drop to the bottom of the FIFQ stack and OR
VEHICLE (cutput ready) to go low after a short delay (see priority net-
work timing diagram, Fig. 4). Next, phase "4" clocks the new condi-
tions into the mode flip-flop (U21). The cutput rsady flip-flop, UD2A,
will not be szet if the FIFO that has been enabled does not have an
cutput ready. This flip-flop is used to inhibit any change in mode or
any new "shift in" pulses if the outputs were not ready. In this
manner, if a data source is removed (e.g., disconnect laser mast for
repairs), the data link will stay in the same mode and send only the
available data. The conditions, determined by EOA, EOS and EQV are

]

shown in the flow chart of Fig. 5.
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Phase "5" now resets the outpat ready flip-flcp so that a
new test tor output reedy may be made. Latch data occurs next. This
causes the complete 32-bit word to be stored in the telemetry latchecs
for subsequent transmission. Also, "latch data" clocks the output
ready flip-flop.

The cycle repeats, staying in the vehicle mode until an EOV
ig sent. Notice that the mode will not change until after the in-
terrupt word has been sent, thus no words will be omitted in the date

stream. Upon receipt of an EOV, the priority network switches into the

"

laser mode until an EOQA or EOS is sent. ZEither of these interrupts after
laser data will cesuse the svstem to gc back into the wvelilcle mode and
send at least a block of vehicle data. Notice NAND gate U23C will only
ellow the EOV to change the mode if the laser is ready, ctherwise

another block of vehicle data will te sent.

A throughrut calculation shows that, at worst, if an EQV
ceccurs and Just misses the laser's output being ready, the laser FIFQ
will not overfill while we are still in the vehicle mode. For a data
rete of 2L2 sec per word, 32 words are sent in T.20 msec. This means
the laser FIFO, which takes 11.1 msec maximum to gererate an azimuth,
will not overfill the 40 word FIFQ while filling it with an azimuth.

Timing end a flow chart are shown in Figs. b and 5.

3.2 ADLC Qperation

The heart of transmitter is a Motorola Mo8AShk advanced data
link controller (ADLC). This chip is a complicated 6300 suppor: device.

It contains FIFOs and shift registers for rate burfering and parallel

A -
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to seriel conversion. It has control registers and status registers
for a wide veriety of functions. 1In thié epplication, the device is
used in & trensmit data service request mode (TDSR). This is par-
ticularly well suited for the application as it is a DMA mode which
requires & nmimimum of hardware support. The device was selected be-
cause of its high speed, veriabhle length frame, low cost, excellent
error detection qualities, low power consumption, and its compatability
with the M6800 microprocessor currently used on the roving vehicle.

In fact, the design of the telemetry transmitter was simulated and de-
bugged using the 6800 steering and propulsion microprccessor. To
fully understand the oreration of the ME8ASL, the reader is referred
to the manufacturer's specification sheet (see the Appendix).

The ADLC trensmitter section has three bytes of rate-buffering.
(1 vyte = 2 bits wide) which can be written to via its data port. In-
formation put in this stack falls through to a parallel to serial shift
register. The ADLC will tzke an information field and add to it a
starting flag, error check bits and a closing flag. The frame format
is shown in Fig. 2.

The error check sequence empleys a cyclic redundancy error
check character. The ADLC automatically calculates an error check
character from the information field and this word is recelculated and
compared at the receiver. This method of error checking is very re-
liable, and because of the high data rate, any word found in error may
be neglected. In the case of 32 vehicle words, the data will not be-

come stale if it is miszsed cne time through the iloop since it is
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re-trensnitted once every 7.2¢ msec. That is, any word received in
error will not be changed in the computer, and the software can still
use the previous velue without eny loss in real-time control capa-
bilities since the real-time control loop is greater than 7.206 msec.

Tnternal to the controller chip, but accessible via the 8
tit bidirectionel date bus are four control registers and two status
registers. The device is configured during initialization. Like
eny 6800-type device, all the registers and buffers are memory-maspped
and can be selected via the ADLC address lines. Data transfer is en-
ebled by the chip select input and is transferred during falling
edges of the E clock.

After the chip is reset, it must be initialized by writing
the configuration desired into the four control registers.

TDSR is chosen because it is most efficient for direct
memory transfer, which is being done at the receiver (computer inter-
face). In the TDSR mode, when the transmitter's FIFCs request ser-
vice i.,e., they are empty) they signal this by setting their TDSR
terminel high (logicazl 1), rather than signailing this through an in-
terrupt request (IRQ). 1In this manner, time will not be wasted ser-
vicing an interrupt, but instead, TSR will signal the controlling
hardware so that the next byte can be sent.

Once the control registers are initialized, transmission
may commence (specific control register details are given in the
hardwere description). Since the word to be sent (information field)

is 32 bits long, end it can only be loaded into the ADLC one btyte at
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e time, there must be four one-byte write cperations to th

To signal the start of the frame, the first tyte ic
written to the "frame continue" address. This will initiate the
openning flas and start serial data flow at the bit rate selected
by the trancmit clock. Cued on TDSR, we can load the ADLC with the
next two bytes of the word to e sent., To close the frame, we send
the last byie by writing it to the "Frame Terminate" address. When
the ADLC sees this, it includes the error check sequence and then
the clesing flag. This whole transmit operstion is repeated con-
tinuously, sending the data arrearing at the latches.

The operaticn of the ADLC in the receive mede is covered

cn S...

(93

Sect

IS
s

3.3 Hardware Description

New that the ADLC has been descrited, the surport hardware

can be Jdiscussed. Schematic diagrams TT-1 threcugh 3 shew the tele-

metry transmitter hardware. All transmitter system clocks are derived

from & 1 MHZ crystal oscillator (AV1). This clock is fed to tw
synchronous binary counters (AU2 and AV1l) which are decoded by A3Q
end ALOC to generate the various micro-rhases, numbered 1 through 31.
These counters sequence through uatil ther reach a count of 35 when
they are reset by gate A3B (schematic TT-2).

An initiating master reset can come from the micreorrocessor
backplane bus or a pushbutton reset switch mounted on the transmitter

board. The reset clears the ADLC and ell counters and rlip flops to

Y

T

(B3

Urcn master reset, Il

¥

assure a syncrcncus, Jeterministic start-up.
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flop ULSD starts in the INIT (intielization) mode with "Q" (UL500)
low. This causes all bus drivers to the ADLC to te disabled and the
open~-cocllector initialization PROMs to be enabled. TFirmware read
only memories UL3 end ULb contain the data and addresses necessary
t0 write to the control registers and configure the ADLC. Thus, the
transmitter can be made to run in any availeble mode simply by pro-
greammninug these PROMs.

3.3.1 Initialization PROM Coding. The present configura-

tion for initializing the telemetry transmitter is shown in Appendix 2,
elong with the definitions of thz contrel register tits. Since the
ADLC is used as 2 transmitter here all control bits to the receiver
ere diseabled.

The first PRCM word sets up control register 1 (Pegister

select lines RS1l, RS0, R/W'equal 0, 0, 0). 1In this step we are put
in’the TDSR mode, all interrupt requests are disabled, the receiver
§ection is reset, and the transmitter is temporarily reset. Next, to
_access control registers 3 and 4, register 1 is again addressed.
This time address control (AC) is set and the transmitter reset bit
is no longer set. AC allows the selection of CR3 and 4. Control
register 3 (RSL, RSO, R/W = 0, 1, O with AC set) has all of its bits
set to logical "zero" states, since we are not interested in any of
these features except that of bit B3, which causes the transmitter
to send a continuous string of ones (flag idle time £ill).

We now select both opening and closing flags, as well as

the byte length with control register 4. Bit b0 does the former, and
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bits bl and b2, both high, set the transmit word length at & bits,
Of additionel importence is the fact that b7 is made zero, which
causes the serial bit streem to be in an NRZ format, NRZ means
non-return to zero, that is, the serial data stays in the same state
to send a binary "zero" and switches to the opposite state to send
& binary “wme.”

The PROM sequence continues with an access to control
register 1 in orfer to clear the AC bit. Next, register 2 can be
selected where the sysem is put in a pricritized status mode to
meke it easier to read the status.

The next two words frem the memory have system controlling
functions. First, notice bit D3 of PROM 2 is no longer set sc that
the 2DLC is not selected via "chip selext" any more. In address "0110,"
a start pulse appears ut bit D5 of the same PROM. This signel is used
to teke flip-flop ULS out of the INIT mode and start the sequencer
counters (AU2, AUlL). Notice that once the system leaves the initiali-
zation mode, this crcuitry is no longer needed, hence the reason for
gate U334 in TT-2, This gate inhibits any chip select pulses from the
PR('q 2ace the sysiem leaves the initialization mode. 1In addition, gate
U33B guarantees that a START pulse will not be generated prior to
initialization due to a race condition during master reset.

3.3.2 Trausmitter Sequencer., After initialization, the

sequencer depicted in schematic TT-2 is used tc set up data to and

control the opermtion of the ADLC.

Because the device has an eight-bit data port and thus can
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only handle long words in blocks of eight, & means of chopping devmn
the 16 bit address and 16 bit datae word wes employed. This it

shown in the block diagrem (Fig. 7) as the 32 to 8 bit multiplexer.
Also 8 latch is used to hold the 32 bit word while the multiplexer is
scanning end the FIFOs are getting the next word ready.

After clock phase "1" latches the 32 bits of data into the
L83Ths {U6-U9, schematic TT-3), the 32 to 8 bit multiplexer (U10 to 13)
operates as follows. Counter U5 gets = BYTE SEL pulse (clock phese 2)
end goes into the "00" state, selecting bits A0 through A7 in the
multiplexers. The first byte of the word is now placed on the ADLC
bus er.d phase "T" causes the "frame continue" address to be set up at
driver UlS, Hotice at this point that the ADLC is clocked on ECLK
(f2) which is the invert of phase one (f1). The opposite phase is
used because all data and addresses are set up by clock ¢1 and the
read/write is done by the ADLC on ¢2. The timing diagram in Fig. &
shows this arrangement., This also illustrates one complete four-hHyte
transfer and the synchronization with the FIFO shift out and priority
network.

The loading of the first word into the ADLC caures its TDSR
line to go low., This condition inhitits any further advance of counters
AU2 and AULl because TDSR tells when the next word can be loaded., The
time it takes for TDSR to again return to a logical "1" state depends
upon the transmititer clock rste, that is, how fast the serial data can
be clocked out of the chip. This rate, of course, should never exceed

the ECLK frequency. It is elsc important that all other operations
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such as shifting out the laser and vehicle FIFQs will cease when th

D

counters above are frozen.

When TDSR comes back up and the decoder (U30) reaches state
"9," the byte select counter (U5) will be clocked in order to put the
second byte (containing A8-A1l5) on the bus. When the sequencer reaches
state "14," this new byte will be put into the ADLC at the frame
continue address. After the ADLC loads this word, it again issues a
TDSR and the process repeats. The cycle ends when the last tyte
(D8-D15) gets selected at the multiplexers (ULO to UL3) during phase 23,
followved by writing this byte to the ADLC at the "frame terminate"
address (phase 28), This address (RSO, RS1, R/W = 1, 1, 0) notifies
the data link controller that the word to be read will te the last in
that frame. Thus each frame contains a whole word, A0 through D15.

Te ADLC can now do the necessary housekeeping to send the word out in a
serial streem,

The last thing the sequencer Jdoes is to load the byte select
counter (US) to its maximum count. This is done so that the first
BYTESEL pulse of the next frame will start the counter at zero again,
thus accessing the first byte. The sequencer runs continuously,
ghifting out data words from the FIFQs as it is ready for them. The
repetitive cycle is shown in a timing diagram in Fig. 8, and a state

diagram in Fig. 9.

3.4 Microvprocessor Control

In order to provide an interface to the gystem with a micro-

vrocessor, there is some additional circuitry on schematic TT-3. Com~
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"FC" address

Telemetry Seguencer State Diagram
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which of the four bytes of the 32 bit word are tc te loaded into th

ADLC. RYTESEL is clocked to signify the second word and the status

register is read repetitively until bit "CO" of status register 2 is set,

meaning the ADLC is ready for the next word. When this occurs, the
status is cleared, the multiplexer is tied to the ADLC data port and
the byte is loaded at the frame ccntinue address.

This repeats until accumulator B reaches L, when the byte
counter is to select the last byte. We again return the bus to the
multiplexer end enter the last byte at the frame terminate address.
The byte select counter end accumulator "B" are initialized and the
process repeats by returning to "C" in the flow chart.

The speed at which the transmit clock can be run is limited

[¢]
LY
O
Hy

by the time it takes for this program to acknowledge the presen

the TDRA status bit.

3.5 R¥ Traonsmitter

The preceding hardware provides an NRZ serial bit stream

with clock. If the system is used on the dynamic test platform within

the lab, a wireless link is not necessary, so the data and clock may

be sent directly to the receiver on the general purpose interface bdoard

(GPIB) via the two 50 ohm coaxial cebles provided. The receiver has a

50 ohm input impedance and the line drivers (ULBA and B, schematic

TT-3) on the transmitter vield sufficient current scurce and sink care-

o

bilities with the pull-up pull-dewn arrangement in the receiver.

For use on board the autonomous vehicle, the data must modulate

a radio freguency carrier, One problem with RF trensmission is that
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scme meens for sending along clock information must be included in
order to use a synchronous ADLC at the receiving end. After sur-
veying several encoding and modulation technigues, it was decided
that a biphase modulation technique would be simplest and easiest
to implement with the present bandwidth requirements and receiver
availeble. Biphase format was chosen because it provides a data
transition every clock period. Thus, when received, these edges
can be pulled out and a phase locked loor can be used to recover
the clock.

The actual RF-carrier modulation used is pulsed amplitude
modulation (PAM). PAM has the advantages of being simple to imple-
ment end easy to demcdulate at the receiver. The bandwidth required
is at least twice the modulation or transmit clock rate. Thus for a
500 kHz transmit clock, a minimum RF bandwidth of 1 mHz is necessary.
This is provided at the receiving end through the use of a wide band-
width television-type front end. A "Quasar'" tuner and IF strip are
used, providing an IF bandwidth of about L4 mHz.

If the rover is to be tested locally, say within one mile
of the receiver, an RF power level of one watt was found to be satis-
factory for reliable communications (see Section 6.1). The previous
data trensmitter ran about 80 milliwatts and seemed tp be unsatis-
factory for reliable communications over the specified distance, A
power amplifier was bullt for the first transmitter and some modifica-
tions were made to increase the power output of the original transmitter

to about 600 mw. THs first transmitter was at a frequency of about




202 MHZ, or lies in the middlz of the commerciel television tand.
With the higher power level, it was found that the telemetry trans-
mitter interfered with the command receiver on board the vehicle,
since the command receiver operates at a frequency of about 156 MHz.

Instead of going the route of isoleting and filtering the
transmitter and receiver on the vehicle, which would take much time
and suitable equipment, it was instead decided to build another tele-
metry transmitter which would operate on a frequency far enouglh re-
moved from the command receiver on board the vehicle.

In order to use the same telemetry receiver back at the
JEC (the present receiver is very satisfactory in terms of sensi-
tivity end bendwidth), a frequency of 53.0 MHz was chosen which lies
Just below the ch. 2 TV vand. This frequency is within the tuning
range of the present receiver and far enough from the command re-
ceiver to eliminate interference., Also, a more relizble signeal will

be received from the rover due to the longer wavelength.

3.5.1 Hardware Description. The telemetry data transmitter

consists of four stages. These are the oscillstor, driver, rower
amplifier and modwletor. Referring to the schematic, the first stage

is the oscillator. This stage generates the fundamental 53.0 MHz

signal. TFor frequency stability and reliability, a commercial CE

ICOM (internally compensated oscillator module) was used. This module
will operate from a supprly voltage of 5-15 volts, and is being used

with a supply of 12 volts. Options are provided for freguency mcdulating

the oscillator and for keying the oscillator on and off. FM ic not
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for Q3. Tests have shown that for 1.5 watts DC input power to the
finel stage (Ic of 125 mA) sbout 1 watt RF output was achieved.
This is epproximately €6% efficiency.

All the supplies are bypassed with capacitors of suitable
reactance at 50 MHz to provide good isolation.

A 50 ohm antenna is used with this transmitter. The antenna
is a 1/L4 wavelength whip with a base loading coil. This provides
omnidirectional radistion pattern so the vehicle may be pointed in any
direction with respect to the receiving entenna with no difference
performance.

The transmitter schematic is shown in Fig. TT-6.

3.6 Physical Lavout

The telemetry transmitter has been built on a Motorola M6800
family wire wrap circuit card. Thig is compstible with the micropro-
cessor used for propulsion and steering, and fits in the same card
cage. The five volt supply and inicroprocessor bus are connected via
this 86 pin EXORCISER card edge connector.

The signsls from the laser and wvehicle FIFOs are brought in
on & 50 pin ribbon ceble to a connector on the card. The transmitter
deta and clock exit the card via the BNC connectors labeled TXD and
TX CLK, respectively. Additionally, the MHz crvstel is in a socket
adjacent to these connectors. Schematics TT-L and -5 show the board

layout from each side.

Wire-wrap sockets were used for ease in modifications and in-

creased flexibility. The power and ground lines are distributed ver-




tically, in & matrix-arrengement to decrease grcund impedance and
two decoupling capacitors are used per vertical row. Also all
criticel high-speed clock lines on the board are wired using twisted
palr wire-wrap wire fcr minimum cross-talk. Conventions for the
wiring are white wire for grounds, red wire for plus five volt sup-
plies and blue and yellow for point to point wiring.

Technologies used are largely TTL and LS TTL, along with
the MCS ADLC chip.

When used on the vehicle, the BNC connectors are wired to
the RF box via 50 ohm (RG 58 A/U) coaxial cables with apprcpriate

connectors.

The telemetry toard is operational to date and the transmit

data rate has been strapped for a 500 KHz TX clock, Cther rates may
be chosen by selecting appropriate dividers or ty providing an out-

side source.

Lrd
[N

The transmitter circuit card is shecwn in Appendix




PART L

VEHICLE MULTIPLEXER

Part of the function of the telemetry is to provide s multi-
channel data acquisition system for the information on boerd the
roving vehicle. Presently there are 1b4 data channels on the vehicle, 11
enelog and 3 digital. The system however provides up to 32 channels,
or more, with some slight hardware changes. Fig. 10 shows the present
vehicle data channels.

The basic philosophy behind the vehicle multiplexer board is
to arrange the data in a given order and put it in a FIFO to be sent
out as needed by the transmitter. This is accomplished by time-division
multiplexing the channels in an order described ty a programmable read-
only memcry (EPROM). A block diagram is shown in Fig. 11.

Since the computer processes digital data, any analog data on
the vehicle must be converted into the corresponding digital format. We
reguire many possible channels, but do not intend to send all data con-
tinuously, so an anadlog multiplexer may be employed to select the desired
channel. This will allow us to use only one A/D converter to save cost.

Another feature of this system is its ability to service a
shared RAM (random access memcry) located on the provulsion and steering
circuit board (see Bodgan's paper [3]). Epmeifically, data from the
vehicle may be written to the RAM and ceritain dsta in the AM may be

sent via telemetry.

4,1 Hardware Descrivtion

Starting with the analog inputs, esch has its own gein poten-

o .

TR
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Figure 10. Veheicle Data Channels
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meter to set the scale factor desired, The analog multiplexer used

is an Analog Devices AD7S506., This Provides for 16 possible channe

ls,

selected by a four-bit TIL signal. The "on" resistance is typically

300 ohms, which can be nulled out by the gain setting potentiometers.

The heart of the analog section is the analog to digital

(A/D) converter. The part used is an Analog Devices ADC-12QZ, with

- e

12 bits of resolution and a 40 usec conversion time, A 1458 input

buffer is used before the A/D to make this point look like a high im-

pvedance, Because of this, the loading on the wipers of the potentio-

Mmeters is negligidle, and the inputs look like 20k ohms for any settine

¢l the gain potentiometers. Offset nulls are adlusted in the A/D by

the potentiometer labeled "zero adjust.,"

The“sircuitry in drawing TT-8 is used to sequence through the

data channels and rill the FIFCs S0 that complete sets of data may

be pulled out of the FIFO, it is loaded in as blocks.,

4.1.1 FIFO Rate Buffer, The first in-first out memorie

used on the vehicle multiplexer board are fo

i0Ur rail

These are used in aral .el to form a 32 bit wide word.
o

ration all four are shifted in simultaneously to clock the wide word.

On the input the FIFO has "shift in" and "input ready" signal

"Shift in" is used to enter data into the FIFQ, while "input ready"

tells when the chip has empty locations, that is, when we can shift in

-

data. At the output side of the device, there are "shift out" and

"output ready" signal lines. When a rising edge is applied to shis

cut, and there is data in the FIFC, output ready will rise, along wi
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data falling to the ocutput lines at the bottom of the stack after a
short delay. When shift out falls, output ready will fall after a
delay. If shift out again rises, output ready will nct come back up
until new data is ready (see Fig., 12a). It is important to remember
that the data remains on the output port of the FIFO until a rising
edge on shift out clocks this word cut and the next one falls into
its place,

In order to cascade these devices in parallel the conditions
where all the input readys are high and all the input ready lines are
low must both be sensed. New data can be clocked in only when all the
input ready lines are high.

4.1.2 Seguencer, It was desired to send blocks of vehicle
data to telemetry while not preventing writes to the RAM during the
laser time. This was accomplished by creating a "FIFO mode" during
which the timing is interrupted by IR, and a "RAM mode" when data is
written to the shared RAM regardless of the FIFO's condition.

It is a simple matter to sense when EOV (end of vehicle in-
terrupt word) is shifted into the FIFOs. t is more difficult, however,
to sense when the FIFOs are empty. Monitoring OR (output ready) is not
enough since OR goes low every time 80 (shiftout) occurs. Schematic
Tr-8 shows arrangement to indicate when the FIFO is empty. Flip-flop
19B ensures that OR has been low for at least 12 usec before COUNT
drives the system into the FIFO mode. This value was chosen because the

worst-case bubble-through time from the FIFO spec sheet is O usec.

- b b 3
Flip-fl0op 19B goes high if the FIFOs are empty when 2~ goes
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low, If OR has not gone low before COUNT goes low, the FIFQ is pre-
sumed to be empty and flip-flop 19A indicates the FIFO mode. The EOV
input on Ul9A allows exit from the "FIFO mode" after the last vehicle
word of the block has veen shifted into the FIFOs., In the RAM mode

the TE of the FIFOs is held low, disabling any further shift-ins.
Furthemmore, during the RAM mode the feedback from IR, which in the

FIFO mode halts timing until 1R is ready, is held low allowing continuous
"writes" to the RAM, regardless of the condition of the FIFOs.

The other important part of this circuitry is the network
which "stretches" the shift in pulses. This circuit prevents a shift in
unless all the FIFOs are ready, and stretches the shift-in pulse until
all FIFOs complete their shift in. Phase Q of flip=-flop U2%A will go high
only if gate UTA shows that all FIFOs are ready. The shift in remains
high until gate U22A shows that all the inputs are no longer ready, in-
dicating a complete shift-in.

The clocks, shown in schematic TT-Q, are all generated from the
microprocessor phase one. This was done because this signal is a
convenient, stable clock, and it will allow synchronous transactions
with the shared RAM. Counters Ul8A and B divide the 921 kHz clock,
and decoder Ul3 picks out the desired signals. A timing diagram for
this arrangement is shown in Fig. 13. The falling edge of COUNT and
the rising edge of TONVERT are two microseconds apart in order to give
the analog multiplexer (Ul2) sufficient time to select the proper ~hannel.

This is particularly important as this chip is CMOS and the analog

signal must be correct at the A/D comverter when it gets a CONVERT signal.




<
-7

Suypmry 1dxa3(dranyg 321424

‘€1 2andy4

1S

NAWVY

_l_ THIANOD

} ke B - e

VU U i it i U U U e




The SIA signal, which causes a shift in to the FIFOs via flip-
flop U25A, occurs 48 microseconds after the CONVERT pulse., This allows
sufficient time for the A/D to make & conversion, since the part is
rated at 40 microseconds to do a conversionm.

Each time a word is shifted-in in the FIFO mode, gate U20B
resets the sequencer ULS8,

Counter Ul on schematic TT-8 is used to clock the PROM which
selects the data channel, This counter is clocked at falling edge of

the COUNT pulse and reset after each block of data (when an EOV occurs).

4,2 PROM Format

The PROM used is an ME8708. This PROM is eight bits wide and
contains 1024 words. This device was chosen because it is readily
available (eguivalent to a 2708) and is eraseable. Also, a programmer
was built which interfaces to the propulsion and steering microprocessor.

n the lab,

(8

Thus new patterns can be readily programmed with

Data from the PROM directly addresses the muxes. The lower
five bits (D: through Dh) select the channel number, These five bits
are also used directly by the FIFOs for the address of the word sent.

-

These 32 possitle words are more than sufficient for the present roving

‘g

vehicle. If more channels are needed, addition decoders and muxes nay
be added.

Bit D, from the PROM is used to differentiate btetween an

4

-~

analog or a digital word. If bit Dh is set (logical 1), it will enable

ct

4]

he 1 of 1€ docoder, US (schematic TT-8), and disables bus drivers Ulé

g
[N

U17. Thus all digital channels have their own three-state drivers

R R W Y B T T s
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which are enabled by the decoder US, Thies tis is tied to the inputs

of the FIFC,

When bit D) is low (analog word) drivers from the A/D converter
(Ul€ and UlT7) are enabled, allowing only the A/D to deposit its 12-bit
word into the FIFOs. Note that in the analog mode we have only 12 bits

of resolution while the top four bits float high. This, however, is

- o e ’< - —., - o — v e

not a problem as the real-time software neglects these top bits for an
analog word.

Additional information is contained in the PROM. The top three

T— —

most significant bits (D,-D.) drive a decoder. Up to eight functions
7

T

can be selected from this decoder, and three are used, A seven, cor-

responding to [DT’ g DS =1, 1, 1] will tag the present word so that

8 the EOV interrupt bit will be set. This condition is fed into the FIFO

e

n the top address position with the present word. This condition should
be programmed in with the last word in a block to signal an end of
vehicle data interrupt. Likewise, for simulation purposes, the laser
data source may be simulated by sending an EOS (end of scan) interrupt
corresponding to a bit pattern of € [DT’ DE’ Ds s 1.31.0].

If decoder UL receives a "1" then counter U3 will be reset to
its initial zero state., Thus, after the final word in the block, the
PROM should read, "00LXXXOX" next, in order to cause a reset and start
the cycle again. A table for a typical PROM format is shown in Fig. 1k,

The PROM presently on the board is set up for 16 analog words in se-

T e T e TR TR Wt e@es e

quence folleowed by 16 digital words in sequence. An EOV is tagged with
the last digital word and a reset is issued at the end. This PROM is

listed in hexadecimal in Appendix 4, Note that if several different

—
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LS

DATA DENOTES
0000XXXX Analog Channel
0001XXXX Digital Channel
001XXXXX Reset Flag (after last word)
L10XXXXX EOS Interrupt
111XXXXX EOV Interrupt (end of block)

TYPICAL PROM CODE

ADDRESS DATA WORD

00000 0000XXXX First Analog Channel
00001 0000XxXXX Second " "
00010 0000XXXX Third " "
00011 0000XXXX Fourth " "
10000 0001XXXX First Digital Channel
10001 0001XXXX Second " "
10010 1111IXXXX Last Channel (EOV)
10011 001LXXXXX Reset; End of data
10100 D.0,0:0.4:0:0.0.¢ Unprogrammed

Figure 14. PROM Format
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ratterns want to be tried for test purpcses, they can gll be gtored at
different addresses and the address lines AQ and AS to the PROY,

which are presently grounded, may be strarped for the proper pattern.

4.3 Phvsicel Lavout

The vehicle multiplexer circuit in schematic TT-8 is built
cn a Motorola EXORCISOR-type wire wrap card, like the transmitter. The
multiplexer 1s wire wrapped with the same ground and five-volt supply
matrix for low noise as before. The interface to the shared RAM, as
well as the plus five and plus eand minus 12-volt supplies enter the
tcard on the card edge connector. A minus five volt, three-terminal
regulator (7905) runs on the minus 12-volt suprly for use by the EPROM,

Two SC-vin ritben cable cennectors provide input/output signels
to the card. The input connector, shown on the left hand side of the
board, carries 14 analog channel inputs, as well as the lo digital
select lines from the decoder, US. Additionally, the plus and minus
15 volt supplies for the analog circuitry are brought in from the
vehicle supply vie this connector. The three-state data bus from digital
channels elsc comes in at this point, where it is fed to the input of
the FIFCs.

Tbe right hand, or output connecteor, is used to tie the data
output from the FIFCs to the three-state telemetry transmitter bus. This
bus includes 16 address lines and 16 data lines (32 total), as well as
the FIFO control lines shift out, output ready, and output enable. This

arrangement is pin for pin compateble to the laser FIFY connector, as

well as the microprocessor FPIA connector for diagrostic purroses (see
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section covering diagnostics). A diagram of the physical connecticns
on the rover is shown in Appendix AS.

The gain setting potentiometers for the 16 analog channels
are located on the left hend side of the board. The gain and zero
(offset null) pots for the analog to digital converter are located
on the top center of the hoard. The board laeyout is shown in

schematic TT-10 and a photegraph of the toard is in Appendix 7.2,




The tei.metry receiver is shown in block diagram form in
Fig. 15. When used on the dynaznic test platform, serial data and
clock from the transmitter are sent directly to the line receivers
via a beseband coexial link, When the system is implemented on the
sutonomous roving vehicle, however, the data is first received and
demodulated from an RF carrier. Thus, an RF receiver is emplcyred.
followed by a demodulator/clock recovery network.

The ADLC at this end is run in the receive mede. Initiali-~
zation of the control registers is done at start up as in the trans-

mitter. The data from the ADLC is demuldtiplexed back into its original

l.J
(2N

it address by 16 bit data format and shifted into a FIFQ stack on
the general-purpose interface board (GPIB). The GPIB resides in the

Prime 750 ccmputer mainframe and its operaticn is described in

-
1

\J1

aper [5]

naldson's

f3

5.1 ADLC Cenfiguration

The data link controller chip in the receiver is set ur in much
the same manner as the chip in the transmitter of Secticn 3.2. The main
difference is that here control register 1 is set so that the transmitter
portion stays reset (bit 7 set). Again, the receiver is put in the
prioritized status mode and receiver data service reguest mode (RDSR),
This causes interrupt requests to te inhibited and the RDSR line will
go high when data from the receiver is ready to be read.

The priorityv of the status is such that any conditicns implying

e
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a bed or mis-received word (e.g., error, receiver overrun ¢r atort
conditions) are given the most importance. The RDSR or receiver date
available (RDA) condition is given a lower priority. Thus if the
status register is constantly polled, the error conditions will mask
out the other status so that the word may be neglected and we ¢an
weit for the start of the next frame,

5.1.1 Initialization Coding. A table of the receiver

initielizetion PROM coding is sheown in Appendix 6. Addressing starts
at location zero, PROM 1 holds the data and PROM 2 specifies the ad-
dress of the control register. Notice als that this PROM controls the
ADLC's chip select line, as well as the 3TART signal, which takes

control out of the initialization mode.

5.2 Eardware Description

The initielizetion herdware used is similar to thet used in
the telemetry transmitter. Upon system reset, master reset (ﬁﬁ) causes
gll counters end flip-flops to initialize.

The initialization hardware is shown in schematic R-1, Flip-
flops 16K weke up in the INIT mode after "master reset" is issued.

INIT causes the ADLC data and address bus to be tied to the 8223 open-
collector, initialization PROMs. Binary counters running synchronously
from the 1 MHz ¢I.are used to address the FROMs. Clock ¢2, which is
the logical invert of gl, ig used to drive the ADLC "E" clock., Since
data is set up on the PROMs at the rising edge of phase ¢l’ and sub-
sequently clocked into the ADLC on the rising edge of phase ¢2’ the

data at the FROM addresses initializes the device.
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At the end of the initielization routine, data line ﬁs of
PROM 20k causes 16 k-A to be set when ﬁe rises. Thisg latches flop
16 k-B to the INIT or non-initislizing mode. It is at this point
where we want to enter the receiver control loop. This was accomplished
when flop 16 k~B ju 't toggled, causing one shot 4Tk (schematic R-2) to
be triggered. A one shot is used to enter a bit into the ring-counter
type controller, The receiver control section, & multiple-state sequen-
tial controller, is elso shown in schematic R-Z,

A word must be mentioned about the clocks used in the receiver.
Since the controller mekes decisions besed on the bits of the hardware
status register, and *this status register is latched by the rising
edge of ¢l’ e delayed version of ﬁl must be used to clock the sequencer.
If this were not done, then & race condition would exist at the time
when the status register aznd the segquencer were simultaneously clocked.
Also, since the sequencer sets up addresses for the ADLC to act on,
end ¢2 clocks the ADLC, this phase cannot be used to clock the se-
quencer, either., Instead, a delayed phase, ﬂl, called D¢l, is generated
with some gate propagation delays. Thus Dgl ocecurs about 60 nenoseconds
after ¢l’ being deleyed by “he propagation time through six T4l inver-
ters. This provides enough setup time for the status register con-
ditions to appear at the data inputs to the sequencer flops, as they
only require a 20 nanosecond setup time (60 nanoseconds is still enough
time even including the single gate delay involved in decoding the

status tits). Note the delay time is not critical, as long as it lies

between ¢l and ¢2.

PR
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The other clocks important to the receiver are the data read
clocks, DATAREAD A end DATAREAD B, DATAREAD A occurs for one period
of ¢l only when & "read status register 2" operation occurs. This
¢clock is used to latch the ADLC status into the hardware status regis-
ter U41L, schematic R-3. This clock is generated by 1lu4-M, a flip-flop.
DATAREAD B occurs for one ﬁl period when a "read receiver
FIFQ" operstion occurs. When the receiver FIFQ is read from the ADLC,
the current received tyte is put on its deta bus. It is DATAREAD B which
clocks this byte into one of the four demultiplexer latches (4lk, 33k,
3k or 20k). The above clocks are summarized in Fig. 1¢.
5.2.1 Controller. The centrol logic is shown in schematic
R-2. The level set ur hy the one shot 47k after initialization gets
clocked  to setup state one. Actions are taken by incrementing teo
the next state flip~flop, contingent upon the states of the status that
are gated. TFor example, at state 2 we test status register bit zserc,
which tells whether the first byte is present from the receiver. If SR
bit 0 is true, then gate 35-k06 will be high, causing us to advance
into state 3 on the next D¢1 rising edge. We can then nroceed to read
the receiver FIFO, If the SR bi% O was not true, then gate 35-k08 would
have gone high, looping us back into state one on the next D%l rising
edge. -
The flow chart for the control loop is shown in Fig. 17. The
eddress present condition tested in state 2 means that the first byte
of a frame is availgble to te read., Thus we sit in a tight hardvare

loop on this condition, gusranteed to acknowledge this condition with

4 minimum of delay. When we finglly see this bit set, we go to state
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three where we read the receiver FIFQ and latch this byt

e
19

DATAREAD B into the first latch (Llk), This is be

ct

he

3

an YTE TR

L47]

0
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(27L) selects the first latch to be clocked. Nex%t, at state four,
the byte counter is incremented to prevare for the triggering of
latch 2 (33k).

The status register is once again read and tested. If the
receiver date available bit is set, we service the ADLC FIFC to get the
next byte. If, however, an error condition had cccurred, we resot the
byte counter, clock the error counter (which keeps track of the number
of errors for performance information), and reset the status register.

It is important to reset the status register after testing
it so thaot it will reflect current status the next time it is read.
After an error, we raturn to the start of the loor without transferring
any data to the interrace, £ we were waiting for the last btyte to e
ready, then once the frame valid status bit were set in
would proceed to state 7. There the receiver FIFQ is read and the byte
gets loeded intc the last latch (29k). Next, in state 10, the first
pair of FIFCs on.the GPIR get shifted in with the lo bit data wvord.,
Following that, in state &, the other two GFPIR FIF(s get clocked and the
1t bits of address get shifted into them. Due to the FIFQ contrel cir-
cuit on the GPIB, all four FIFQs cannot be shifted in simultansously
or there will be en instant when all the FIFO output ready's will go

high, causing a FIFC INTERRUPT condition to exist with GPIB status

&

register (see Donaldson's paper [5]).
After the FIFCs are loaded, we prepare to recelve the next

frame by clearing the byte counter, resetiing the ADLC status register,

-

i
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and re-entering state 1. T, when in state ¢ none of the status bits
were set, then we would simply sit in a tight lcop between states ) and
6, reading and testing ADLC status register 2.

Clearing the status register in the ADLC is accomplished by
writing to control register 2, bit 5, This is done by the hardware in
the following manner. The "reset status register" signal sets up the
address of contrcl register 2 on the ADLC through gates 12M, 31L and 27k
on schematic R-3. Also, this signal enables data bus drivers 12k,
which write the word "01100001" to control register 2, thereby clearing

the status bit and leaving CR2 as it was. Note alsc that during a

read receiver FIFO operation, the addressing encoder (gates) on schematic

R-3 set up the proper ADLC address.

5.3 GPIB Signals

Since the receiver logic resides on the Prime general purpose
interface board, many of the signals there are used., Five wvolt supply
iz taken from the card, distributed by & ground and power plane on
opposite faces of the circuit board. BR-U4 shows the layout of the re-
ceiver on this board.

Cne master clock is used by the recelver. Thio clock is Jde-

(]

rived from the computer-generated § MEz 3PCFCLK, available on the GPIE.
A unique divide by five circuit (see Kennedy's paper [&]) is employed
to yield the 1 MHz ¢l clock. In this manner, all receiver cperations
are deterministic and synchronous.

The master reset signal (MR) used by the receiver is derived

from the logic OR of two sources (L6L). OCne scurce is the GPIB signal




Tt T g T e

SYSCL™, which is a reset signal generated by the computer hardware
(e.g., power up, restart, etc.). The other, MASCL+, is generated
in software whenever the GPIB board is assigned. Thus it is good
practice to assign the rover GPIB board before each use in order to
start the receiver loop.

The data and shift in signals are sent to selectors in
the GPIB control circuitry (see Donaldson's [5] paper). These
selectors decide whether the data that the GPIB FIFOs get comes froa
telemetry or the GPIB data emulator. The emulator is used for
generating data in the diagnostic mode. In normal operation the re-
ceiver control circuitry will toggle the shift-in inputs via the

selectors.

5.4 RP Receiver

The PAM (pulsed-amplitude modulated. or in this case,
equivalently, the amplitude shift keyed) cairier must be received,
converted to baseband, and demodulated before it can be used by the
above digital circuitry. Good sensitivity and a wide enough btand-
width are of prime concern in these stages. A diagram of the RF
section is shown in schematic R-S.

5.4.1 Front nd. The signel from the antenna is fed into
the RF amplifier and mixer located in the tuner. The resulting signal
is fed to the intermediate frequency (IF) amplifier. The tuner and
IF amplifier are commercially built units from a Quasar television
receiver. These were selected because they were readily available,

inexprensive, tunable and allowed the necessary bendwidth. The noize
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figure for the RF portion iz mporoximetely 12 dB, which is not at all
exceptional, but is small e&nough for our purposes, especially with
the signal levels used. Thne last stage of the IF amplifier conteins
the detector. Envelope detection is performed on the PAM carrier.

5.4.2 Demodulator. The detected baseband signal from the

frent end is now converted to digitel levels with comparitor Ul.
Hysteresis is employed here to minimize errors due to noise,

Once in a TTL-compatable form the serial biphase data stream
must be fed to a carrier recovery loop in order to retrieve the data
clock. Also, the birhase data must be converted back into the
NRZ-~formet data stream.

The biphase data stream is fed into a differentiator made
with an exclusive-or gate and a capacitor. This marks the locations
of data transitions, providing a reference at twice the bit rate.

The timing diagrem (Fig. 18) shows where there will te missing pulses
corresponding to where the data changed states in the serial strean.
The VCO (voltage controlled oscillator) in the phase-locked locp (BLL)
runs with the differentiated signel above at the reference. The VCO

is forced to run at twice the data bit rate due to a divide by two
flip-flop (U2A) in the loop to the phase comparitor. Thae input to the
phase comparitor is gated so that only every other differentiated pulse
gets to it. Because of this the phase-locked loop does not see the
missing pulses, eand the VCC runs at twice the clock frequency.

Flip~flop U2B uses an inverted clock and output from UZA to
provide a clock called "GATE" which is shifted in phase by 00°. This

signal is used to clock a flop (U3A) to recover the NRI tit stream.
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When the transmitter is first powered up, it sends a string of

elternating ones and zercs during the master reset time (25 msec).

0

This is done so that this phase-locked loop gets initially synchronized.
This guarsntees differentiated pulses at each clock transition, in order
for the loop to stert up in lock.

Lfter recovering clock and NRZ data, these signals are fed to
line drivers where they drive a coaxial line to the receiver located on
the GPIB board in the computer meinframe.

5.4.3 Antennas. The antenna used for receiving is a brosd
band Yagi TV-type antenna. This antenna is presently mounted on the
roof of the Jonsscn Engineering Center and feeds a 50 cohm coaxial cable
via a metching transformer. This antenna has a gain at the operating
freguency of about 9 dB. The coaoxial cables from the roof are diagrammed
in Fig. 10, The antenna is bteing used for both the command receiver and
the telemetry receiver. Beczuse of the 3 dB lost in a splitter and the
RG-8U coaxiel cable to the roof having 2 loss of 1.5 &B, this leaves an
overall gain before the receiver of 4,5 d4B.

5.4.L Location. The RF receiver is located in the rover lab,
Rocm JEC 3210. The antenna cable from the roof (splitter), as well as
the clock and deta lines to the computer interface, ccnrect to the re-
ceiver box as indicated. A 20 volt su...y is connected to the receiver

box vie a phono plug.
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PERFORMANCE

6.1 Celculations

The performance of the telemetry link has been btoth cal-
culated and tested.

The most important cealculation from the standpoint of the
largest probability of error is the feasibility of the RF link.

Path loss, power levels, antennas and bandwidth all affect the
signal to noise ratio at the rcceiver. Also, the tyre of modulation
used indicates how much margin is needed for a low error rate.
Carlson [T] gives some equations for signal to noise ratios and
error probabilities. I have made some first order czlculations to
determine the feasibility of the link described and found pleniy of
margin.

Assuming a maximum range of one mile, which is more than
necessary for testing the vehicle within the campus, the signal to
noise retio is calculated using the specifications given. Assuming
cnly line of sight radio propagetion, and not counting seccndary re-
flections or ground effects, we get a power-out to power-in ratio
described by [T7].

Pout A W2
== -
Pin s %ra (Grg

where G, = Gain in the transmitting antenna
TA

G., = Gain in the receiving antenns

60




TE -

61

i}

A Wewvelength of the carrier opereting freguency

u

L Distance

Expressed in decibels, the loss is

= Lye _
L,p = 22 + 10 LOG (A) (GTA + GRA).

The receiving antenna gain overell is 9,minus 3 dB for the splitter
and 1.5 aB for the coaxial cable, or 4.5 dAB. The transmitting entenne

has a gain of 3 dB. TFor & A = ¢/fo = 5.56 meters, and a range of one

mile (1600 meters), we get

. 1600,2
gp = 22 + 10 LOG (ETEE) - (3.0 + L.5)

€h am.

L

i

Next the effective noise power at the input to the receiver

must be determined. If the recelver noise figure is 12 dB and
T

Laia)
L "
T H
0
juivalent noise temperature due to the receiver is 14.85 times

K.F. =1+

then thne

@D

thaet of T (operé%ing temperature, 273 9K), or 40O5L °K.

o

The ecuivalent noise power, N, is then found from
N = kTeQB

where k = Boltzmans constant = 1,37 x 10_23 3/°k

For a bandwidth of 1 MHz,

N = (1.37 x 10723 3/ok) (405 ©K) 106/sec

= 5.55h % 107 vatts.

The siznal to noise ratio is [T]
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The transsitted power is one watt end L and I are given atove.

”

1w

D b4 a3 (5.554 x 10

lhw)

68.55 as.

This is 2 fairly good noise margin at the receiver input and if the
receiver, demodulator end treatment of the PAM signal do not introduce
much error, then the RF link should perform extremely well.

Tests have shown that with the telemetry link on the test
platform with a base band link (1ine drivers and coaxial cables
petween the transmitter end receiver), the system has performed very
well., Detected errors have been on the order of 5 per hour. At
500 Rb/s this is about 2.778 x 10"9 errors per second. This prccess
will centinue until word 64, containing an EOV interrupt in its most
significent bit po§ition, is sent. After this point, the prccess
repeetis, starting frem audress zerco again.

Other diagnostic programs are available, and the reader

should consult Doig's paper [8] for them.

6.2 Diaencstics
Diagnestic programs for the system have begn written both on
the Prime computer and on the steering and propulsion microprocessor..
The microprocessor has been used to debug the prototype re-
ceiver. Since the actual receiver is no longer controlled by the
microprocessor, those programs will not be discussed here. One pro-

grem which is important, however, is the routine which generates test
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data for the transmitter to send,

This program repetitively sends a known pattern of date to
check for errors through the system. The microprocessor code isg
listed in Appendix 9. Also, the program is listed on a cassette tape
for quick entry into microprocessor memory.

To use this program, one first loads it into memory. The
starting address is hexadecimal "0000." The microprocessor will send
deta out of its PIA (parallel interface adaptor). After receiving a
shift out via & PIA input port, the mic.oprocessor will put a 16-bit
address; 1f-bit data word out on its PIA. The first word is addres:z
zero, data = zero. The second word ig address = 1, data = 1, and so

orn.
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CONCLURIONT

Throughout the design process, flexibility for future expansion
hes been considered., Three state busses are employed to provide ror
future addition of other hardware components, dr even a microprocesuol
controller. Alse, lo tit address and data words are used for a greater

number of possidle channels.

o

The number and order in which vehicle Jata can e sent may
readily changed for dirfferent confipurations by plugging in different
FROMu.

The telemetry system has been used in the lab on the scanning
maat platrorm. This has provided a gond test set-up as well an o mosng

of passing platform datu. T+ was here that actual performance neasure-

nents have been made,
A feow conclusicons have bewn reached rogarding the use of a

s

£ime-shared machine such as the Trime tor the real-time control applica-
tion of the Mars Rover. Throughput is significantly roduced with many

users on the system. As few as six useds will start to limit performance

at the current data rates.
Althougl the infowrmatien is bteing loaded into the compute

in o direct memory au2ess mede, a heavy load will cause an insufficient

maber of transactions to the GIID buffers. When this happens, FIFO

gnifying that the GFPIB buffers are getting

3

interrupts will ovecur, s

avervilled

The best cure for this prodlem is to reduce the telemetyy dutd

ol
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APPENDIX ©

GLOSSARY OF TERMS

A/D Short for Analog to Digital converter.

ADLC Advanced Data Link Controller. 1In this case, this is a
Motorola ME8ASM chip which performs the functions of
serielizing and de-serializing data, error checking, and
formatting of the bit stream.

ASK Amplitude Shift Keying, or PAM with a digital modulating
signal.

BYTESEL Short for byte select. This is a signal which increments
a counter to keep track of which data byte is being sent.

EOA, EOS,
EOV Interrupt signals, see Appendix 1.
ECLK Short for enable clock. This is equivalent to phase 2 (42)

and is used by the ADLC to clock data through its register:.

FIFO First-In, First-Out memory. This device is rate buffer
which can be used as an "elastic" memory betwean two
systems operating at different speeds.

GFIB General Purpose Interface Beard, In this case, a circuit
card used on a Prime computer to enter data into the
computer in a direct memory access mode.

ICOM A General Electric tradename for Internally Compensated
Oscillator Module, this device has active internal components
to generate a crystal-contrclled frequency, fixed over
temperature.

INIT Short for Initial. This is a mode after MR, during which
the ADLC gets initialized.

MR Short for Master Reset., This is a signal issued from a
switch on the microprocessor or telemetry board which starts
ail logic at their first state.

MUX Short for multiplexer.
PAM Pulsed Amplitude Modulatiocn. A means of superimposing
information on a carrier by varying its amplitude in a

pulsed or discontinuous fashion. A form of PAM using
only digital levels of carrier is called ASK.,

o8
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PRIME

‘O
O

The name of the computer company which manufactures the
computer used for real-time control of the rover. Thais
word is used synonomously here to mean "computer."
Programmable Read-Cnly Memory.

Random Access Memory.

Receiver Data Service Request. A signal issued by the
ADLC (see ADLC spec).

nadio-frequency. Used here to refer to the wireless,
carrier link.

Receiver Clock used by the ADLC.

Receiver Data. The serial bit stream recovered for the
ADLC.

Transmitter Data Service Request. A signal issued by
the ADLC.

Transmitter Clock. Clock which shifts out data from the
ADLC in the transmitter,

Trensmitter Data., Data from the transmitting ADLC in a
non=-return to zero format.
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