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ABSTRACT

LES-8 and LES-9 are two experimental communication satellites designed and built for the
Air Force by the M.I.T. Lincoln Laboratory. The on-board telemetry systems were
designed not only to monitor the spacecraft on orbit but also to provide significant test
support capability during subsystem development and spacecraft integration and test. Each
system is configured in a distributed form, with remote Telemetry Input Converters (TICs)
located in various subsystems communicating with a central Telemetry Output and Control
(TOC). Salient features include 1) modular design of TICs permitting tailoring to specific
subsystem requirements, 2) accurate analog measurement capability (.025% of full scale)
over 140EC ambient temperature (-60EC to +80EC), 3) cross-checking of analog-to-digital
converters via a high stability (50 microvolts) stepped calibration source, 4) flexible word
allocation permitting late freezing of formats, 5) digital organization with individual parity
check on each word, 6) sub multiplexing capability, 7) dual speed operation at 100 bps and
10-Kbps, and 8) downlink capability via a variety of rf links. Descriptions of overall
operation and performance along with design considerations in critical areas are covered in
detail.

INTRODUCTION

LES-8 and LES-9 are two experimental communications satellites designed and built for
the Air Force by the M.I.T. Lincoln Laboratory.1 The spacecraft are designed to operate in
a synchronous ecliptic orbit and to communicate crosslink from satellite to satellite as well
as with surface terminals. Early in this program it became apparent that the complexity of
these spacecraft and the degree of testing required would demand significant departures
from the telemetry techniques incorporated in previous Lincoln satellites. Several months



of planning and discussion evolved a number of concepts which had primary impact on the
configuration and design of the telemetry system:

1.  Distributed Design - The system would be configured with remote Telemetry Input
Converters (TICs) controlled by a central Telemetry Output and Control (TOC). TICs
would be housed in subsystem packages where possible or be provided as small packages
to be incorporated in subsystems. Analog-to-digital conversion functions and data
serialization would be handled exclusively in TICs, permitting a simple 3-wire interface to
the TTCs and significantly reducing harness weight. The TOC would handle format
determination, telemetry bookkeeping data and parity generation. This configuration would
lend itself to early integrating of TICs with subsystems, in many cases at the breadboard
level, eliminating many interface problems which arose during spacecraft integration on
prior programs.

2.  Flexibility - Initially, engineers were unrestricted as to the quantity of telemetry points
to be included in a subsystem. A modular design was created for the TICs, permitting
exact tailoring to the needs at a specific subsystem. The TOC was designed for a late
format freeze to allow maximum time for determination of TIC requirements.

3.  Digital Organization - The telemetry system would be digitally organized, allowing
simplicity of integration with subsystems, error check via parity techniques, and
compatibility with ground terminals.

4.  Test Capability - Paramount in evolving the system design was the intent to employ the
telemetry system as a test instrument from subsystem development through final spacecraft
testing. Analog measurement capability would be accurate to 12 bits over a wide
temperature range (-60EC to +80EC). Additional sensitivity would be available when
necessary for low level functions, e.g., diode-rf power detector outputs. TICs would be
operable in a stand alone mode with auxiliary equipment for local data display or computer
interfacing. Two data rates would be provided, 10-Kpbs for test operations and 100-bps
for long term monitoring on orbit.

Salient characterisitcs of the system ultimately resulting from these considerations are
summarized in Table I.

TELEMETRY SYSTEM ORGANIZATION

A block diagram of the telemetry system is shown in Fig. 1. Data gathering is handled by
15 TICs which are interrogated in sequence by the TOC. Communications with the TOC is
via a three-wire interface consisting of 1) a reset line which when pulsed initializes the TIC
for reading its first word, 2) a clock line which supplies either high-rate or low-rate clock
to drive the TIC, and 3) a serial data readout line from the TIC to the TOC.



Fig. 1.  Telemetry System Block Diagram

The TOC provides all formatting and rate control. Redundancy is provided by a second
identical TOC which is unpowered. Outputs of both units are open collector TTL logic
which as paralleled. Output drive capability of the active unit is sufficient to handle the
parasitic loads of the “cold standby”. Switching to the redundant TOC merely involves
interchanging power to the units.

A variety of rf downlinks are available for telemetry transmission. The principal link is at
S-band (2.24 GHz for LES-8, 2.25 GHz for LES-9). The S-band transmitter can be
operated at two power levels. The primary S-band antenna is mounted on the earth-
viewing platform. A secondary aft antenna (normally pointing away from the earth)



provides a 12-dB lower output; this antenna was a precautionary measure in the event of
poor spacecraft orientation after launch. In the high-power mode through the primary
antenna, an earth terminal with a 10-ft dish can receive high rate (10-Kbps) telemetry.
Low-rate telemetry must be used for smaller earth antennas or with the low-power mode.

Other telemetry downlinks available are at UHF and K-band. Either high-rate or low-rate
telemetry can be transmitted at UHF with one exception -- high-rate telemetry is not
available to UHF if low rate is being transmitted on S-band. Only low-rate telemetry can
be transmitted at K-band, either downlink or crosslink. If the latter, the second spacecraft
can retransmit the telemetry on a downlink, thereby affording crosslink telemetry
monitoring of one spacecraft by the second.

Organization of telemetry word structure is shown in Fig. 2. The choice of 12-bit analog-
to-digital conversion dictated this length for digital words as well. A 4-bit parity is
generated by the TOC and appended to the data. Validity of data via parity checks proved
of great value in faciliting spacecraft integration and testing.

Fig. 2.  Telemetry Word Structure

TELEMETRY INPUT CONVERTERS (TICs)

Because of the wide range of TIC requirements, a modular “building block” approach was
adopted, permitting TIC synthesis from five different modules. Advantages to this
approach are: 1) simplicity of TIC design and revision, 2) minimization of spares
inventory, 3) minimization of pc layout efforts. The five modules are: D-TIC (Digital TIC
Multiplexer) S-TIC (Slave TIC Multiplexer), A-MUX (Analog Multiplexer), ADC
(Analog-to-Digital Converter), and DRA (Dual Range Adapter).

The D-TIC is a required module in all TIC designs. It interfaces the TIC to the TOC and
performs the parallel-to-serial data conversion. In addition, it can multiplex up to six 12-bit
input ports. The S-TIC is used to increase the digital input capability of the TIC beyond
that afforded by the D-TIC. The A-MUX and ADC are added if analog voltages must be
monitored. The DRA is employed when increased analog sensitivity is necessary.

Multiplexing operations in a TIC are cascaded and always happen in the same order,
D-TIC multiplexing occurring first, S-TIC multiplexing next, and A-MUX multiplexing
last. Two functional aspects are common to all multiplexing modules: 1) Receipt of a



RESET pulse from the TOC initializes these modules; 2) after completing its own
multiplexing sequence, each module begins outputting STEP pulses which drive the next
unit in the cascade and which continue until another RESET.

Spacecraft digital system electronic packaging incorporated a standarized 4" by 5" pc
board with either 40 or 80 I/O pins. All modular functions were tailored to these boards,
resulting in single board packaging for each module except for the ADC, which required
two boards.

Digital TIC Multiplexer (D-TIC)

The D-TIC, as shown in Fig. 3, has six 12-bit input ports. The module is programmed by
jumper wires on the pc board to multiplex from two up to six input ports. When RESET
occurs, the 12 bits of data at port 0 are sampled and then shifted out serially on the DATA
line to the TOC. This action continues at each port until the final port programmed by the
jumper wires is reached. At this point the advancement halts, and the final port is
repeatedly sampled and serialized until the next RESET occurs. After the first sampling of
this port, the D-TIC generates STEP pulses for advancement of subsequent multiplexing
units. An S-TIC can be connected to the final part for digital expansion or an ADC for
converted analog data. Hence the D-TIC provides from one to five normal ports plus an
expansion port.

Fig. 3.  D-TIC Module

Slave TIC Multiplexer (S-TIC)

The S-TIC (Fig. 4) is a digital multiplexer with five 12-bit input ports plus a 12-bit output
port. Operation is similar to the D-TIC. RESET initializes the module, connecting port 0 to
the output port. STEP pulses from the preceding module sequence the output connection in



turn to ports 1, 2, 3 and 4. The output then remains connected to port 4 which thus serves
as yet another expansion port. In this manner, S-TICs may be cascaded indefinitely to
provide any number of digital word ports. After halting at port 4, an internal gate is
enabled, allowing STEP pulses to be outputted to the next multiplexing unit.

Fig. 4.  S-TIC Module

Analog Multiplexer (A-MUX)

The A-MUX (Fig. 5) successively switches up to 32 analog inputs for A/D conversion.
RESET initializes the A-MUX so that input 0 is channeled through the output to an ADC.
STEP pulses from the preceding multiplexer then advance the selected input until input 31
is reached. This input stays connected to the A-MUX output until the next RESET. If
additional analog inputs are required, input 31 can serve as an expansion port to a second
A-MUX. Input 31 of the second A-MUX (first if only one A-MUX is used) is connected
to a calibration output from the ADC. When this input is reached, the STEP pulses from
the A-MUX initiate an Automatic Calibration Cycle which corrects scale factor and null
offsets of the ADC/A-MUX combination. Since this correction process is valid only for
the cascaded gain and offset as seen through this input, cascading more than two
A-MUX’s is not recommended.

Analog-to-Digital Converter (ADC)

Design objectives for the ADC included a conversion time less than 1.2 ms for
compatibility with the 10-Kbps telemetry rate 12-bit resolution, and long term absolute
accuracy. The 1.2 ms requirement initially appeared beyond the capability of integrating
converters, so a successive-approximation ADC was designed. Although this converter
met the design objectives, it was a rather cumbersome circuit, in part because it used FET
switches with low-power discrete-component switch drivers.



Fig. 5.  A-MUX Module

The complexity of the successive-approximation circuit plus its dependence on a number
of precision resistors for accuracy led to a reconsideration of integrating techniques. In
particular, a novel autocalibration method was developed whereby offset and scale factor
were automatically and frequently corrected as a result of conversions performed on two
well defined calibration voltages. The result was a fast, simple circuit requiring no critical
components other than the Zener reference used to derive one of the calibration signals.
With several converters in the telemetry systems, each converter is online for processing
telemetry data only a small fraction of the total time. Thus the autocalibration operation
can be performed during the offline time.

A simplified schematic diagram that emphasizes the analog portions of the A/D converter
is shown in Fig. 6. The measurement (as opposed to the autocalibration) mode of operation
is described first. During measurements, the zero and scale factor correction voltages
shown are fixed, and the multiplexer connects the input of OA1 to one of the analog
voltages being measured. The integrating amplifier (OA2) output is initialized to zero volts
by closing SW2. To start the integration cycle, SW2 is opened with SW1 in the position
shown. Since the input signal to OA1 is assumed to be positive and constant (the ADC is
designed for unipolar operation), the integrator output is a negative ramp with a slope
proportional to the input voltage.

This integration continues for 4096 counts of a nominal 10 MHz clock (nominally 0.4 ms).
At the end of this interval, SW1 is switched to the negative reference (through the summing
node), the ramp slope becomes positive, and the conversion continues until the comparator
detects a polarity change at the integrator output. According to the litany of dual-slope
integration, if all proceeds well, the time to complete the second portion of the integration
cycle should be proportional to the input voltage.



Fig. 6.  Analog-To-Digital Converter Topology

Unfortunately, error sources are legion, particularly since the high-speed operation
emphasizes the dynamic limitations of the integrator, the comparator, and the switches.
However, most of errors from these circuit imperfections can be decomposed into a linear
combination of offset (or zero) error and scale-factor error. Very few produce
nonlinearities, none of which are significant at the 12-bit level.

For example, an offset associated with OA1 adds algebraically to the input signal and thus
causes only a zero error. An offset associated with OA2 changes the values of both the
input voltage and the reference voltage as perceived by the integrator and thus introduces
both zero and scale-factor errors. Time delays in the comparator, as well as “turn-around”
errors associated with SW, and the dynamics of OA, (in this case a fed-forward 101A
operational amplifier with several megahertz bandwidth, introduce a pure addititive (and
hence zero) error if the integrator-voltage crossing occurs after the turn-around transient is
completed.

Improving the performance of all critical components (at the expense of complexity and
power consumption) until acceptable levels were achieved is possible but cumbersome.
The more practical technique actually used tolerates a relatively low performance level in
individual components but then conducts overall system performance measurements and
makes corrections in an automatic calibration mode to reduce system errors to within
design objectives. This approach exploiting global feedback resulted in a compact,
efficient, and low-power design.



Autocalibration begins when the A-MUX cycles to its last input. In response to the STEP
pulses from the A-MUX, an electronic switch alternately applies voltages corresponding to
0 minus 1/2 LSB (-800 µV) and to full scale minus 1/2 LSB (6.5512 volts) on successive
conversion cycles. Corrections to zero and scale factor are made based on the results of
converting these voltages. If the -800 µV conversion result is less than zero, the zero
correction voltage shown in Fig. 6 is decremented to offset the next conversion in a
positive direction, while if the conversion result is greater than or equal to zero, the zero
voltage is incremented to offset the next conversion in a negative direction. Similarly, if the
6.5512-volt conversion result is less than full scale, scale factor is increased incrementally
for the next conversion by changing the scale factor correction voltage appropriately, while
if the result is a full-scale reading, scale factor is decreased. This process eventually
adjusts the zero correction voltage and the scale factor correction voltage so that the ADC
produces correct readings at zero and at full scale.

In all cases the changes made are approximately 1/20 of an LSB. These small changes
imply that a number of corrective changes must be made to establish initially appropriate
correction voltages and also limit the rate at which parameter changes can be tracked.
Neither of these limitations affects normal operation. The use of small changes does
provide a degree of filtering so that a noisy conversion performed just prior to the end of
an autocalibration cycle does not introduce large errors during the next sequence of analog
input conversions.

This autocalibration includes correction for offset and gain errors in the A-MUX. Because
of the global character of this technique, measurement at inputs near zero are effectively
absolutely accurate, while measurements near full scale are dependent on the stability of
the precision Zener diode used to derive the 6.5512-volt reference. Typical variation in the
full-scale transition is less than 100 µV from 0EC to 50EC.

The residual nonlinearity of the ADC was determined by measuring the exact input
voltages at which transitions between two adjacent outputs occurred. Transition point
maximun deviations from ideal usually resulted for input voltages near half of full scale;
the extreme deviation measured on any ADC tested was less than 500 µV. Similarly, the
noise performance of the circuit was such that the band of input voltages for which two
different output readings could occur was typically 300 µV wide.

The test results quoted above show that the maximum total error from precision reference
variations, nonlinearity, and noise, was less than 1/2 least significant bit at the 12-bit level.
The performance characteristics of this converter are summarized in Table II.



Dual Range Adapter (DRA)

Some analog voltages to be monitored by telemetry were in the range of 50 to 100 mv. The
1.6 mv resolution of the ADC was inadequate for accurately representing these signals. In
order to improve resolution, a DRA (Dual-Range Adapter) was designed.

This circuit (shown functionally in Fig. 7) preceeds the ADC with a gain-range amplifer
that can be set for a voltage gain of either 1 or 16. The gain of 16 is used when the input
signal level is less than approximately 0.4 volt; for larger inputs, the amplifier is set to
unity gain. One bit of the 12-bit data word is needed to indicate the gain-range amplifier
state. This bit is inserted at the beginning of the outputted data word. Each bit from the
converted data is delayed by one bit clock, the final LSB being dropped. Hence, the
resolution of the dual-range ADC was 200 µV for low level inputs and 3.2 mv for high
level inputs.

In order to keep the amplifier input offset voltage small compared to 200 µV, a pulse-reset
stabilization technique was developed. Figure 8 shows the basic circuit topology for this
reset technique. Amplifier OA1 is switched to gains of 1 or 16 by components external to
the circuit shown. When providing these gains, it is configured as a conventional
noninverting feedback operational amplifier connection by means of switches S1, S2, and
S3.



Fig. 7.  VRA Module

Fig. 8.  Reset-Stabilized Amplifier (Reset Mode)

For reset stabilization, consider first the operation with all switches as shown in Fig. 8.
The gain of 104 is supplied by a high-speed direct-coupled amplifier that is flat to beyond
the unity-gain frequency of OA1. The gain of this amplifier combined with the 104R/R
divider provides a unity-gain feedback path from the output of OA1 to its inverting input.
Thus the closed-loop bandwidth of this connection is equal to the unity-gain frequency of
OA1. Because of the resistive attenuator, the voltage VA reaches an equilibrium value equal
to 104 times the offset referred to the input of OA1 Offsets associated with the high-speed
amplifer are not important since this amplifier is preceeded by the gain of OA1).

Reset stabilization is accomplished by closing S4. Since OA2 is connected as an integrater,
the feedback loop via the balance input into OA1 drives the offset of OA1 to zero. When S4

is opened, the integrator stores the proper voltage to keep the offset of OA1 small. Because



of the wide bandwidth of the loop that generates VA, the reset loop can be made quite fast,
an important consideration because only 400 µs are available for the reset operation.

The reset stabilized amplifier typically achieves offsets referred to its input of less than
20 µV, a value small enough not to compromise performance when providing gain for the
ADC.

Special Circuits

In a few cases, the five standard modules were augmented with special submultiplexing
circuitry. Submultiplexing was used only on very slowly changing signals such as
temperature and power supply telemetry points. In TIC 6 two final A-MUXs were
submultiplexed into output 31 of the first A-MUX in alternate formats. TIC 13 actually
consisted of two completely separate TICs submultiplexed by a simple digital switch
which selected the DATA output to be sent to the TOC.

Nearly all of the satellite thermometry was accomplished with a standard resistor-
thermistor voltage divider. The only exception was for some high-temperature
thermometry utilizing platinum-resistance-thermometers for which a special multiplexed
current source was provided.

TIC Configurations

Available space does not permit showing all 15 TIC configurations employed. To illustrate
how the five basic modules can be connected, a representative TIC is shown in Fig. 9. This
TIC can handle 8 12-bit digital inputs and 31 analog inputs. In this configuration, the
D-TIC and the S-TIC first step through the 8 digital inputs, stopping at the last input of the
S-TIC. The input to this port is the digital output from the ADC. Next the analog
multiplexer steps through its 31 inputs with the resultant converted data appearing at the
last input port of the S-TIC.

Table III shows the spacecraft functions monitored and lists the number of digital and
analog points measured by each TIC.

Auxiliary Operation

As previously mentioned, the TICs permit telemetering of subsystems “on the bench”, i.e.,
when the subsystem is not connected to the TOC. In these cases a TOC simulator is
required to provide the interface function. Two types of TOC simulator were developed
during the course of testing that merit discussion.



Fig. 9.  Representative TIC

TABLE III

Spacecraft Telemetry Budget

TIC Spacecraft Function Digital Analog
  # Words Words

  0 Signal Processor   9   0
  1 Freq. Synthesizer   9   8
  2 Alternate Command6   6   0
  3 Prime Command 10   0
  4 K-Band RF System   1 53
  5 UHF RF System   1 60
  6 Pwr. Amps & Temps1   1 93**
  7 X-link Dish Pointing10 10   0
  8 Stationkeeping 22   0
  9 Momentum Wheel   9   0
10 Attitude Control 18   0
11 Sun Sensor 10   0
12 Gas System   4   0
13A* Power System   5 59
13B* Temperatures   4 60
14 Gyro   4 13

TOC 20   0

  * A and B submultiplexed
** 62 inputs submultiplexed



The Telemetry Operating Equipment (TOE) was designed for bench testing. It provided
the TIC-TOC interface and could display selected words in binary, octal, decimal or
correctly scaled voltage readings. Each TOE could interrogate 2 TICs so relatively few
TOE’s could supply extensive support for bench testing.

The communications payload was integrated on a test platform and thoroughly tested for a
year prior to being integrated on the spacecraft. For this testing, a “mini TOC” and a
special buffer memory and interface were constructed to provide telemetry information
from the communications system TICs to the computer controlling the automated testing.

TELEMETRY ANALOG CALIBRATOR (TAC)

To monitor the performance of all telemetry ADCs, a precision digital-to-analog converter
was designed to supply accurate voltages to one multiplexer input of each ADC. The TAC
provides this function.

A functional diagram of the TAG is shown in Fig. 10. The D/A converter is sequenced to
provide a total of 100 output voltage levels in 10 mv steps below 0.4 volt and 100 mv
steps between 0.4 volt and 6.3 volts. In order to eliminate effects of various local ground
potentials (which differed by as much as 2 mv across a satellite), the local ground of the
TIC making a TAC measurement is sensed and added to the output of the D/A.

Fig. 10.  TAC Functional Diagram

Since the TAC applies 100 different levels to a converter sequentially in order to complete
a calibration cycle, the cycle requires 64 seconds at the fast telemetry bit rate and 6400
seconds of the slow bit rate.

The TAC uses reset stabilized amplifiers to minimize voltage offset error. This error is less
than ±25 µV over the temperature range from -40EC to +80EC. Scale-factor error at 25EC
is less than 0.005%, and the average temperature coefficient of the scale factor is less than
±5 ppm/EC.



TELEMETRY OUTPUT AND CONTROL (TOC)

The TOC controls and gathers data from all TICs, multiplexes this data into a repetitive
telemetry format, and provides baseband drive to S-band, K-band, and UHF downlinks.
500 kHz clocking is derived from the spacecraft 5 MHz crystal-controlled master
oscillator system. By ground command the TOC can be operated in either FAST
(10-Kbps) or SLOW (100 bps) mode.

Format

The basic telemetry output format is shown in Fig. 11. Each format consists of 400 16-bit
words organized into 10 frames of 40 words each. The first two words of each frame are
dedicated to TOC-related functions; the remaining 380 words convey 12-bit TIC words
(DATA), each with its corresponding 4-bit, TOC-generated parity check sum (CS). In
FAST mode, a format lasts 0.64 seconds with each word 1.6 ms. In SLOW mode,
operation is scaled down by a factor of 100, a format lasting 64 seconds and each word
being 16 seconds.

Fig. 11.  Telemetry Format

Fifteen of the TOC-related words are for frame synchronization; five convey information
for monitoring TOC performance and deriving higher order synchronization. The 15 sync
words are equally divided among the bit sequences S, þ, and S1. These form a pattern
uniquely recognizable in each pair of frames, enabling receiver synchronization on a frame
pair basis. The three sync words include completed check sums to enhance distinction
from data words, while the sequence of þ S1 provides a unique pattern which cannot occur
elsewhere in the format, regardless of data content. Identity of each frame pair is included 



within word 1 of even frames by 4-bit sequences FRO through FR8, thereby facilitating
full format synchronization within a frame pair.

FAST and SLOW format counts (FF and SF) permit higher order synchronization to
sequences of formats. In FAST mode, FF provides a modulo 100 count of generated FAST
formats and SF provides a modulo 100 count of SLOW format intervals (or hundreds of
FAST formats). In SLOW mode, since FAST format count is not applicable, FF is locked
to zero, and SF provides a count of generated formats directly.

FMT indicates the status of a FAST mode timer for controlling the duration of FAST mode
operation. This timer is a two-decade counter decremented each time the SF count turns
over from 99 to zero, i.e., once every 64 x 100 seconds or 1.78 hours. Decrementing halts
at zero. Setting FMT to any non-zero count via ground command enables FAST mode
operation, while the zero state enables SLOW mode. This mechanism of rate control is a
defense against in-flight lockup in FAST mode if command capability is lost. Such lockup
accompanied by loss of earth pointings for example, could result in telemetry loss because
of the relatively low signal-to-noise ratio inherent in fast-rate telemetry transmission.

MODE indicates the status of rate control facilities, which include over-riding clamps in
addition to the FMT facility. TAG identifies the satellite source as LES-8 or LES-9 and
provides downlink channel identification.

TIC data occurs within the format as continuous sequences of words for each TIC with
TIC selection determined by wire strapping within the TOC. Data bits are transmitted
MSB first. TOC generated check sums for each data word provided indicate all single-bit
errors and all double-bit errors except for one involving the LSB.

TOC Block Diagram

The TOC is illustrated in the block diagram shown in Fig. 12. The divider chain at the
bottom of the diagram generates all necessary timing signals. The incoming 500 Khz clock
is divided by 50 and then by 100 for the basic FAST mode (10-Kbps) and SLOW mode
(100-bps) bit-clocks. The bit-clock in use drives a ÷16 counter followed by a ÷4 and ÷10
stages of a ÷400 word counter. The format-clock from the word counter drives the SF
counter in SLOW mode and the FF counter followed by the SF counter in FAST mode.
The SF counter turnover output decrements the FMT counter. 100 KHz, 400 Hz and
100 Hz clocks are tapped off the divider chain for use by other subsystems.

Bit-clock, bit counter states and word counter states control the TIC SELECTOR for
generation of the RESET pulses initiating operation of each TIC. Jumper wiring on the
TIC SELECTOR permits generation of RESET pulses in any order anywhere in the



Fig. 12.  TOC Block Diagram

format. The RESET pulses also set the SELECTION REGISTER which in turn controls
the TIC MUX to select the incoming DATA stream from the TIC in use.

TIC CLOCK is the bit-clock buffered for distribution to the TICs and inhibited (not
shown) during words 0 and 1 to prevent TIC operation during TOC-related words.

TIC DATA is multiplexed with TOC-related status words and passed through the CHECK
SUM GENERATOR in which the SYNC words are generated. The data stream is then
routed to the appropriate downlinks and crosslinks.

Whenever the TOC is in FAST mode, SLOW telemetry data must still be available for
K-band and UHF links. This is accomplished in the RATE BUFFER through a double
buffering technique. With S3a and S3b in the positions shown, SR1 is being loaded with
four words at the 10-Kbps while SR2 is being read out at 100-bps. Upon readout
completion, the switches are reversed and the operation repeated. Timing to cover the
entire format is indicated in Fig. 13. The 10-Kbps loading of a four-word group is
designated as a LOAD BURST. The word groups in the indicated readout format
correspond to the FAST formats from which they are loaded. Thus, during FF98 the last
four words in that format are loaded and then read out during FF99. Similarly during FF99
the first four words are loaded and then read out during FFO.

Signals to control TIC submultiplexing are derived by exclusive ORing of the FF and SF
counter LSBs. If simpler functions are employed, all submultiplexed telemetry points will
not appear on the SLOW TLM output when the system is set to FAST mode.



Fig. 13.  TOC Rate Buffer Load Burst Timing

Physical Configuration

The standardized packaging scheme initially developed for telemetry was subsequently
adopted for all digital and low frequency analog systems on the LES-8/9 spacecraft. Four
sizes of standardized boxes were designed to house standard 4" x 5" pc boards with either
40 or 80 NAFA I/O pins per card. Figure 14 shows the assembly which housed the two
TOCs and the TAC together with examples of two flight pc cards. The box consists of an
upper cover, a lower cover, an upper shell, a lower shell, and a connector plate. The upper
shell and connector plate were tailored to specific assembly requirements, the remaining
pieces being identical for a given box size.

The connector plate was machined to accept rows of female NAFI pins for mating to
corresponding pc card connectors. I/O connectors are mounted on the same plate, allowing
single-plane wirewrap interconnections among all pc cards and I/O connectors. This
approach is significantly less costly than pc backplane techniques and far simpler for
making electrical modifications when necessary. TICs for compatibly packaged
subsystems were incorporated in the subsystem packages, TIC I/O connections to the
subsystem being made via the connector plate wirewrap. No such compatible packaging
existed for rf systems, the power system and temperature monitoring, so individual TIC
packaging was necessary in these cases.

CONCLUSIONS

The LES-8/9 telemetry system fully met and in some instances surpassed the objectives
stated initially in this paper. The equipment was used heavily during all program phases in



Fig. 14.  TOC Packaging

breadboard and prototype development, in full subsystem tests such as attitude control and
the entire communications subsystem, and throughout all spacecraft testing. 

The system yielded accurate, dependable monitoring in all environments, including wide
range temperature testing (-60E to +80E environment). Engineering personnel came to rely
on the validity of telemetered data; indeed, in several instances during thermal testing,
telemetered data variations on the order of a percent or less were tracked down and found
to arise from significant problems which required correction.

Since launch in March 1976, one ADC on LES-9 has occassionally exhibited a thermally
induced scale factor error of about one percent over a narrow temperature range. The
effect was noticed on several functions monitored by that TIC and verified via TAC
measurements. Otherwise, these systems have continually provided reliable monitoring of
all spacecraft functions with flawless performance.
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