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ABSTRACT

This paper discusses a PCM telemetry system consisting of programmable logic devices
(PLDs) and off-the-shelf analog ICs. A finite state machine (FSM) serves as the system
controller. All digital logic, including the FSM, is implemented using PLDs. This approach
has two important features. First, the use of an FSM offers a significant speed advantage
over microprocessor-controlled systems. Second, the use of PLDs offers a high degree of
design flexibility while obtaining a low-power, low-volume system.

INTRODUCTION

As a national laboratory, one of Sandia’s primary missions is the weaponization of
airborne nuclear explosives. This requires the development of low-power, low-volume
telemetry systems for the acquisition and transmission of flight test data. These flight tests
are divided into two groups: Development and Joint Test Assembly (JTA). The differences
between these two types of flight tests impose different requirements on the telemetry
system.

As the name implies, Development flights are performed during the weapon development
stage when the emphasis is on system characterization and modification. Because there are
many unknowns to be characterized, the number of analog and digital channels to be
monitored (data list) can be in excess of 100 channels. This, in turn, can require a PCM bit
rate in excess of 1 Mbs (Mega-bits/second). Also, the number and type of channels to be
monitored may change from flight to flight. Thus, the telemetry system must be flexible
enough to accommodate these changes.

On the other hand, JTA flights are performed after the weapon goes into production and
are used to determine if the weapon would have performed correctly. For these flights., the



data list is usually fixed, although bit rates may still be in excess of 1 Mbs. However, due
to the extreme importance of these flights and a shelf-life requirement of several years, a
heavy emphasis is placed on component reliability.

Therefore, our goal was to develop a flexible PCM telemetry system capable of a 2-Mbs
PCM bit rate using components conforming to either MIL-M-38510 [1] or MIL-STD-883
[2] (Class B). Also, the system was to have low volume and power requirements.

SYSTEM ARCHITECTURE

Overview

As shown in Figure 1, a finite state machine (FSM) serves as the system controller. The
FSM generates the signals necessary to perform analog-to-digital (A/D) conversions, to
write and read from RAM, and to control the parallel-to-serial conversions. The FSM also
increments the data-list address counter. This counter addresses an EPROM which
contains the addresses of the channels to be monitored (data list) . For this system, there
are three types of channels to be monitored: 1) digital channels, 2) analog channels with no
delay, and 3) analog channels with delay. The digital channels (single bits) are combined
into groups of eight and transmitted as one byte (each group of eight bits has a unique
address). All analog channels are sampled, converted to 8 bit digital words, and either
transmitted immediately or written to RAM and transmitted after a specified time interval.

The FSM was chosen over a microprocessor as the system controller for two reasons.
First, as will be discussed later, the controller is required to perform a series of functions
which are repeated over and over. The controller outputs are only dependent upon the type
of channel to be sampled. When looking for a low-power microprocessor/microcontroller
to perform these functions, it was found that the typical instruction time was 1-2
microseconds. Thus, for a 2-Mbs PCM bit rate or 4 microseconds per sample (8 bits per
sample), this would allow only 2-4 instructions per sample. On the other hand, the FSM
can operate at speeds limited only by the technology used to implement the circuitry. For
CMOS PLDs, the maximum clock rate is in excess of 10 Mhz. For the algorithm used in
this system, this would yield a sample rate of 625 kilo-samples per second or a PCM bit
rate of 5 Mbs (of course, this assumes the rest of the system is capable of performing at
this speed). Second, the only mathematical function the controller needs to perform is to
increment a register. This can be performed by clocking a counter. The only disadvantage
of an FSM is that as the complexity increases, so does the circuitry necessary for
implementation. The increased complexity and circuitry combine to make changes to the
FSM more difficult, thus violating our flexibility requirement. However, for this system,
the FSM design is very straightforward.



Figure 2 shows a generic data format for the PCM system. Each major frame consists of k
minor frames. Each minor frame begins with up to four synchronization words and a
minor-frame/data-set tag word followed by the corresponding minor-frame data. The
minor-frame/data-set tag word identifies the current minor frame and data set (particular
data list or major frame). The number of minor frames corresponds to the maximum
number of channels that are subcommutated (time-division-multiplexed) within a particular
word location.

Functional Description

Finite State Machine - Figure 3 shows a block diagram of the FSM. The states are
controlled by a four-bit synchronous counter. The counter runs continuously at 4 Mhz,
counting from 0000 through 1111. The output decoder generates the FSM outputs. These
outputs are latched (to prevent glitches) and are derived from the counter outputs (or state
variables) and the data-type bits. The data-type bits describe which type of channel is
currently being sampled and are derived from the channel address (the majority of
channels are analog with no delay which makes deriving these two bits very easy). With a
four-bit counter, there are 16 states per sample and 250 nanoseconds per state. A finer
time resolution can be obtained by proportionately increasing the clock frequency and
number of states per sample.

In the current configuration, the address counter is incremented when the FSM is in state
0 (0000). Allowing for propagation delay, the EPROM then outputs the address of the next
channel to be sampled. The address decoder then determines the type of channel and the
FSM outputs the appropriate control signals. During state 15 (1111), the digital word
corresponding to that channel is shifted into the parallel-to-serial converter. For analog
channels, 1-3 microseconds must be allowed (depending on the type of amplifiers and
multiplexers used) for the channel to settle before the A/D conversion is started. This
settling time can be made transparent - thereby increasing the maximum sample rate - by
pipelining the signal flow. In other words, as soon as the current analog channel is sampled
(by the track-and-hold amplifier), the address counter is incremented to allow the next
channel to begin to settle. To implement this feature requires essentially only a change in
the FSM output signals. This can be done by reprogramming the PLD which implements
these signals.

Flexibility is obtained by the use of PLDs [3,4,5,6] to implement the design. For the PLDs
we used, each output has a dedicated PLA and programmable flip-flop available for use.
The PLA is a programmable-AND/fixed-OR structure, providing eight product terms with
a maximum of 36 variables (12 inputs and 24 outputs which are fed back to each PLA) per
product term. Outputs can be registered (D, T, JK, or SR flip-flop) or combinatorial (no
flip-flop). If necessary, multiple PLAs can be internally cascaded to provide more than



eight product terms for a single output. Therefore, control signals can be modified simply
by reprogramming the PLD. Furthermore, additional control signals can be added by
programming unused output pins.

Memory - The system contains two memory elements, a 32k x 8 EPROM and a 2k x 8
static RAM. The EPROM is used to store one or more data sets (major frames). Each data
set is stored sequentially in memory. The minor frames which correspond to a particular
data set are also stored sequentially. Each EPROM memory location contains an address
which determines the type of word to be inserted into the PCM data stream. The three
types of words are: 1) data channel (one of three types discussed earlier), 2) sync word
(one of four), and 3) minor-frame/data-set tag word. The type of word is determined by the
EPROM output decoder.

The RAM is used to delay the transmission of one or more channels for a specified number
of samples. This memory is divided into two sections to simplify writing and reading.
When a particular sample is written into section 1 (instead of being transmitted), a sample
from the same channel is read from the same address in section 2 and inserted into the data
stream. When section 1 has been completely written over, writing continues in section 2
and the reading is performed in section 1. This process then repeats. The addressing of the
RAM is controlled by the RAM address generator. The RAM output is a tristate output
and is connected to the digital data bus.

Peripheral Logic - The remainder of the digital logic can be divided into eight groups (see
Figure 1): the data-set controller, the memory address counter, the reset generator, the
EPROM output decoder, the minor frame counter, the RAM address generator, the digital
latch, and the parallel-to-serial converter. These logic groups are implemented using four
40 pin PLDs.

The data-set controller monitors the data-set control signals and produces one or more bits
which identify the next data set. These bits are used to control the memory address
counter.

The memory address counter is a 15-bit (32k) synchronous counter which addresses the
32k x 8 EPROM. This counter is controlled by the FSM terminal-count pulse
(corresponding to state 1111), the reset pulse, and the data-set bits. When the terminal-
count pulse is high, the counter is either incremented (reset signal low) or reset to a
predetermined value (reset signal high) corresponding to the start of the next major frame.
These predetermined values are pre-programmed into the counter and are selected by the
data-set control bits. The reset generator monitors the address generator outputs and
produces the reset pulse. Thus, the counter is incremented under normal operation. When
the address generator reaches a count which corresponds to the last word in the current



major frame (data set), the counter is reset to a value which corresponds to the first word
in the next major frame (same or new data set).

The EPROM output decoder monitors the EPROM output and produces signals which
determine the next PCM word-type. Three bits identify the next word as either one of four
sync words, a minor-frame/data-set tag word, or a data word. These three bits are used to
control the parallel-to-serial converter. Two other bits determine the specific type of data
word. The first bit determines whether the next data word is digital or analog. The second
bit determines whether the next analog word needs to be delayed. These two bits are used
to control the FSM outputs. Finally, three bits are produced which select the specific
digital word to be sampled.

The minor frame counter keeps track of the current minor frame and its output is combined
with the data-set control bits to form the minor-frame/data-set tag word. The minor frame
counter is incremented once per minor frame (when the EPROM output decoder indicates
the current word is the minor-frame/data-set tag word) and is reset by the reset generator.

The RAM address generator is a synchronous counter used to address the RAM. An extra
bit is toggled to page between sections 1 and 2 (of RAM) for consecutive write and read
operations. The counter is reset internally when it reaches a count corresponding to one-
half the specified sample delay (since each section in RAM provides one-half the total
delay) multiplied by the number of delayed channels.

A digital multiplexer/latch is used to select and sample the digital channels. The digital
channel is selected by the EPROM-output-decoder bits and is latched by an FSM output
signal. The latch output is a tristate output and is connected to the digital data bus.

Finally, the parallel-to-serial converter produces a serial NRZ bit stream containing the
appropriate sync, tag, and data words. All digital words are latched into the parallel-to-
serial register during the terminal-count pulse (FSM state 1111). The type of word latched
into the register is determined by three of the EPROM-output-decoder bits. For bit
configuration 000, the data appearing on the digital data bus (A/D, RAM, or digital latch
output) is latched into the register. For bit configurations 001-100, the appropriate sync
word is latched into the register. And, for bit configuration 101, the minor-frame/data-set
tag word is latched into the register. The latched data is then shifted serially out of the
register at one-half the clock frequency.

Again, flexibility is obtained by using PLDs to implement all peripheral logic. Functions
can be added (if unused output pins exist), deleted, or modified by reprogramming the
PLD(s). Modification ease is especially important since as the data sets change from flight
to flight, so will the peripheral logic.



Analog-To-Digital Converter - The A/D converter converts analog samples to 8-bit
digital signals with one-half least-significant-bit (LSB) accuracy. This converter has an
internal sample-and-hold with a maximum slew rate (during conversion) of 0.1 V/usec.
This corresponds to a 3.2 khz, 5 V peak-to-peak signal. This maximum-slew-rate
limitation can be increased with a faster external sample-and-hold circuit. The maximum
conversion time is 1.6 microseconds. The converter output is a tristate output and is
connected to the digital data bus.

High-Speed Buffer Amplifier - The operational amplifier (op-amp) used to drive the A/D
input has a settling time of 250 nanoseconds and a 6 mA quiescent supply current
requirement. The input offset voltage is 11 mV, but can be reduced using offset nulling
resistors. Clamping diodes are used with this op-amp to prevent latch-up of the CMOS
A/D converter due to input overvoltage.

Analog Multiplexers - The analog multiplexers are 16-channel multiplexers with a
maximum on-resistance of 400 ohms, a typical output capacitance of 50 picofarads, and a
maximum access time of 1.0 microsecond. The small switch impedance is necessary to
minimize settling time (settling time to 1 LSB = 5.6RC). However, this low switch
impedance puts additional requirements on the amplifier which drives it.

Signal Conditioning - The signal conditioning circuitry consists of gain/attenuation and
filter stages. To reduce volume requirements, quad op-amps are used to implement these
stages. These op-amps were chosen for their low power requirements (<1mA/quad) and
their low input offset voltage (<1mV). One problem was in choosing an amplifier to drive
the multiplexer output capacitance (50 pf) through the low switch resistance. Op-amps
with low quiescent power requirements (<3mA) but high output drive capability (>15 mA)
were tested. However, it appeared that in spite of the high output drive capability, the op-
amp outputs were perturbed (unsettled) due to the switching capacitive load. In other
words, when a channel was selected, the op-amp had to charge the switch output
capacitance through the switch resistance. But, because the op-amp has a finite response
time (i.e. requires a finite amount of time to begin sourcing/sinking current), the output was
perturbed. Once perturbed, the op-amp then required a finite amount of time to settle. So,
op-amps with low power requirements but fast settling time (due to output perturbation)
were tested. As a result, a quad op-amp was found with a 1 mA quiescent current
requirement, 3 mV input offset voltage, 3 mA output current, and a 1 microsecond typical
output settling time (Note: Because the maximum settling time due to an output
perturbation is not specified, additional testing is required to determine this value) . The
3 mA output current is sufficient to charge/discharge the 50 pf switch capacitance (i.e.
neglecting RC settling time, dt = C*dv/I = (50pf)*(5v)/(3mA) = 83 nanoseconds).



Thus, for this configuration, the analog channel settling time is limited by the multiplexer
access time (1 microsecond) and the driving amplifier output settling time (at least 1
microsecond).

POWER AND VOLUME REQUIREMENTS

Because all parts except the op-amps are CMOS devices, the power requirements are kept
to a minimum. As an example, consider this PCM system operating at 2 Mbs and
monitoring 128 analog channels (with one signal conditioning op-amp per channel) and 24
digital channels. The worst-case power consumption is 1.9 watts and the volume
requirement is 51 integrated circuits with a total of 1052 I/O pins. By hybridizing the
analog circuitry, the volume requirement can be reduced to 12 individual packages with a
total of 456 I/O pins.

PERFORMANCE

Using worst-case product specifications, this system is designed to operate at 2 Mbs over
the military temperature range (-55 to +125 deg C) . However, at room temperature, one
LSB of accuracy was measured at 4.0 Mbs.

The CMOS PLDs used to implement this design have a maximum (worst-case) clock
frequency of 12 Mhz, which corresponds to a PCM bit rate of 6 Mbs. Thus, to improve the
guaranteed bit rate of 2 Mbs, changes must be made to either the FSM algorithm or the
analog circuitry.

As stated earlier, the analog settling time can be made somewhat transparent by pipelining
the analog signal flow. By allowing the next channel to settle while the current channel is
being digitized, the maximum PCM bit rate will be determined by the longer of either the
analog settling time or the A/D conversion time. For this system, pipelining will increase
the maximum bit rate (using worst-case specifications) to 3.2 Mbs.

With certain tradeoffs, additional bit rate improvements can be obtained by using faster
components. An 11 mA-per-quad op-amp is available with an output settling time of 200
nanoseconds. A multiplexer which uses 10 volt logic is available with an on-resistance of
120 ohms and an access time of 300 nanoseconds. Certainly, higher-speed op-amps are
available for driving the A/D input at the cost of higher power requirements. Also, high-
speed (>10 Mega-samples/second) A/D converters are available at the cost of higher
power requirements and usually lower operating temperature ranges. And, if necessary,
faster PLDs can be used to implement the FSM and peripheral logic.



CONCLUSION

A flexible high speed PCM telemetry system consisting of programmable logic devices
(PLDs) and off-the-shelf analog ICs has been demonstrated. A finite state machine serves
as the system controller and offers a significant speed advantage over microprocessor-
controlled systems. The use of CMOS PLDS to implement all digital logic offers a high
degree of design flexibility while reducing volume and power requirements. Further
reduction in volume requirements can be obtained through hybridization of the analog
circuitry. High reliability is obtained through the exclusive use of components conforming
to either MIL-M-38510 or MIL-STD-883 (Class B) . In the current configuration, the
guaranteed PCM bit rate over the military temperature range is 2 Mbs. This guaranteed bit
rate can be increased easily to 3.2 Mbs by pipelining the analog signal flow. However, by
making certain tradeoffs, further increases in the bit rate can be obtained by using faster
components.

REFERENCES

1. “Military Specification MIL-M-38510G:  General Specification for Microcircuits”,
Rome Air Development Center, Griffiss AFB, NY, May, 1987.

2. “Military Standard MIL-STD-883C: Test Methods and Procedures for
Microelectronics”, Rome Air Development Center, Griffiss AFB, NY, August, 1983.

3. Small, Charles, “Programmable-Logic Devices”, EDN, February 5, 1987.

4. Cole, Bernard, “Programmable Logic Devices:  Faster, Denser, and a Lot More of
Them”, Electronics, September 17, 1987.

5. Cole, Bernard, “Programmable Logic Devices:  The Second Generation”, Electronics,
May 12, 1988.

6. “Survey of Programmable Logic Devices”, VLSI Systems Design, October, 1986.



FIGURE 1.  PCM TELEMETRY SYSTEM BLOCK DIAGRAN



FIGURE 2.  PCM FORMAT

FIGURE 3.  FINITE STATE MACHINE (FSM)


