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ABSTRACT

Successful programming of a microprocessor for airborne telemetry requires attention to
proven programming techniques, as well as consideration of additional constraints that are
required by the hardware involved. This paper describes a custom microprocessor-
controlled telemetry encoder developed by Sandia National Laboratories. The telemetry is
used to encode and transmit data from warhead development and quality assurance tests.
This paper briefly describes the encoder, discusses in some detail the structure of the
software, and concludes with a mention of future telemetry development planned. The
general principles of encoding are emphasized rather than an extensive discussion of
software used in this system.

INTRODUCTION

The architecture of the telemetry system described in this paper places certain constraints
and requirements on the control software. Consequently, an understanding of those
demands is a prerequisite to understanding the software operation.

Sandia Laboratories telemeters a large amount of data from tests of nuclear weapon
systems. These tests are conducted throughout the life of each weapon system to verify its
safety and reliability. The data encoders for the telemetry systems are typically a
combination of FM/FM, PCM/FM, or PAM/FM with a custom-designed high resolution
digital system included as a separate package. The microprocessor encoder described here
consists of custom Large Scale Integrated (LSI) circuit modules that combine PCM and the
high resolution digital system into a single compact package.



Figure 1 is a block diagram of a typical telemetry system that uses a microprocessor-based
encoder. The analog data points from the warhead are connected to the inputs of the Data
Acquisition System (DAS). The microprocessor selects the analog data point to be
monitored by addressing the DAS. When the data are selected, they are digitized by an
analog-to-digital converter. After the data have been digitized and parallel loaded into a
register, they are clocked out serially from the DAS. The modular LSIs allow the design of
encoders that can be adapted to the requirements of the system to be monitored. By
controlling the encoder LSIs with a microprocessor for effective bandwidth utilization, the
RF transmission channel can transmit more information over a varied test mission profile
that can be transmitted from a fixed format encoder. An additional advantage is that the
data format can be readily changed to adapt to changing requirements that occur during the
test.

A software program for this encoder must be written to be compatible with: 1) LSI
characteristics, 2) the telemetry system architecture, and 3) the performance requirements
dictated by the system to be monitored. Block structured programming aids in writing the
software and debugging the hardware/software combination. Careful documentation of the
program is essential to following the operation of the program when the program is
debugged with the hardware.

LSI CHARACTERISTICS

The LSI set consists of: 1) the microprocessor, 2) memory, 3) a Data Acquisition System
(DAS) LSI, and 4) a control LSI. These LSIs are CMOS. CMOS was selected because of
its inherent lower power requirements and high noise immunity.

Microprocessor

The microprocessor presently used is a high-reliability (hi-rel) radiation-hardened version
of the RCA 1802 COSMAC, which is produced in the Semiconductor Laboratory at
Sandia for satellite applications. In addition to the standard accumulator found in most
computers (D-register in the 1802), the 1802 has 16 general purpose registers (R0/-RF).
Each register is 16 bits wide. The registers can be used as program counters and pointers
to memory locations, or as data storage. These registers are loaded or examined through
the D-register. Although the commerical version is advertised to run at a maximum clock
frequency of 6.4 MHz, the hi-rel version used here is somewhat slower. In the present
telemetry systems, the microprocessor is clocked at a conservative 2 MHz. Reference 1
describes the 1802 and the assembly language instruction set in detail.



Memory

The memory currently being used with the microprocessor (1.5K) is EPROM. When no
more software changes are anticipated, mask-programmable PROMs will be used in the
version.

DAS LSI

The data acquisition LSI combines several functions on one chip. In contains: 1) a 24-to-l
multiplexer that selects any one of 24 analog signal inputs to be digitized; 2) eight of the
above analog inputs may be optionally selected to be either digital inputs to monitor digital
data or digital outputs to control external circuits; 3) a microprocessor data bus port that
allows the microprocessor to read data from the DAS LSI or load data in the DAS LSI; 4)
the capability to select a digital data word length of 0 (if a DAS is to be bypassed), 4, 6, or
8 bits; and 5) a parallel-to-serial shift register where digitized data is transferred in parallel
to the register. The data is then shifted out serially from the register to either the control
LSI or to the next DAS in the serial string (see Figure 1).

Control LSI

The functions in the control LSI are: 1) selection of the transmission bit rate, 2) selection
of the number of bits that are loaded into the DAS parallel-to-serial shift register each
parallel load, 3) selection of frame size for the high resolution digital system, 4) counters to
measure high resolution data event times, and 5) self-check circuits that generate signals to
test the high resolution data circuits during the test, but prior to the time of occurrence of
the high resolution data. The self-check values are read from memory and loaded into the
LSI at self-check time by the microprocessor.

APPLICATION OF THE TELEMETER

The first use of this telemeter is in a bomb carried by an aircraft and released over a target.
The telemetry is turned on by the application of aircraft power several minutes prior to the
bomb release point. As the aircraft nears the target, the telemetry internal batteries are
activated and the telemeter is operating on its own power.

The discussion that follows is based on the requirements of the bomb system. Other
applications will impose different requirements, but the principles remain the same.



DATA SETS

The bomb electrical system data to be monitored can be divided into three data sets. The
available transmitter bandwidth is almost completely filled in each data set. The first data
set lasts several minutes and occurs as the plane approaches the target area. The set
contains: 1) the data from the aircraft as it controls the weapon prior to release, and 2) the
data from the weapon in response to those control signals.

The second data set lasts only a few seconds and occurs shortly after the weapon leaves
the aircraft. The third data set occurs several seconds after release and continues until the
end of the test. Data from the same warhead monitor point may occur in more than one
data set. Some of the data spans Data Set 1 and Data Set 2, other data spans Data Set 2
and Data Set 3, and some data spans all three data sets.

DATA FRAME

The data to be transmitted is arranged in a data sampling sequence called a data frame.
The frame consists of 128 8-bit words, four of which are not data words but are a unique
pattern that locate the start of the frame and identify the data set. The fundamental sample
rate for a data point that is sampled once per frame is 250 samples/second. Some data in
each set is supercommutated, i.e., sampled more often than once a frame for data that
requires a higher sampling rate. None of the data requires subcommutation (sampled less
often than once per frame), though subcommutation is easily accommodated. It is
important to the data reduction operation that the data that spans the data sets be in the
same word location in the data frame in each data set.

SELF-CHECK

It was decided to self-check the control LSI every ten seconds while it was on the aircraft.
During this time, the data in Set 1 and the self-check data could be examined, and the test
could be aborted if a failure in either the bomb or the telemeter were indicated. The self-
check increments through an array of values stored in the data section of the program. The
values were chosen to cover the range of the possible data values and operate the bits in
several combinations. At the end of the list are zeros as end-of-data markers. When the
zeros are encountered, the self-check data address is reset to the start of the data and the
sequence is repeated.

A nonvolatile memory (NVM) register consisting of four CMOS latches with a capacitor
across the voltage input terminal to retain the latched value was incorporated in the
hardware. The NVM latches serve as a pointer to the current data set. If a short-term
power dropout should occur, the program will return to the proper data set:



TELEMETRY SYSTEM ARCHITECTURE

All of the functions described in the LSIs are memory mapped; that is, some of the
memory space available is assigned to hardware functions. The microprocessor controls
the LSIs by writing to memory addresses in this range of memory. Some of the functions in
the LSIs are activated by an address reference only. The remaining functions accept and
operate with data loaded from the data bus to a specific address in the LSIs. The address
map is structured so that various combinations of functions can be either activated together
with a single address or addressed individually.

The timing relationship between the hardware and software is extremely important. For
example, the data transmission bit rate selected for this application was 250 Kbits/sec,
which results in a bit period of four microseconds. The word size selected was 8 bits/word
and four was the number of words to be transferred into the serial shift register each
parallel load. The time available for software to prepare for the succeeding data load is the
time period between parallel loads. With a bit period of four microseconds and four words
that are each 8 bits long, the time available for each section of software is 128
microseconds (4 words x 4 microseconds/bit x 8 bits/word = 128 microseconds).

When the 1802 is clocked at 2 MHz, the time required for most instructions is 8
microseconds (except for long branches from one page to another which requires 12
microseconds). It is important that the average number instruction not exceed 16 (8
microseconds/instruction x 16 instructions = 128 microseconds) if the software is to
remain synchronized with the hardware.

The software for this system was written in 1802 assembly language in order to ensure that
the timing requirements were met.

The 1802 has four flags and an interrupt line that are used to signal the microprocessor.
The flags are assigned as follows:

Flag 1 -- This is a laboratory test of the encoder. Test all DAS channels in sequence.

Flag 2 -- Data in Set 3 has occurred; branch to Set 3 immediately.

Flag 3 -- Data in Set 2 will occur after a short time delay. Start the delay, and when the
time is up, branch to Set 2.

Flag 4 -- The parallel load monitor latch has been set. Reset the latch and proceed with
the required instructions for the next parallel load block. This flag is used to
synchronize the hardware and software.



The interrupt is used to signal the start of the high resolution data. In this system, there is
no need to return to the exact spot in the program where the interrupt occurred; therefore,
no program addresses are saved while in the interrupt service routine. The interrupt service
routine processes the data, resets the interrupt enable, and returns to the start of the data
set.

SOFTWARE REQUIREMENTS

The programming problem consists of dealing with a three-layered pattern that has
interconnections between layers. Changing the pattern of a layer in an area of
interconnection disturbs other layers and may require further changes to the other layers.

In the first layer is the layout of the data frames for each set such that: 1) the sampling
requirements for each data point are met, and 2) the data that spans the data set occur in
the same position in the frame in each data set.

The second layer consists of assigning the DAS LSI channels. There is an advantage to the
programmer when the channels can be arranged in sequence such that incrementing or
decrementing the register that contains the address of the current data channel will result in
the address of the next data channel. However, the requirement to span data sets with the
data in the same frame location from set to set often prevents a long sequence.

The third layer consists of writing the blocks of software for each data set. Each data set
block consists of minor blocks that either: 1) prepare and load the sync word, or 2) address
the DAS as required by the data frame structure for each of the parallel-loads.

In addition to the data sampling, timers are required in Data Sets 1 and 2, and the self-
checks. The parallel loads (which are 128 microseconds apart) and the frame time (which
is 4.224 milliseconds) are two precise time intervals that can be counted to attain a specific
time. The timers were implemented by loading a value in a register and decrementing the
register each time either a parallel load (for short time periods) or a new frame (for longer
time periods) occurred. For short periods of time (milliseconds), only the low byte of the
register was loaded and tested. For longer periods of time (seconds), both the high and low
byte are loaded, but only the high byte was tested. The value loaded in the low byte was
such that when the high byte went to zero, the time period had elapsed although the low
byte still had a full count.

SOFTWARE STRUCTURE

The software structure and documentation are very important considerations in a system
such as this. Software that is difficult to debug with the hardware makes the checkout of



the telemetry encoder/software combination complex and the results uncertain. Block
structured programming simplifies the problem considerably. Not only can the software be
written in blocks, but the checkout of the hardware can follow the same blocks. When all
the blocks have been checked and the block interfaces tested, the checkout is complete.

The encoder has state machine attributes when it has been programmed for a system like
this one. Figure 2 is a diagram of the operation of the state machine. Each of the nodes of
the state machine are a major block that can be programmed separately. The events that
cause the transition to the next mode (the block interface) can be inserted in the block after
the basic block has been written. The initialization block and nonvolatile memory (NVM)
block are short simple linear program sections. The “test all channels” mode and the three
data sets are further divided into small blocks. One of these small blocks generate the sync
word, followed by several small blocks that are data blocks. When the channel addresses
are sequential for a few parallel loads, one block that contains a loop can replace a few
blocks to shorten and simplify the program. The limit of 16 instructions per parallel load
makes branching to subroutines and returning impractical because preparing the branch to
the subroutine and the return from the subroutine uses too many instructions.

Initialization Block

The registers in the 1802 can be used effectively in this application by using them as
hardware address pointers and as timers. Where possible, it is advantageous to maintain
the function of a register from data set to data set. The advantages are: 1) in transitions
from set to set some of the registers need not be reloaded, and 2) the system is much easier
to debug if there is register consistency from data set to data set.

The following is an example of the 1802 register assignment for the three data sets in this
application:

Register Set 1 Set 2 Set 3

RO Program Counter Program Counter Program Counter

R1 Interrupt Pointer Interrupt Pointer Interrupt Pointer

R2 R(X) R(X) R(X)

R3 10 sec Timer 6.68 sec Timer Set DAS 3 & 5 to 0 bits

R4 78 ms Timer
(lo byte)

2.0 sec Timer Set DAS 3 & 5 to 8 bits

R5 Digital Word Latch V11 on Time Set DAS 2 & 4 to 0 bits



R6 Digital Word
Tristate

General Purpose Set DAS 2 & 4 to 8 bits

R7 General purpose for all data sets.

R8 DAS 1 data address for all data sets.

R9 DAS 2 Data DAS 2 Data DAS 1, 2, 4, 6 Data

RA DAS 3 Data DAS 5 Data DAS 1, 3, 5, 6 Data

RB DAS 4 Data DAS 6 Data General Purpose

RC DAS sync word one address in each data set.

RD DAS sync word two addresses in each data set.

RE DAS sync word three addresses in each data set.

RF DAS sync word four addresses in each data set.

In addition to loading the registers, the initialization block selects the bit rate, parallel load
length, and any other LSI setup required. At the conclusion of the initialization, the
interrupts are enabled.

Test All Channels Block

This block responds to a Flag 1 input by sending out one block of four sync words and two
blank words, followed by 24 groups of six data words, one word for each DAS channel in
sequence. The process is repeated until the flag is removed. This block can use the address
increment principle to good advantage, and as a result, only two blocks are required, one
for sync words and one for the data sequence.

NVM Block

This block consists of loading the value of the NVM latches into the D-register for
examination of the pattern. The pattern for Set 1 was chosen to be 0000. Set 2 was
selected as 0001, and Set 3 was taken to be any pattern other than the two listed above. A
test of the pattern causes a branch to the proper data set.

Data Set Blocks

The programming of each of the three data sets are patterned after a common structure.
When the data set is entered, the NVM address is set to the new value for the current set.
The technique for loading the sync word is the same in all three data sets. The desired sync



word value is loaded immediately into the D-register and stored in the DAS address for the
sync word. The address of the sync word is changed as required at the entry of each data
set to correspond to the DAS that are used in that data set. An example of this block is
shown below.

The data output for Set 1 starts here:

L1 B4 L1 ;Wait for parallel load
OUT 4 ;Reset parallel load monitor
LDI 5FH ;First sync word
STR RC ;Store at the address pointed at by Register C
LDI OCFH ;Second sync word
STR RD ;etc.
LDI 04
STR RE
LDI OCCH
STR RF
OUT 2 ;This is a sync word trigger used when checking out the unit

Addressing

As was mentioned earlier, the programming is simplified when the addresses are
sequenced. An example from Set 3 of this fortunate situation is shown below, along with a
loop that uses the sequence to advantage:

N2 B4 N2 ;Wait for parallel load
OUT 4 ;Reset parallel load monitor
STR R9 ;Address DAS 1, 2, 4, 6, loop from Ch 2 to Ch 15
INC R9 ;Prepare for next address
GLO R9
SMI 4DH jest for the end of loop
BNZ N2 ;If not Ch 15, repeat loop
LDI 41H
PLO R9 ;Reloads the initial values for DAS 1, 2, 4, 6 into R9 for the 

 next time this loop is entered

In this example, all the DAS could be addressed in the same address and the sequence
could continue for 14 addresses. In contrast, the example below shows the activity
required to address one parallel load of data when the desired sequence cannot be attained.



L9 B4 L9
OUT 4
STR R8 ;DAS 1, Ch 9
STR R9 ;DAS 2, Ch 19
STR RA ;DAS 3, Ch 15
DEC RB ;Previous block too full to perform this decrement
STR RB ;DAS 4, Ch 15
INC R8
INC R9
DEC RA ;Prepare registers for next block of instructions
DEC RB ;

FUTURE DEVELOPMENT

The next capability that is being developed for this system is to store the DAS address in a
memory and access them with Direct Memory Access (DMA). The DMA operation can be
initiated with the parallel load signal so that each parallel load will automatically send out
the next set of addresses. Since most of the current software consists of setting up
addresses in registers and updating these addresses, the DMA technique will result in
simpler, easier-to-follow programs.

CONCLUSION

The use of a microprocessor to control an encoder can result in a telemetry system that is
more versatile and has greater capabilities than the conventional fixed format encoder.
Careful adherence to good programming practices such as thorough documentation in the
form of abundant comments and well thought-out block structure are the keys to
successful, relatively stress-free software development. However, understanding the
hardware and operating within the hardware requirements are essential to a successful
system.
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FIGURE 1.  BLOCK DIAGRAM OF THE MICROPROCESSOR ENCODER

FIGURE 2.  SOFTWARE STATE MACHINE


