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ABSTRACT

Pulse Code Modulation (PCM) Encoders used in Telemetry Instrumentation systems have
traditionally been implemented using sequencer or state-machine based micro-architectures with
distributed control and signal acquisition components.  This architecture requires the use of many
discrete electronic components and custom micro-code programming or state machine
development for the control of the systems. The advent of relatively high-speed microcontrollers
with embedded signal acquisition subsystems has brought about the ability to implement highly
integrated PCM Encoder systems using fewer components and standardized programming
methods. This paper will discuss sequencer based PCM encoders for background and then
introduce the concept of Microcontroller Based PCM Encoders for Telemetry Instrumentation.
Specific design examples will be introduced.  Advantages and disadvantages of the two
techniques will be discussed.
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INTRODUCTION

A PCM Encoder is an electronic device, used in a Telemetry Instrumentation or Telemetry
Measurement (TI or TM) system, which samples a number of analog and/or digital data channels
and places them in a continuous, repeating serial data stream called a PCM Frame.  A regularly
repeating synchronization word is inserted into the Frame, by the PCM Encoder, which allows a
Decommutation system to synchronize to and decode the serial data stream.  The serial data
stream that results from the PCM Encoding process is usually sent to a transmitter or a recording
device for subsequent reception, synchronization, decoding and analysis.

The purpose of this is paper is to introduce the concept the Microcontroller Based PCM Encoder.
As background, the paper will briefly discuss PCM Encoders based on sequencer micro-
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architectures and then the evolution of microcontroller based PCM Encoders developed at
NAWCWD, Point Mugu, under the Hardened Subminiature Telemetry and Sensor Systems
(HSTSS) program, will be covered.

SEQUENCER BASED PCM ENCODER DESIGN

A typical micro-architecture based PCM encoder consists of a sequencer, a series of registers, an
n-bit wide by d-word multiplexer (where n is the default word size of the PCM frame and d is the
number of unique data word types being sampled), and an n-bit parallel to serial shift register.
See Figure 1 for a block diagram of an example design.

Figure 1.  Typical Sequencer Based PCM Encoder

The sequencer or frame controller element of the encoder is the main control entity for the
system.  It selects which channel of data is to be sent through the multiplexer, to a continuously
running parallel to serial shift register. The sequencer also provides house keeping and timing
control signals to the various subsystems.  The sequencer may be implemented using various
methodologies, such as a counter addressing a Programmable Read Only Memory (PROM), a
state-machine based logic circuit, a synthesized VHSIC High-level Description Language
(VHDL) implementation, or a combination of these methods.
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N-bit wide registers are used to buffer and sample the various data channels before they are
presented to the multiplexer.  The sampling period of the registers is set by the sequencer timing
control outputs and the microcode in the sequencer element.

An n-bit wide by d-word multiplexer is used to route the required word from the sampling
registers to a parallel-to-serial shift register at the appropriate time, for insertion into the PCM
data Frame.

Also shown in the diagram are separate elements for the setup and control of an external Analog-
to-Digital (A/D) converter and an external Universal Asynchronous Serial Transceiver (UART).
Additional logical elements may be required to setup and control other, unique, system specific
data acquisition elements.

The actual physical implementation for the main logical portion of the Encoder may be done
using discrete logic Integrated Circuits (IC), Field Programmable Gate Arrays (FPGA), or
custom Application Specific Integrated Circuits (ASIC).

MICROCONTROLLER BASED PCM ENCODER

The advent of relatively high-speed microcontrollers with integrated peripherals has brought
about a near system on a chip approach to PCM Encoder design.  Current mixed signal
microcontroller offerings by Microchip, Inc. and Silicon Laboratories (formally Cygnal) offer
integrated A/D converters, UARTs and other peripherals, on a single chip, along with a high-
speed processor core.

The problem with using such devices for PCM Encoder applications is their inability to output a
continuous data stream without interruptions or bit slips, as is required for an IRIG 106
compliant PCM data stream.  This is where the application of the patented design comes into
play. (1)

An external shift register and interrupt circuit is used to interface to the microcontroller.  Its
purpose is to request a word of data from the processor and maintain a continuous PCM data
output stream.  An example of this technique using a Microchip PIC microcontroller, shown in
Figure 2, interrupts the processor at a binary sub-multiple of the main processor system clock to
arrive at the word interrupt clock and bit clock for the encoder system.  In this case a division of
1024 (OJ) for the word interrupt and 128 (OG) for the PCM data clock, yielding 19,531.25
words per second and 156,250 bits per second, respectfully.
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Figure 2.  Microcontroller Based PCM Encoder

The program inside the processor is running in a continuous loop. At each word interrupt, the
processor makes the last word of data it processed available at an output port.  The processor
then instructs the parallel to serial shift register to load that data and start shifting.  The processor
then goes on to process the next word of data for the PCM Frame.  After it has completed the
processing required to obtain the next data word, the processor waits in an idle state until the
next word interrupt occurs.  This process continues until the entire frame of PCM data has been
processed and sent through the shift register.   Then the whole process and hence, PCM frame
repeats, ad infinitum.

Programming of the Encoder PCM frame structure is accomplished using the native assembly
language for the microcontroller or via a high level language, such as C, and an appropriate
compiler.  In most cases assembly language is used to allow for more precise control over the
timing of the required operations.

For the assembly language version of the Frame program, a jump table using indexed addressing
is used to select the sequence of words being output in the PCM Frame.  This allows the use of a
single subroutine for each different PCM word type (i.e. analog word subroutine, digital word,
frame sync word, frame counter word, etc).  The approach saves code space and increases reuse
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possibilities for other applications, since the PCM frame can be restructured for different
applications by just changing the sequence of the lines in the jump table.

A modification of the technique is shown in Figure 3.  This version uses a Microchip,
PIC17C766 microcontroller for its higher pin count, faster processor speed and increased A/D
sample rate, and a small Xilinx XC9536 Complex Programmable Logic Device (CPLD) to
perform the interrupt request and parallel to serial conversion.  The result is a two-chip PCM
encoder system (minus signal conditioning and power regulation) which is capable of 16
channels of A/D conversion and two channels of serial digital input.

Figure 3.  Second Modification of the Microcontroller PCM Encoder Technique

The latest, patent pending, incarnation of the technique uses a Cygnal (Silicon Laboratories)
C8051F206 and a Xilinx XC9572 (shown in Figure 4).  In this variation, the parallel word data
path connection between the microcontroller and external CPLD is replaced by a high speed
Serial Peripheral Interface (SPI) connection.  The CPLD acts as an SPI master and the
microcontroller is setup to be a serial slave.  The CPLD interrupts the microcontroller with a Not
Slave Select (NSS) signal whenever it needs to fill an internal serial output circuit with new data.
The CPLD also provides a clock to the SPI port of the processor, which, in this example, is
running at twice the output PCM bit rate.  Use of a higher transfer rate between the processor and
the CPLD insures that all timing constraints are met to maintain a constant, uninterrupted, flow
of PCM serial output data.
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Figure 4.  Third Modification of the Microcontroller PCM Encoder Technique

An added advantage of the serial interface method to the CPLD is the freeing up of Input/Output
(I/O) pins on the microcontroller for other sensor inputs.  The 32 I/O pins on the ‘F206 are
programmable as Digital I/O or Analog Inputs, resulting in the possibility of expanding the
Encoder up to 32 analog input channels.

APPLICATIONS

The first practical application of the Microcontroller Based PCM Encoder technique is shown in
Figure 5.  It is a physical implementation of the circuit shown in the block diagram of Figure 3.
The board, measuring 1.8” by 3.1”, is a fully self-contained PCM data acquisition system, which
only requires a transmitter, housing, and power supply to be complete.

The encoder samples 16 channels of Analog-to-Digital data at 10-bits resolution and a 230.4 K
baud asynchronous, RS-232 format, serial data stream.  It has both Bi-Phase and NRZL PCM
data outputs, operating at a rate of 468.75 K bits per second, and features on-board power
regulation and external sensor power switching capabilities.  The encoder draws 91 mA at 7.2V
DC power input.
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Figure 5.  Microchip and Xilinx Microcontroller Based PCM Encoder

The unit develops a PCM frame consisting of 32 groups of 6, 12-bit words, for a total of 192
words per frame.  Fourteen of the analog channels are sampled at 406 samples per second and
two at 3.25K samples per second.  The 230.4K baud serial stream is over-sampled at a 124% of
the incoming data rate to insure that all asynchronous data is merged properly into the PCM data
frame, without loss of data.  The frame also features a frame counter and a spin sensor counter.
The spin sensor counter keeps a running total, of the number of times a light sensor, on the unit
under test, is exposed to the sun.  The sensor is oriented in such a way as to be only exposed to
sun light once per revolution.  Therefore, the spin rate and total spin count during a test can be
derived from the received data.

Figure 6 shows a drawing of the completed TM system with the PCM encoder, transmitter and
housing.  It was designed to slide into a card cage assembly in the guidance unit of a projectile.
The TM System was developed under the HSTSS project, in conjunction with the Army
Research Laboratory (ARL), Aberdeen Proving Grounds.  ARL was responsible for developing
the housing and transmitter portions of the completed assembly.

Figure 6.  Drawing of Completed Microchip TM System
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The next practical implementation of the Microcontroller Based PCM Encoder technique is
shown in Figures 7 and 8.  It is a physical implementation of the circuit shown in the block
diagram of Figure 4.  The board measures 1.125” in diameter, and is also a complete PCM data
acquisition system.

   
Figure 7 (front) and 8 (back).  Cygnal and Xilinx Microcontroller Based PCM Encoder

This encoder samples 8 channels of Analog-to-Digital data at 12-bits resolution and a 230.4 K
baud asynchronous, RS-232 format, serial data stream.  It has both NRZL and filtered, RNRZL
PCM data outputs, operating at a rate of 1.25M bits per second.  The encoder requires regulated
+5V DC at 74 mA to operate.

The unit develops a PCM frame consisting of 25 groups of 2, 12-bit words for a total of 50 words
per PCM frame.  Four of the analog channels are sampled at 2.083K samples per second and four
at 10.417K samples per second.  The 230.4K baud serial stream is over-sampled at 217% of the
incoming data rate to insure that all asynchronous data is merged properly into the PCM data
frame, without loss of data and to mate with the timing constraints of the integrated Analog to
Digital converter.

Both the CPLD and the microcontroller are in-circuit programmable, allowing the frame format
and/or modulation technique to be modified at will.

Figure 9 shows a drawing the encoder placed in a card stack up, including a power regulation
board, a sensor board, a GPS receiver, a S-band transmitter and an integrated S-band and GPS
antenna.  The system was designed for a mortar fuze replacement application.

The TM System was developed under the HSTSS project, in conjunction with the ARL, M/A-
COM, and QINETIQ.  NAWCWD provided the antenna and encoder, M/A-COM the
transmitter, power and GPS daughter board, Qinetiq the GPS module, and ARL the housing and
integration agent.
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Figure 9.  TM System Board Stack-up with the Cygnal Based PCM Encoder

ADVANTAGES AND DISADVANTAGES OF THE TECHNIQUES

One limitation of a sequencer based PCM encoder is the need to have external peripherals to
sample real world data, such as A/D converters and UARTs.  While a UART can be
implemented in an high cell count FPGA (usually with a purchased Intellectual Property or IP
element), integrated A/D converters in a non-custom Gate Array are not readily available.  The
Microcontroller Based PCM Encoder has the advantage here, since most of the required
peripherals are integrated into a single chip.

A limitation of the Microcontroller Based PCM Encoder is the lack of flexibility in the timing
and control or the internal peripherals.  For instance: the lack of double buffering on the UART
receiver, the sampling/settling time requirements of the A/D converter, along with overall system
timing constraints, resulted in a greater than 200% over-sampling of the incoming serial data in
the PCM frame for the Cygnal microcontroller based PCM encoder.  A 125% over-sampling of
the serial data would have been more optimal.  See Table 1 for a listing of the PCM frame used
in the Cygnal Microcontroller Based PCM Encoder.  This is where a sequencer based PCM
encoder has an advantage.  In addition, the micro-code in the sequencer can be more easily
tailored to optimize system and peripheral performance.  Every subsystem component can be
selected for the specific application. Where as in a Microcontroller based PCM encoder, the
system performance must be optimized to the limits of the internal peripherals.
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Word 1 Word 2

Group 1 SYNC1 SYNC2
Group 2 DIGITAL ANALOG 3 (10.417KS/s)
Group 3 DIGITAL ANALOG 4 (10.417KS/s)
Group 4 DIGITAL ANALOG 6 (10.417KS/s)
Group 5 DIGITAL ANALOG 7 (10.417KS/s)
Group 6 DIGITAL ANALOG 0 (2.083KS/s)
Group 7 DIGITAL ANALOG 3 (10.417KS/s)
Group 8 DIGITAL ANALOG 4 (10.417KS/s)
Group 9 DIGITAL ANALOG 6 (10.417KS/s)
Group 10 DIGITAL ANALOG 7 (10.417KS/s)
Group 11 DIGITAL ANALOG 1 (2.083KS/s)
Group 12 DIGITAL ANALOG 3 (10.417KS/s)
Group 13 DIGITAL ANALOG 4 (10.417KS/s)
Group 14 DIGITAL ANALOG 6 (10.417KS/s)
Group 15 DIGITAL ANALOG 7 (10.417KS/s)
Group 16 DIGITAL ANALOG 2 (2.083KS/s)
Group 17 DIGITAL ANALOG 3 (10.417KS/s)
Group 18 DIGITAL ANALOG 4 (10.417KS/s)
Group 19 DIGITAL ANALOG 6 (10.417KS/s)
Group 20 DIGITAL ANALOG 7 (10.417KS/s)
Group 21 DIGITAL ANALOG 5 (2.083KS/s)
Group 22 DIGITAL ANALOG 3 (10.417KS/s)
Group 23 DIGITAL ANALOG 4 (10.417KS/s)
Group 24 DIGITAL ANALOG 6 (10.417KS/s)
Group 25 DIGITAL ANALOG 7 (10.417KS/s)

Table 1.  Sample PCM Frame Listing

CONCLUSION

While the Microcontroller Based PCM Encoder approach may not be the optimal choice for all
TM systems, it is available as another tool in the Telemetry System designer’s toolbox.  The
approach can result in a very compact and sophisticated solution for many applications requiring
a limited number of analog channels and one or two serial data input channels.

Improvements to the integrated peripherals and faster processor cores in future microcontrollers
will result in systems with even greater speed and flexibility.  To illustrate this point using the
examples provided in this paper, within the last 4 years the bit rate speed capability of PCM
Encoders developed using this technique, has increased by almost a factor of 10.

(1) U.S. Patent Number 6,608,576, Aug. 19, 2003, Pulse Code Modulation Encoder For Data
Acquisition




