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An NMOS Microprocessor for Analog Signal
Processing

MATT TOWNSEND, MEMBER, 1EEE, MARCIAN E. HOFF, JR., SENIOR MEMBER, IEEE, AND ROBERT E. HOLM

Abstract—A special purpose microprocessor for real time processing
of analog signals is described. Design and implementation of architec-
ture allowing a user programmable and crasable read. only memory
(EPROM), a 25 bit digital processor and a 9 bit analog acquisition sys-
tem on the same substrate is discussed. The relationship between the
device's resources and specific signal processing building blocks is
discussed.

INTRODUCTION

IGITAL processing of real time analog signals has been

largely confined to specially configured high speed pro-
cessors. These processors range in complexity from large array
processor peripherals used primarily to perform the fast Fourier
transform to bipolar large-scale integration (LSI) bit slice
systems microcoded to perform signal processing functions
(primarily multiplications and analog [/O control) efficiently.

High speed multiplication capability is key to performance
standards for digital signal processors. Dedication of a system
architecture to perform these multiplications, however, can
be detrimental to overall flexibility when required to perform
a signal processing block that needs no multiplies. Examples of
such blocks may include limiters, rectifiers, and comparators.

Another advantage to digital processing of analog signals is
flexibility through programmability. This allows analog
problems to be solved using a series of program sequences.
Many high speed signal processors lose their advantage, either
in cost, performance, or both, when their instructions must be
delivered by an ancillary processing system. Pipelined proces-
sors and microcode mapping for bit slice machines may also
complicate firmware to the point where programming of a
general purpose machine becomes a tedious task, at best.

A specially configured processor has been developed capable
of realizing major analog systems. Included on the same sub-
strate is a user programmable and erasable read only memory
(EPROM), a digital processor with random access memory and
a 9 bit analog to digital, digital to analog acquisition system.
The chip is realized using an n-channel MOS technology. The
processor is oriented toward real time processing of digitized
analog signals. It is capable of realizing functions such as
filters, oscillators, multipliers, limiters, rectifiers, and various
nonlinear approximations.

The flexibility of the architecture allows the realization of

Manuscript received June 13, 1979; revised August 17, 1979 and
September 13, 1979.

The authors are with the Applications Research Group, Intel Corpora-
tion, Santa Clara, CA 95001.

complex analog modules such as modems, multifrequency
tone receivers, equalizers, and frequency sources. The user
may customize the chip to cach application with a program
sequence in the on-chip EPROM.

All operations performed by the analog and/or digital sub-
systems do so under program control. The EPROM has 192
words by 24 bits. The 24 bits are divided into S fields that
control each element within the signal processor chip. The
EPROM then, can be thought of as a microprogram controller.

The processor contains a wide data word (25 bits) for signal
processing computations, and arithmetic for signal processing
functions.

Although there are some digital signals available to the
user, such as internal clocks and operational indicators, the

analog subsystem provides the majority of the chip’s external
interface.

CHOICE OF TECHNOLOGY

An NMOS EPROM technology was selected for a variety of
reasons. In general, it was chosen because the process capa-
bilities existed to implement the required signal processing
subsystems and thus provide single chip solutions to complex
analog problems.

By using EPROM as a storage element for the instruction
sequence, the burden of ancillary central processing unit
(CPU) interface is eliminated. Additionally, parameters such
as center frequencies, limit levels, and such can be changed
quite easily and without incurring costs and delays involved
with mask ROM’s or fuse-link PROM’s.

The mix of EPROM and high density digital logic on the
same substrate has been proven effective and reliable [3].
This relieves the potential burden of having to implement a
multichip CPU + memory configuration and, in general, lower
production costs whilt increasing system reliability.

The design of NMOS analog components is established and
understood [4], [5]. By adapting the design techniques to
the process, an analog acquisition system fully compatible
with the digital processor was implemented.

ARCHITECTURE

Fig. 1 shows the system architecture. The major subsystems
implemented on the same substrate include the EPROM con-
troller, the 25 bit digital processor, and the 9 bit analog to
digital/digital to analog acquisition system. These three sub-
systems will be discusséd separately.
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Fig. 1. Block diagram of chip.
The EPROM Controller

The controller section contains 4608 bits of EPROM, and is
arranged as 192 words of 24 bits each. Each word corresponds
to one instruction.

The PROM section acts as the system controller. Each 24
bit control word contains bit patterns that determine the
operations to be performed by the analog and arithmetic
sections. The control word is divided into five fields of which
one controls the analog section and the remaining four control
the arithmetic section. The four arithmetic section control
fields include two 6 bit fields which perform RAM operand
selection, a 4 bit scaler control field, and a 3 bit arithmetic
and logic unit (ALU) control field.

EPROM word addresses are numbered from 0 to 191. In
normal operation all locations are accessed in sequence and no
program jumps are allowed. The EPROM returns to location 0
upon completion of execution of the command in word 191,
or if an EOP instruction is located in the analog control
instruction field. The EOP feature allows the program to be
terminated at the end of a user’s program that does not use
the full complement of 192 words.

The PROM may be thought of as a crystal or clock con-
trolled cycle generator as it determines the sampling frequency
of the analog signals. If an input is sampled once per program
pass, the sampling frequency f; is given by

1
f:-ﬁ 1

where N is the number of words (instructions) in the program
and T the time required to execute one instruction.

The EPROM fetch/execute cycle is pipelined, with the next .
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four instructions being fetched while the previously fetched
instructions are being executed. Although otherwise invisible
to the user, this technique makes it necessary to insert the
EOP instruction (if used) in a word with an address divisible
by four e.g., 0,4,---188. The term N in (1) is altered in
four word sections. If a finer adjustment of the sample rate
is desired, it must be accomplished by adjusting T, the cycle
speed.

The Analog Subsystem

The analog subsystem blocks are shown at the bottom of
Fig. 1. All analog operations are controlled by a 5 bit PROM
field that designates a specific operation as well as selects a
channel number or bit position to be converted. All input and
output sampling is done under program control. Because of
this, program jumps are restricted to jumps back to the first
location. This preserves the sample rate of the incoming signal,
an important consideration for a digital signal processing
environment.

Analog elements include a 4 to 1 input multiplexer which
uses an external sample and hold capacitor, in conjunction
with an on-chip bipolar to unipolar signal conversion circuit.
A high speed chopper stabilized voltage comparator [8]
drives the successive approximation analog to digital con-
version logic. The registered value is sent to an 8 bit digital
to analog converter, thus closing the input conversion loop.
The successive approximation register provides a link between
the digital processor and the analog system. The processor
may feed data to the digital to analog converter for sub-
sequent outputting. In this case, an operational amplifier
[S] buffers the digital to analog converter to a one to eight
demultiplexer with on-chip sample and hold circuitry.

The acceptable input or output signal range is established
by an externally supplied voltage reference. For detector
applications where outputs will be two-state, provisions are
made on-chip for output levels to be translated to TTL com-
patible drive capability.

Table I shows some typical performance data for the analog
system.

Input Signal Conversion

Fig. 2 shows the circuitry used to convert a bipolar input
signal to positive only values. During input sampling, Devices
1 and 2 are turned on and the capacitor is charged to the input
value. At the same time, Devices 3 and 4 are off and the
reference input to the comparator is set to 0 V by the digital
processor. After an input instruction, the capacitor is allowed
to float. For analog to digital conversion of the sign posi-
tion, Devices 3 are tumned on and a voltage comparison is
made between the bipolar input signal and 0 V. Based on the
results of that conversion, Devices 3 will remain on if the input
was positive, Devices 4 if negative. This, in effect, rectifies the
incoming signal. The conversion of the magnitude is then
done with positive only values at the comparator input. A
similar technique is used for unipolar to bipolar conversion
when outputting. “This technique, then, implies only one
positive reference voltage is required.

The resulting full scale number system, using this technique,




TOWNSEND et al.: NMOS MlL‘R()I’R()Cl{SS()R FOR ANALOG SIGNAL PROCESSING

TABLE 1
ANALOG CHARACTERISTICS

Parameter Typical Comments
A to D linearity +0.3LSB LSB=3.87mV
A to D offset -0.2LSB Corrected for number
system offset
D to A linearity +0.3LSB LSB=387mV
D to A offset -10 mV
D to A gain 0.93
Output impedance 500 2
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Fig. 2. Sign bit conversion,

is 1's complement, that is, there is a plus and minus O repre-
sented. The successive approximation register (SAR)/digital to
analog register (DAR) value needs to be 2’s complement in
order to operate correctly in the processor section. To ac-
complish the number system conversion, the A-D sign bit is
used to conditionally complement the magnitude. The re-
sults of this conversion, however, will yield an A-D offest
of -1 LSB.

THE DAC

The digital to analog converter (DAC) (Fig. 3) [4] uses an
array of 256 diffused resistors in a series string. The resistors
are folded back on each other every 16 providing a compact
layout and ease in incorporation of 2 level decoding similar
to memory circuits. An added advantage is relative insensi-
tivity to process and temperature gradients.

The resistor edges are defined on one side by the gate of
the column transfer devices and on the other side by a dummy
polysilicon gate connected to a voltage potential sufficient to
allow isolation from the adjacent resistor. The DAC output is
developed using a 16 to 1 multiplexer selected by the Row
decoders. Thus, 1 of 16 column gate outputs (i.e., resistor
taps) is transferred to the DAC output.

Since the DAC step sizes are developed as a 256 resistor
'divider between ground and a reference voltage, the step
voltages can be calculated as

reference voltage

step size = 256

where the reference can be externally set between 1 and 2 V.

ARITHMETIC UNIT AND MEMORY

- A block diagram of this subsystem is shown in Fig. 4. This
subsystem consists of three major elements: a RAM storage
array, a scaler, and an ALU.

Data within this structure are processed using 25 bn 2’s com-
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Fig. 3. Folded resistor array DAC.

FROM

Pnouj (4)@ SHIFTER

RAM
40W X 25B
DECODERS

CONSTANT REGISTER
SAR

TO DAC
Fig. 4. Processor subsystem.

plement arithmetic, although at certain locations larger or
smaller words may be found.

Each of the elements making up this portion receives com-
mand or address information from the PROM. The storage
array receives two 6 bit address fields, the scaler receives a
4 bit control field, and the ALU receives a 3 bit control field.

The Storage Array

The storage array consists of a random access two port static
read/write memory organized as 40 words of 25 bits each.
Each port is independently controlled by a 6 bit control field
from the EPROM. The address range (64 possible locations)
of this memory is extended to include an array of constants
and an input/output register (SAR) which serves to link the
arithmetic and analog/digital conversion sections. The two
ports of the memory are designated A and B. The A port
is read-only, and data read from it is passed through the
scaler to one input of the ALU. The B port passes data to
the second ALU input and receives the ALU results.

The constant array consists of 16 “pseudolocations” in the

address field, and may be accessed only from the 4 por. Four
bits of the address are directly translated to the high 4 bits









