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An NMOS Microprocessor for Analog Signal 
Processing 

MATI TOWNSEND, MEMBER, IEEE, MARCIAN E. HOFF, JR., SENIOR MEMBER, IEEE, AND ROBERT E. HOLM 

Abltl'tlct-A spedal purpose microprocessor for real time proccssing 
of analog signals is dcscribed. Design and implementation or architec­
ture allowing a user programmable and erasable read.only memory 
(EPROM), a 25 bit digital processor and a 9 bit analog acquisition sys­
tem on lhe same substrate is discusscd. The relationship bctween the 
devicets resources and spedfic signal processing building blocks is 
discussed. 

INTRODUCTION 

D IGITAL processing of real time analog signals has been 
largely confined to specially configured high speed pro­

cessors. TIlese processors range in complexity from large array 
processo r peripherals used primarily to perfonn the fast Fourier 
transform to bipolar large-scale integration (LSI) bit slice 
systems microcoded to perform signaJ processing functions 
(primarily multiplications and analog I/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 overaIl flexibility when required to perform 
a signal processing block that needs no multiplies. Examples of 
such blocks may include Iimiters, rectifiers, and comparators. 

Another advantage to digital processing of anaJog signaJs 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 uest. 

A speciaIly configured processor has becn developed capable 
of realizing major analog systems. Inc1uded on the same sub­
strate is a user programmable and erasable read only mcmory 
(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 
ftlters, oscillators, multipliers, limiters, rectifiers, and various 
nonlinear approximations. 

The flexibility of the architecture allows the realization of 
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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 5 fields that 
control each element within the signal processor chip. The 
EPROM then, can be thought of as a microprogram controIler. 

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'g 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 implemcnt the required signal processing 
subsystems and thus providc 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 
(C PU) interface is eliminated. Additionally, parameters such 
as center frequencies, limit leveis, 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 whil~ increasing system reliability. 

The design of NMOS analog components is established and 
understood [4], [5]. 8y adapting the design techniques to 
the process, an analog acquisition system fully compatible 
with the digital processo r was implemented. 

ARCHITECTURE 

Fig. 1 shows the system architecture. The major subsystems 
implemented on the same substrate include the EPROM con­
troIler, the 2S bit digital processo r , and the 9 bit analog to 
digital/digital to analog acquisition system. These thrée sub­
systems will be discusséd separately. 
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Fig. 1. Block diagram 01' chip. 
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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 controI word contains bit patterns that determine the 
operations to be performed by lhe analog and arithmetic 
sections. The controI word is divided into five fields of which 
one controIs the analog section and the remaining four controI 
lhe arithmetic section. The four arithmetic section control 
fieIds inc1ude two 6 bit fieldswhich 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 O to 191. In 
normal operation ali locations are accessed in sequence and no 
program jumps are allowed. The EPROM returns to location O 
upon compIetion 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 
tenninated at the end of a user's program lhat does not use 
lhe full complement of 192 words. 

The PROM may be thought of as a crystal or c10ck con­
trolled cyc1e generator as it determines lhe sampling frequency 
of the analog signals. If an input is sampled once per program 
pass, the sampling frequency fs is given by 

(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 cyc1e is pipelined, with the next 

four instructions being fetched while the previously fetched 
instructions are being executed. Although otherwise invisibIe 
to the user, tbis technique makes it necessary to insert the 
EOP instruction (if used) in a word with an address divisibIe 
by four e.g., O, 4, ... 188. The term N in (1) is altered in 
four word sections. If a fine r adjustment of the sampIe rate 
is desired, it must be accomplished by adjusting T, the cyc1e 
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 seIects a 
channeI number or bit position to be converted. AlI input and 
output sampling is done under program controI. Because of 
this, program jumps are restricted to jumps back to the first 
location. This preserves the sampIe rate ofthe incoming signal, 
an important consideration for a digital signal processing 
environment. 

Analog elements inc1ude 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 circuito 
A high speed chopper stabilized volt age comparator [8] 
drives the successive approximation analog to digital con­
version' Iogic. The registered value is sent to an 8 bit digital 
to analog converter, thus c10sing the input conversion Ioop. 
The successive approximation register provides a link between 
the digital processçr and the analog system. The processor 
may feed data to the digital to analog converter for sub­
sequent outputting. In this case, an operationaI amplifier 
[5] buffers the digital to analog converter to a one to eight 
demultipIexer with on-chip sample and hold circuitry. 

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

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

/llput Signal Conversion 

Fig. 2 shows the circuitry used to convert a bipolar input 
signal to positive onIy values. During input sampling, Devices 
1 and 2 are turned.an 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 O V by the digital 
processor. After an input instruction, the capacitor is aJIowed 
to Ooat. For analog to digital conversion of the sign posi­
tion, Devices 3 are turned on and a volt age comparison is 
made between the bipolar input signal and O 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 onIy values at the comparator input. A 
similar technique is used for unipolar to bipolar conversion 
when outputting. . This technique, then, implies onIy oDe 
positive reference voItage is required. 

The resulting full scale number system, using this technique, 
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Parameter 

A to D linearity 
A to D offset 

D to A linearity 
D to A offset 
D to A gain 
Output impedance 

TA81.1~ I 
ANAIOCi <.'IIAIL\( 'ITMIS I'IC'S 

Typical 

tO.3 LSB 
-0.2 LSB 

t 0.3 LSB 
-10 mV 
0.93 
500 n 

DAC 

Comments 

LSB = 3.87 mV 
Correctcd for number 

system offsct 
LSB = 3.87 mV 

TO SUCCESSIV1E 
APPROXIMATION 
lOGIC 

IIOlTAOE 011 

Fig. 2. Sign bit conversion. 

is 1 's complement, that is, there is a pIus and minus O repre­
sented. The successive approximation register (SAR)/digital to 
analog register (DAR) value needs to be 2's compIement in 
order to operate correctly in the processor section. To ac­
complish the number system conversion, the A-D sign bit is 
used to conditionalIy compIement the magnitude. The re­
sults of this conversion, however, will yieId an A-D offest 
of -} 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 leveI decoding similar 
to memory circuits. An added advantage is reIative insensi­
tivity to process and temperature gradients. 

The resistor edges are defined on one si de by the gate of 
the column transfer dçvices and on the other side by a dummy 
polysilicon gate connected to a volt age potential sufficient to 
allow isolation fcom the adjacent resistor. The DAC output is 
developed using a 16 to 1 multiplexer sclected by the Row 
decoders. Thus, 1 of 16 column gate outputs (Le., resistor 
taps) is transferred to the DAC output. 

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

. reference voltage 
step Slze = 256 

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

ARITHMETIC UNlT AND MEMORY 

A bIock 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 processcd using 25 bit 2's com-
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Fig. 3. Folded resistor array DAC. 
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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 ~ddress fields, the scaler receives a 
4 bit controI ficId, and the ALU receives a 3 bit control field. 

The Storage A"ay . 

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 independentJy controlled by a 6 bit control field 
from the EPROM. The address range (64 possibIe locations) 
of this memory is extcnded to inc1ude 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-onIy, and data read from it is passed through the 
scaler to one input of the ALU. The B port passe~ data to 
the second ALU input and receives the ALU results. 

The constant array consists of 16 "pseudolocations" in the 
address fieId, and may be accessed onIy from the A paI1. Four 
bits of the address are directly translated to the high 4 bits 
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a f lhe data ficld, with lhe rClllainLng tI:.!la bits equivalcllt to 
zeroes. 

The memory·mapped analog lO d igilal SAR is 9 bilS wide. 
As a memory loeation, lhe SAR occupies lhe 9 muSI signifi· 
C3rt t bit positions af lhe 25 bit word and can be accesscd via 
both A and/ar B pans. Thus lhe usc r/programlllcr may think 
af lhe analog subsyslem as a mcmory mapped inputjoutput 
device . The remaining 16 bit positions, whcn read lO lhe ALU 
as an operand, a re aU ) 's, a r (2- 16 - 1), 10 correel for lhe A to 
D conve rsia n offsCL 

Scaler 

The scalcr is an arithme tic barrei shiftcr locatcd bctwccn the 
A pOrl RAM dala OUlpUl and lh e ALU. Any val ue read from 
lhe A port can bc shirted from :2 posit io ns Ic fl to 13 positions 
righ!. ShiflS lo lhe lofl nll wilh 7.eroos aI lhe righl, shihs lO 
lhe righl fdl wilh lhe sign bil aI lhe lef!. These arilhmelic 
shifls are eq uivalenr to multiplica tioll of lh e ri port data value 
by a powcr of two, Le., il is equivalem la a multiplication by 
2", where 2 ;;" ,, ;;.. -13. The scaler is cOlllrolled by a 4 bil 
wide conlro l field from lhe EPROM. 

TheAI.U 

TI1C ALU c::t lculates a 25 bit rcsult from it s A and B ope rands 

based on an ope ralion code fro m lhe EPROM. The 25 bi l resuh 
is written baek inlo lhe B mClllory loc;J tion at lhe elld of the 
inst ruction eyclc . 

Thc ALU is 18 bits in prl.!cisioll and cmp loys c:ury look· 
ahcad techniques cxternal to 4 bit ripplc carry blocks. Thc 
final carry Otlt is sIablc aI about the samc timc as lhe final 
ripple carry is in cach 4 bil bloà. Tho EPROM's bi l field is 
deeoded in to cight contro l funcliolls. In adJit ion 10 basic 
opera lions sueh as 3dd, subtract, and load, othc r operations 
include absolu tc values,limits, and complel1lcnting. 

TIle ALU uses cxtended precision to allow ealculalion of lhe 
correel result even when reeeiv ing lcft·shiftcd operands from 
lhe scale r. If lhe computcd result x cxcerds lhe bounds 
- 1.0 "; .'( ~ 1.0, an ovcrtlow contliliun is indk3l cJ, anel lhe 

rcsu ll is replaced with Ihc legal valuc dosest to lh e uesircu 
result, Lc .. wil h - I if ,-h ~ compulcu va luc was Ilcg:lIivc, and 

+ 1.0 if the resull was positive. This overflow salu ration charac­
tcristic is use fui fo r realizing cc rt ai n nonlincar func lions such 
as limite rs, and is bene ficiai lo lhe stabiJi lY af nJlers. 

CUllclitiunal Ari/hmeric Opera/ions 

In addition lO Lhe basic opc ra lions described, some ALU 
funclions l11ay executc conditionally. Ce rtain codes in the 
anaJog/digital control field eause lhe ariLhmc lic ope ralion to 
be executed conditionally. For ADO and lOAD, lhe control 
ficl d code selec ls a bit of the SA R. which is testcu 10 deter· 
mine how lhe in sl ruction is to bc executcu . For a condi tional 
subtract lhe carry from the prcvious rcsult dClermines lh e 
arilhmetic operalion, and lhe sc lec led bit 01' lhe SAR is 
a1tcrcd by being set equal to lhe carry from lhe current 
instructio l1 . 

Conditional additions are uscd fur shi ft and adu multiplica­
tions o f one variab le by a second. (Multiplica tion of variables 
by conSlanlS is lrealed di fferenl ly.) TIle muhiplier is loaded 

'--., 
ta) (b) 

Fig.5. (a) First-orde r and (b) sccond-ordcr digital nItcrs. 

in lo lhe SAR, and lhe mulliplicand is added condilional ly lo 
lhe parlial prouuc!. 

Conditional sub t rac t ion is uscd for division of one positive 
v::uiablc by another using a nonrestoring division aJgori thm . 
TIle divisor is conditionally subtractcd fram the dividcnd, and 
quolie nl bilS are assembled in lhe SAR. 

M ULTl PLlCATION BY A CONSTANT 

Since many signal proccssing cocflicients may be trealed as 
fLxed conslan ts, thcir Illulti plication by a delay tap valuc can 
be reduced to a serics af adui tions and subtractions. Ln general, 
multiplicalion by lh is l11e lhod will be fa sler than shift and add 
lechniques anu 1110re cosI e ffec live lhan parallel mulliplicrs o f 
equ ivalenl p rec ision [61. Tltis Slalemenl especially holds lrue 
for the architcc tu re describcd in th is papec, since lhe processar 
executes lhe operation. 

A X 2NfN B -+ B 

wherefN is lhe se lec led ALU opera lion. 
111C numbcr of processor stcps requi red to perform an opera· 

lion oI' lhe lype 

y ; y+C.X 

is dele rmined by lhe value of lhe conS,"nl C [7 J. 

Pn.OCESSO ll ARCII ITECTU RE AS IT RELAT ES TO SIGNAL 

Pl<UCESSlNG F UNCTIONS 

Fig. 5 uepiclS lhe hlock SlrUClUre of a Iypical fim · and 
second·oruer d igital fdler. The desc ribeu processo r archilec· 
ture is especiaHy efficic nt aI pcrfo rming this operation. Unit 
de lays are pe rformcd by transfcrring 3n A port memory location 
to a B por t localion each program pass, multiplyfaccumulation 
by lhe conSlanl muhiply aJgorithm described . The dcvicc, 
however, is not limited to digi tal nJters. 

By adjusting Fig. 5's coerticien ls lO make lhe structure 
unSlable, an oscilla lor call be developed. Olhe r ly pes of 
oscillators may bc rcalizcd. An cxample is a sine wave ap· 
proximat ion using a c1ipped trianglc wave. This is gcncralcd 
by laki llg lhe abso lule value o f a sawloolh oscilla lo r (gen· 
e ra led by inc remenling a regiSle r) . The lriangle can bc scaled 
up, where the ovcrOow satural ion function clips lhe peaks. 
These oscilla tors may require subsequcnt n1tering to eliminate 
unwanted harrnon ics. Any design should include considera­
tion for thesc harrnonics. 

ll1ere ;HC 1113ny othcr signal proccssing functions perform-
ablc by the processo r. Modulato rs can be realized using 
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multiplication of a variable representing lhe carr ie r by a 
variable rcprcscnting lhe lllodu13ting w3vcform. Automat ic 
gain cOnlrol (AGC) can be realizeu by uiviuing the signal by 
a levei derived from lhe signal magnitude. 

Corrclation functions involve dclays. product s, and fillering, 
Thc delay achievable is limitcl1 hy the numbcr af RAM \Vords 
provided, bu t lwo or more s3m plcs may be packed in a word 
to increase lhe achievable delay . 

LogicaJ opera tions CJn be pcrforllleu lI sing lugical ru nctions 
in lhe ALU's repertoir, or by l:onditional arit hl11c tic , or by 
using threshold logic, Le., sllllllllation comb ined with thc 
s3 luration funclion, In some cases, severaJ logical v~l riables 

can be storcd in ooe RAM word. Sincc A-O con"ersion is 
under EPROM control, logic inpuIs do nol reqllire ful1 cOllver· 
sion. In general. lhe logic threshold valuc can bc writtcn into 
the SAR. A singlc conversion instructio ll C~lI1 Ihcn bc Il scd to 
set onc of th e 10\V arder SAR bits lo show whether thc inpu t 
falls above ar bclow the Ihreshold. lly sctting:J low order bi t 
the thresh()ld valul: may nul be signilka ntl y alter~u, so it may 
stil l bc availablc for additio nal logic inpu I oper~il ion s . Thus, 
several inputs l11ay bc read if lhey ali have the S~llll e logic 

threshul d. 
Hystercsis may be int roduccd to logic inputs by makjng lhe 

Ihreshold valuc a function of lhe prcvhHls input vallle. 
An application tha l uses a wiuc rcprcs~ ntalioll 0 1" proassor 

capabilities is a spectrum allalyzer (Fig. 6). 
The purposc uf Ihis speclrulll an:llyzc r is to dcterminc the 

long tcrm spl:c lral charactcristics uI' a ~ignal in I h ~ '200 11 /. tu 
3.3 k Hz frcqucncy bando Thc approach used is lO swccp lhe 
input signal through a high rcsu lution (narrow-ba nd) b;,IIHlpass 
nI ter and observe lhc fiher rcspoll sC' as a function of lhe 
frequency swcep. First. Ihc SpCl:trU Ill anaJyzcr block d iagmm 
and paral11elers ~Ht! ut!lt!rmined. Then sampled data considera­
tions are lakcll into aCl:OUn l , and finally lhe signal processor 
code is devdoped. 

Block Diagram Dl'scripriv lI 

Ideal1y , a scanning spectrul11 anaJyzer could bc implcmcllled 
by silllply scanning a lunablc narrow·band banupass ftIter 
across the inpu l signal frequcncy to determine lhe signal 
cnergy ai any frcqucn cy. Practkall y speaking, it is ncarly 
impossiblc 10 design a complex tunablc analog fi lter whieh 
can eover a 10 lO I range of frequcndc s, cspccially ncar de . 
Even digital impkmcnlation bCl:olllcS vcry complex and hard· 

ware incflh:icIII whcn tu ning is rcqtlir~d. lt is th creforc t!:1 sie r 

to realize lhe cqu iv:ll clll of the scanning mte r by swecping 

the signal past a fixeu tuneu narrow·banu bandpass nIter. 

IIdditional f<i.metiolls 

The block tliagram shows lhe basic func tions af subsystems 
which I11l1st be implementcd to operale the speet rum analyze r. 
In lhe digital implcmentation th ere I11USt also be an input anti· 
aliasing nIter, sample and hold , A-O converter, and the cor· 
rcsponding output O-A conver ter and reconstruction nIter. 
TI1C funct ions in Fig. 6 are impleme nted in the signal processar 
program. 

CONC LUStON 

An N--channel MOS signal processar for real time proccssing 
of "nalog signals has been desc ribed. Adie size of 47 000 
square mils eSlablishes the economy of a mult ifaceted anaJag 
subsyslem and microprocessor 011 a singJc substrate. The 
analog functions includc fou r inputs, eight outputs with on· 
ch ip samplc 011 hold, and 9 bit conversion system rcsolution ; 
digital fUll ctions incluue 192 words by 24 bits of EPROM, anu 
40 1V0rds by 25 bits of two port RAM. 

11 has beell shown that lh e device just desc ribed has rclegated 
eomplcx anaJog system problems, such as modems, tone 
detcclOrs, o r gcncrato rs and proccss controllers to soflware 
solutions wit hin a singJc ehip. An example was given as a 

spcctrum analyzer. 
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