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Based on examples from the past,
inc luding R.-D. Klein’s STRUKTA (1983), a
CPM-compatib le precompiler for
Z80/8080 code, the author developed
the SXp precompiler described in this
Elektor Electronics PC Topics artic le. As
indicated by its name, SXp supports
the microcontrollers from the ‘SX’ fami-
ly supplied by Scenix [1, 2]. Statements
for structured programming of interro-
gation routines, branching and loops
allow the high processing speed and
optimum memory usage of assembly-
code programming to be linked with
those c learly laid out, easily created
structures many of you have learned
to value of higher programming lan-
guages like C.

Structured programming
To begin with, a frequently made error
should be eradicated: control state-
ments for structured programming are
not the same as conditional assembly,
a feature available in almost any
assembler package. Remarkably, many
experts are not aware of this small but
essential difference (“IF-THEN-ELSE, yes
well my assembler does that too”).

Control statements as they are made
availab le by SXp allow struc tured
programming in SX assembler lan-
guage, with the following advan-
tages:
simplified program development and

simplified debugging;

vastly improved legibility of the pro-
gram and its documentation;

shorter program development cyc les,
resulting in higher productivity;

improved program reliab ility and
maintenance;

more fun in writing SX programs.

SXp offers the programmer a set of
statements to help him/her realize rou-
tines (‘situations’) performing these
functions: interrogation, branching or
loops, as they occur in almost any pro-
gram. Using assembly code program-
ming, such standard routines are not
easily made, and invariably subject to
programming errors and doubts (like
“is that carry flag set or not?”).

The negative effect of the SXp state-
ments on the code effic iency of the
program is negligible if at all existent.
In other words, both processor perfor-
mance and memory usage are com-
parable to what may be obtained with
straight assembly code programming.
When using SXp, all advantages of
assembly code programming remain
available simply because all non-SXp
statements represent the regular
assembly language commands. That,
in a nutshell, is how it’s done!

SXp — what’s it for?
SXp — for the Windows 95/98/NT plat-
forms — is a precompiler capable of
converting statements for structured
programming (the so-called SXp state-
ments) into assembly language code
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Higher programming language or assembly code? Because of market
developments and ever-shortening design cycles, today’s software
developers tend to employ higher programming languages like C or C+
for microcontroller applications. In many cases, this choice is more or
less forced by requirements like program documentation, product sup-
port and deadlines. However, higher-level programming may not be
possible when memory resources are limited, or when the application is
time-critical. In such cases, an assembler supporting structured program-
ming offers the best of both worlds, with high program speeds and
clever memory usage thrown in as useful extras.

By E. Haug

SX p  p re co m p ile r
st ru ct u re d  a sse m b ly-co d e  p ro g ra m m in g
f o r  Sce n ix ™ SX  m icro co n t ro l le rs



for the Scenix SX family of microcon-
trollers.

The actual SX assembler commands
are scattered between the SXp state-
ments, and they remain unaffected by
the SXp Precompiler. Of course, rou-
tines may be nested by inserting any
number of additional SXp statements.
The code generated by SXp has to be
converted into the final SX object
code by a Scenix compatible assem-
bler. Note that only one-word basic
commands of the SX are used.

The assembler source code pro-
gram created by SXp (that is, the out-
put file) may be used for simulation
and debugging sessions (using, for
example, SX-KEY™ from Para llax).
Optionally, the SXp statements may be
retained as comment in the assembly
code file. This will be particularly useful
with debugging.

A further option is the inc lusion of
DEVICE CARRYX of the SX processor.
This flag represents a useful speciality
of the SX, although it must be said that
it is also a troublesome feature. The
CARRYX flag is used because the SX
has no separate commands for addi-
tion and subtraction with or without
inc lusion of the carry/borrow bit.

An essential feature of SXp is the
exclusive use of the working register W,
and, if necessary, the specified loop
register. No other SX registers are
employed or modified (except, of
course, the program counter and,
occasionally, the status register). The
SX stack is not used either by SXp.
Consequently, the SX program creator
has full and exclusive control over all
SX registers.

Depending on the programming
method, SXp should achieve roughly
the same code effic iency as pure
assembly-code programming — but
at the same time much better docu-
mentation and program legibility is
guaranteed, the upshot being that in
the end you are having more fun!

Depending on the memory configu-
ration of the computer on which SXp is
installed, all SXp structures may be nest-
ed to any depth. Because SXp does not
employ the (relatively small) 8-level SX
stack for its return address information,
jumping is allowed at any location in
the SX program, even into other SXp
structures. With the previously men-
tioned STRUKTA program, great care
was required in do doing so because
this precompiler executed the return
jump from structures via the stack.

What it can’t do
SXp does not generate the SX object
code directly from the SXp source pro-

gram. Because SXp is not aware of
absolute program addresses, it is not
capable of detecting page bound-
aries (remember, the addressable
memory range of the SX is organised
as ‘pages’). In such cases, one of the
SXp Page Mode Options should be
employed [4].

Furthermore, SXp is unable to check
if defined and actually used symbols
and data are within their allowable
range. Running this check remains the
exclusive task of the assembler. 

SXp statements
The statements implemented in version
0.9 of SXp are summarized in Ta b le 1.
Extensive descriptions of all statements
may be found in [3]. Below, some
basic information is given regarding
the SXp syntax.
Instructions represents any number
(including zero) of SX assembler instruc-
tions and/or SXp statements. SXp state-
ments may be nested to any depth.
THEN is only used in combination with

PAGE indicators, and may be omitted
in all other cases.
CONDITION represents comparisons (at
least one SX register), register bit inter-
rogations or status flag interrogations.
REGISTER ASSIGN indicates the number
of loop iterations. The specified register
may have been loaded beforehand,
or its assigning is part of the command.
The loop register may be filled with a
constant, the contents of another SX
File Register, or the W register.
ADDRESS stands for a  non-loca l
address at any location in the SXp pro-
gram (take care, however, with jumps
from subroutines). EXITIF-TO is the only
non-structured SXp statement. It allows
a code-saving and ‘quick way out’ of
an SXp structure. An unconditional
jump is simply programmed using the
assembler command JMP.
SXp only uses the W register in the SX,
p lus the selec ted loop reg isters.
Furthermore, the program counter and
the status register are subject to modi-
fications (the la tter depending on
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Table 1. SXp Directives (SXp version 0.9.x )

I F CONDI TI ON [ THEN] ;  Fi r st  i nt er r ogat i on
I nst r uct i ons

ELSEI F Condi t i on [ THEN] ;  Mor e i nt er r ogat i ons,
mul t i pl e i s  opt i onal

I nst r uct i ons
ELSE ;  Last  br anch,

opt i onal
I nst r uct i ons

ENDI ;  End of  I F st r uct ur e
———————————————————————————————————————————————————————————-
LOOP ;  Endl ess l oop

I nst r uct i ons ;  Exi t  LOOP onl y by
means of

;  EXI T,  EXI TI F,  JMP,  RET,
I nt er r upt  or  SX r eset

ENDL ;  End of  LOOP
———————————————————————————————————————————————————————————-
WHI LE Condi t i on ;  I nt er r ogat i on at  st ar t  of

l oop
I nst r uct i ons

ENDW ;  End of  WHI LE l oop
———————————————————————————————————————————————————————————-
REPEAT ;  St ar t  of  l oop

I nst r uct i ons
UNTI L Condi t i on ;  I nt er r ogat i on at  end of

l oop
———————————————————————————————————————————————————————————-
FOR Regi st er Assi gn ;  Loop wi t h 

r egi st er  i ni t i al i sat i on
I nst r uct i ons

ENDF ;  End of  FOR l oop
———————————————————————————————————————————————————————————-
EXI T ;  Leave one st r uct ur e l evel

EXI TI F Condi t i on ;  Condi t i onal  exi t  f r om one
st r uct ur e l evel

EXI TI F Condi t i on TO Addr ess ;  Condi t i onal  j ump f r om one
st r uct ur e l evel
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SXp program listing 1

; Squar e Root ,  SXp- Ver si on by E.  Haug,  27- JUN- 1999
; 8- bi t  r esul t  equal s I NT( SQRT( x) ) ,  t her ef or e - 0. 99. . .  accur acy

; empl oys CARRYX f ür  16- bi t  ar i t hmet i c!

; devi ce pi ns28, pages4, banks8, t ur bo, st ackx, opt i onx, car r yx, oscxt
devi ce SX28L, t ur bo, st ackx_opt i onx, car r yx, oscxt 2 ;  A- t ype s i l i con

i d ‘ ROOT’

r eset st ar t ;  Reset  st ar t  addr ess

f r eq 1_000_000 ;  t akes <10 sec f or  al l  64K possi bl e SQRTs
; f r eq 5_000_000 ;  t akes about  2 sec f or  al l  64K possi bl e SQRTs
; f r eq 50_000_000 ;  t akes about  0. 2 sec f or  64K SQRTs,  equal s

;  appr ox.  3 µsec on aver age per  SQRT @ 50 MHz

;  Var i abl e

or g $10 ;  al l  r equi r ed r egi st er s i n t he same bank

i nput 1 ds 1
i nput 2  ds 1
r oot _mask ds 1

l sbyt e ds 1 ;  Loop count er  f or  MSByt e
msbyt e ds 1 ;  Loop count er  f or  LSByt e

; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
or g 0 ;  Pr ogr am st ar t s at  addr ess $000 ( not  st r i c t l y  r equi r ed)

st ar t

;  t he f ol l owi ng t wo FOR l oops ar e f or  est i mat i ng r unt i me onl y

FOR msbyt e = #256 ;  256  . . .
FOR l sbyt e = #256 ;  *  256 t i mes,  cal cul at es al l  possi bl e 64K SQRTs

mov w, msbyt e
mov i nput 2, w ;  because i nput 2 i s  modi f i ed
mov w, l sbyt e
mov i nput 1, w ;  because i nput 1 i s  modi f i ed
cal l sq_r oot ;  W = I NT( SQRT( i nput 2_1) )

ENDF
ENDF

LOOP ;  Si mpl e del ay l oop ( smal l est  SXp pr ogr am! )
ENDL ;  You coul d i nser t  a br eak poi nt  her e f or  r unt i me measur ement

; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
;  SQ_ROOT
;  Thi s r out i ne cal cul at es t he squar e r oot  of  a 16- bi t  unsi gned number .
;  on ent r y:   i nput 1 – l ow byt e of  number ,  dest r oyed af t er war ds
;     i nput 2 – hi gh byt e of  number ,  dest r oyed af t er war ds
;  on exi t :  W r egi st er  r et ur ns 8- bi t  r esul t :  W = I NT( SQRT( i nput ) )
; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

sq_r oot
mov r oot _mask, #$c0 ;  I ni t i al i se r oot _mask
mov w, #$40 ;  I ni t i al i se r esul t
REPEAT

st c ;  16- bi t  ar i t hmet i c ( CARRYX) !
sub i nput 2, w ;  Subt r act  r esul t  devel oped so f ar
I F NC ;  Undo subt r act i on when car r y c l ear ed

add i nput 2, w ;  Car r y not  set  her e
ELSE

or  w, r oot _mask ;  Set  cur r ent  bi t
ENDI
LOOP ;  Car r y may be set  or  not  at  t hi s poi nt

r l i nput 1 ;  Shi f t  number  t o t he l ef t  by one posi t i on
r l i nput 2
r r r oot _mask ;  Copy MSBi t  f r om i nput 2
EXI TI F NOT r oot _mask. 7;  End of  LOOP when MSBi t  not  set
snc ;  SKI P mor e ef f ect i ve her e t han I F- st r uct ur e



interrogations).
SXp employs the optional (and

often wayward) DEVICE CARRYX bit.
The risk of collisions with conditional

assembler statements is avoided by
Sxp: in the SXp source code file, it
places a question mark (?) immediate-
ly before colliding statements (which
may occur in a few assemblers only,
inc luding the Parallax SX-KEY pack-
age). The ? is a lso automatica lly
removed again by SXp without taking
any further action in the relevant line,
so that all subsequent statements are
available to the actual code-assem-
bly operation.

SXp statements may be written in
capitals, lower-case characters or a
mixture of these.

If SXp structures extend across SX
page boundaries, the tools required to
deal with such cases are available.
However, these tools are not available
in the demonstration version (inc iden-
tally, that is the only difference with the
full version).

Example
After such a vast amount of theory to
wade through we’d say it’s time for an
example of an SXp source code pro-
gram. The one to be discussed com-
putes the square root of a 16-bit num-
ber [5]. To be precise, the function is
written as
SQ_ROOT = I NT( SQRT( NMBR) )
As a result of the 8-bit format of the
output word, the rounding off per-
formed by the integer function may
produce results that are up to 0.99 too
low (just think of the square root of
65,535 =  255.998…). With some extra
effort, the result could be expanded
into a 9-bit number, which would have
a maximum error of ± 0.5.

For c larity’s sake all SXp statements

are printed in bold capitals. The SX
assembler commands appear in
lower-case characters (see List ing 1).

The SXp source code program is writ-
ten with any word processor capable of
producing ASCII output format. The file
is saved with the extension ‘.SXP’. With
SXp up and running, this SXp file is then
compiled after a number of options
have been selected (in this case, the
option ‘use CARRYX’ is enabled
although the example does not include
any SXp statements having compar-
isons; it has flag interrogations only).

During the compilation process, SXp
generates an SX assembler source
code program with the extension
‘.SRC’. This program may also contain
error reports with error pointers to line
numbers of the SXp program. These
reports allow you to quickly trace and
eliminate programming errors.

After compiling the SX assembler
program may be assembled using SX-
KEY™ or indeed any other assembler
for Scenix SX micros, provided, of
course, the mnemonics and syntax
rules set out in the SX datasheets [1]
are fully supported. DOS assemblers
should also be suitable!

The same SX assembler source
code program may also be subjected
to a debugging session using, for
example, SX-KEY™. Optionally, all SXp
statements may be retained as com-
ment in the SX assembler source code
file. This makes debugging much easi-
er (for a better overview and checking
the structure level is also produced).
Thanks to the Windows operating sys-
tem, there’s no need to quit SXp. It
may remain in memory and quietly sit
in the taskbar during the entire ‘design
session’. In this way, you can quickly
change back and forth between the
text editor, the SXp precompiler and

an assembler/debugger utility.

Code efficiency
The currently available statements of
SXp allow programmers to generate
very effic ient ob jec t code for SX
mic ros.  As compared with pure
assembly-level programming, less effi-
c ient code is obtained when an SXp
statement contains just one single-
word assembler instruc tion (no
macro!). This occurs twice in the last ‘IF’
structure of the above example.

This is caused by the SX assembler
allowing one SX single-word instruction
to be jumped over using (conditional)
skip instruc tions. These sing le-word
commands are then not recognized
as such by SXp, which substitutes inef-
fic ient jump instructions instead of a
skip instruction. If, however, more than
one SX single-word instruction is found
within SXp structures, there will be no
differences in respect of effic iency.

Separately compiled, the IF struc-
ture mentioned above produces the
SX assembler code shown in
List in g 2 . To keep the overview
uncluttered, it is produced without the
option ‘keep SXp Statements in output
file’.

For the above example, a nifty SX
assembler code file [5] provides the
result shown in List ing 3.

Instead of the IF structure, this com-
pact but difficult to analyse piece of
assembler code could have been
used in the SXp source code file
instead of just in the IF structure. This
would have resulted in the same effi-
c iency for the SXp program. A single
conditional SKIP instruction should not
affec t program legibility too much
(see also the example). However, we
should repeat our warning: be careful
with macros!
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r et p ;  Done when Car r y set
c l r b r oot _mask. 7
xor w, r oot _mask
st c ;  16- bi t  ar i t hmet i c ( CARRYX) !
sub i nput 2, w
or w, r oot _mask ;  set  cur r ent  bi t

ENDL
xor w, r oot _mask

UNTI L C ;  End of  l oop when LSBi t  of  r oot _mask
;  shi f t ed i nt o Car r y,  el se r epeat

sub i nput 2, w
I F C

I F NZ ;  I f  r esul t  <> 0 . . .
xor w, #1 ;  . . .  cor r ect  LSBbi t

ELSEI F i nput 1. 7 ;  . . .  or  i f  = 0 and MSBi t  set
xor w, #1 ;  . . .  cor r ect  LSBi t

ENDI
ENDI
r et p ;  Done!

end ;  End of  pr ogr am



With pure delay loops, by the way,
the REPEAT-UNTIL structure is more effi-
c ient than the WHILE-ENDW structure
because an interrogation is performed
at the end of a REPEAT loop, resulting
in one less jump instruction — see
List ing 4.

As you can see from List ing 5, the
SX code generated by the precompil-
er is hard to improve.

Comparisons with a constant ‘0’
enables SXp to generate optimised
code. In the above example, the FOR
loops with 256 iterations (9-bit number)
are executed as they should. More tips
of this type, as well as descriptions of

typical programming errors may be
found in the SXp manual [3].

Conclusion
The SXp precompiler described in this
‘PC Topics’ artic le offers its user the pos-
sibility to create structured assembler-
language programs for the SX micro-
controllers from Scenix™. As compared
with higher programming languages, a
modest amount of study is required to
learn programming from scratch. This is
mainly by virtue of the syntax which has
been kept as simple as possible, c lear
and easy to remember.

The code generated by SXp is effi-

c ient by most standards while you, the
programmer, do not alienate from
assembly-language programming
and its typical environment, despite
the use of structures.

The effic iency of the precompiler
described here could no doubt be
enhanced further if only multiple logic
combinations (AND-OR) and quantity
requests (IN, as in Pascal) would be
allowed. Both were available many
years ago in STRUKTA. Even better effi-
c iency would be obtained if state-
ments like SWITCH-CASE, ON-GOTO
were implemented in SXp. Mind you,
they are not yet implemented.
Similarly, the rudimentary FOR-NEXT
loop could be expanded into the
more powerful FOR-TO-STEP structure.

It would be desirable for the makers
of SX assemblers to integrate at least
the features of SXp into their products.
Many years ago, there were intentions
to do so for some microcontroller fami-
lies (for example, 68000 assemblers
from Motorola, Mostek and Quelo).
Today the same happens with
Mitsubishi and Zilog, although the result-
ing products are cumbersome to use
while offering fewer features than SXp.

Finally, some C compilers also sup-
port structured assembly-code pro-
gramming in the integrated assembler.
A good implementation is found with
IAR, for example. In most cases, how-
ever, the price tag of these products
puts them well beyond the reach of
hobbyists and occasional users.

(992037-1)

Re fe re nc e s:
[1] Datasheet SX18/20/28, Scenix™,
downloadable via www.scenix.com or
obtainable from authorized Scenix dis-
tributors.
[2] SX microcontroller evaluation sys-
tem (1-4), Elektor Electronics February
through May 1999.
[3] SXp — structured assembler pro-
gramming for the Scenix™ SX, by E.
Haug. Download SXp DEMO version
and manual via www.scantec.de
[4] The various Page functions are not
implemented in the demo version of
SXp!
[5] Exact source of original program
not known.
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SXp program listing 2

SC
JMP _L1
SNZ
JMP _L3
xor w, #1 ;  . . .  Cor r ect i on of  LSBi t
JMP _L4

_L3
SB i nput 1. 7
JMP _L5
xor w, #1 ;  . . .  Cor r ect i on of  LSBi t

_L4
_L5
_L2
_L1

SXp program listing 3

sc ;  As SXp
r et p ;  Al r eady f i ni shed her e!
snz ;  As SXp
snb i nput 1. 7 ;  Combi ned i nt er r ogat i on:
xor w, #1 ;  NZ OR ( Z AND i nput 1. 7)

SXp program listing 4

REPEAT ;  wai t  . . .
UNTI L Por t . 5 ;  . . .  f or  Por t  Bi t  5 t o be set

SXp program listing 5

; 01/ /  REPEAT ;  wai t  . . .
_L1

; 01/ /  UNTI L Por t . 5 ;  . . .  f or  Por t  Bi t  5 t o be set
SB Por t . 5
JMP _L1

_L2
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Regardless of make, model and price,
there is one thing that all computers
have in common: they start to age
while they are still in the shop. The first
wrinkles, which appear after two to
three years, can be smoothed out with
an update, but a couple of years after
that there is not much more that can
be done. Then we buy a stylish new
model, and the old workhorse lands for
good in the attic . Usually, some thought
is given to selling the old computer, but
if it turns out that little is to be gained by
this, most of us would rather hold on to
it as a back-up. As a rule, this back-up
function is never actually used, and
the old beast just sits there for years
doing nothing.

This is truly a pity, since an old 386 or
486 PC can still be used quite well for a
lot of things. For example, it could be
used as the ‘brain’ of a model train
control system, as an advanced roll-
down shutter controller or a perfect
thermostat for the central heating. The
possibilities are almost endless!

If you don’t have any particular
application for the entire PC, you can
still consider looking for new uses for its
components. The CD-ROM drive, for
example, is in principle ideally suited
for playing back to a MiniDisc recorder

Digital out, optical in
The only thing that stands in the way of
a successful marriage between a CD-
ROM drive and a MiniDisc recorder is
that the former has only an electrical
digital output, while the latter has only
an optical digital input. However, this
should not be an insurmountable prob-
lem for any self-respecting electronic

Most old computers just collect dust in the attic  after
being retired from active service. That’s a pity, since
there are still useful tasks that could be performed by
these relics. In this artic le, we describe a very simple
way to add an optical output to the CD-ROM drive of
a cast-off PC. Such an output could for example be
used to connect a MiniDisc recorder.

Design by K. Schlott

o p t ica l  o u t p u t
f o r
CD -ROM  d r iv e
a  n e w  l i f e  f o r  o ld  P Cs

GND
IC1a

12 1

R1

10
0Ω

D1

5V

992036 - 11IC1 = 7407

rear panel of
 CD-ROM drive

digital output

signal

Figure 1. A ‘standard ’ d igita l output can
be converted into an optical output
using only three components. The  d iam-
eter of the LED (2.2 mm) is matched to
fiber optic  guide.  The LED is order code
18 44 11-55 from Conrad Elec tronic.

technic ian. A quick examination of the
digital output of a CDROM drive shows
that it provides a trapezoidal biphase
signal, with an amplitude of 5 V. With a
suitable converter, this can easily be
transformed into optical ones and
zeros. The well-known TOSLINK modules
from Toshiba are made to measure for
this task. Still, it’s more of a challenge to
see if there’s a simpler way to imple-
ment this conversion — perhaps with a
few components that we just happen
to have lying around. And in fact, this
turns out to be possible. Fifteen minutes
of tinkering was all it took to add a per-
fectly functional optical output to our
sample CD-ROM drive, and only three
components were needed: a standard
TTL buffer, a resistor and a LED.
Fig ure 1 shows how simple it all is.

Next comes the cable. Special opti-
cal interconnecting cables are not
only fairly expensive, they are also ter-
minated in connectors that only mate
with matching components. For a lot
less money, you can buy fibre-optic
cable by the roll (from Conrad
Electronic , for example). If a light-
diode is used for D1, the fibre-optic
cable can be inserted directly into the
hole in the LED package that is provid-
ed for this purpose. All that then
remains is the question of how to insert
the cable into the optical input of the
MiniDisc recorder. The cable fits into
the opening easily enough — that’s no
problem — but somehow the signal
from the cable seems not to reach the
internal c ircuitry of the recorder. Very
strange. After a thorough examination
of the optical input connector, we find
the culprit: a pesky little miniature
switch, built into the connector, that
controls the switchover between the
analogue and digital inputs. Our cable
is just a bit too thin to actuate this
switch. The solution to this problem is
easy: after a short piece of heat–shrink
tubing is fitted over the end of the
cable, everything works perfectly!

Remarks
Just to avoid any misunderstanding, it
should be noted that the CD-ROM
drive need not necessarily be located
in an old PC. If you only have a new
PC and you want to use its CD-ROM
drive as a master for making record-
ings, you can easily build the c ircuit
described here into the PC. If you fit
the LED to on the front panel so that it
is readily accessible, you will have no
problem making an optical connec-
tion to other devices.

(992036–1)



The hexadecimal keypad is connected
between the ac tual PC and its key-
board. It a lso provides the necessary
extension for the keyboard cable. The
following functions are provided by this
keypad:

➧ generating the lower–case letters a
through f;

➧ generating the upper–case letters A
through F when the Shift or Caps
Lock key of the PC keyboard is acti-
vated. Activating the #  key on the
hex keypad will prevent characters
from being output by the
numeric /shifted charac ter keys
located in the alphanumeric  portion
of the PC keyboard);

➧ generating the numerals 0 through
9, corresponding to the numeric
keys of the alphanumeric  portion of
the PC keyboard;

➧ generating the numerals 0 through
9, corresponding to the  keys of the
PC keyboard numeric  keypad, when
the #  key of  the hex keypad and
the NUM key of the PC keyboard are
activated;

➧ generating cursor control characters
corresponding to the keys of the PC
numeric  keypad, if the #  key of the
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Many computers and microcontrollers are programmed
in hexadecimal, which represents numerical values
using the numerals 0 through 9 plus the letters A through
F. Entering the numerals is quite easy with the numeric
keypad of a PC keyboard, but the letters are scattered
over the entire alphanumeric  portion of the keyboard.
This artic le describes the construction of a keypad with
20 buttons, which inc ludes all the necessary characters
as well as several control characters.

Design by U. Reiser 

h e x a d e cim a l k e yp a d
f o r  P Cs
problem–free programming



hex keypad is activated and the
NUM key of the PC keyboard is
deactivated;

➧ generating the Space, Backspace
and Enter characters (in all modes).

➧ In addition, it is possible to utilize the
control functions of the numeric  key-
pad. This requires that the NUM key
of the PC keyboard is not active,
which is indicated by the NUM LOCK
LED of the keyboard not being illumi-
nated.

The schematic diagram of the hex key-
pad, as shown in Figure 1 shows that
only a few components are needed in
addition to the pushbutton switches.
The operation of the hardware is easily
expla ined. The PIC controller (16F84)
constantly polls the 20 switches and
sends the code corresponding to an
activated switch key to the PC. The sec-
ond IC, a 4053, is a bidirectional multi-
plexer that connects either the PC key-
board or the hex keypad to the PC. The
keypad is connec ted to the PC only
when its controller has detected a key-
press, and the multiplexer immediately
reconnec ts the keyboard to the PC
after the key code has been transmit-
ted by the hex keypad. It is at least the-
oretically possible for the hex keypad
to interrupt signals being sent from the

PC keyboard. The PC supplies the 5 V
operating voltage for the hex keypad
(and also for the PC keyboard).

Software
You can see how the program works
from Figure 2, as well as from the
assembly-language listing on the Elek-
tor Elec tronics Readers Services
diskette (order code 996021-1). In the
first section of the program, labelled Ini-
tia lisation, the input and output func-
tions of ports A and B are set up and
the internal pull–up resistors for port B
are enabled. The subsequent
power–on self test flashes the LED of the
hex keypad twice. The on and off inter-
vals are both set to 109 ms by TIME4.
This function is intended to indicate to
the user that the basic PIC processor is
operational.

The main program of the controller
starts with polling the key matrix (S1
through S20). This is performed by set-
ting one of the five columns from High
to Low (COL??) and waiting for 5 ms
(BOUNCE), after which all four rows are
polled for the presence of a Low level
passed through by any ac tivated
switch. Based on the arrangement of
the switches in rows and columns, the
switch number is selected and the pro-
gram branches to the appropriate sub-
routine (SW??). There it waits 5 ms, using
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CALL BOUNCE, and then again polls the
already detected switch. If the result is
negative, an error is assumed (due to
keybounce, for example). GOTO COL-
UMN? repeats the polling of the same
column. If on the other hand the sec-
ond polling confirms the first result, the
LED is polled (in the case of the numeric
keys) and CALL RELAISON (call multi-
p lexer-on) sets the B and C control
inputs of the 4053 to Low, which causes
the data and c lock signals of the hex
keypad to be connected to the PC. In
order to assure reliable switching of
IC2, program execution is delayed for
an additional 5 ms by again calling the
timer loop BOUNCE.

The bit sequence for the key code is
generated by calling twelve subrou-
tines. Following this, the instruc tion BSF
PORTA,REL causes the 4053 multiplexer
to be switched back to its prior state. To
avoid repeated key code generation
for a pressed key, the routine GOTO
KEYSOFF waits for a ll keys to be
released. This is checked by setting all
columns to Low and polling all four rows
in turn. Searching for a new key press is
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Figure 3. Key code pulse sequences.
Figure 4. Printed c ircuit board layout and
component mounting diagram.
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initiated by the instruction GOTO COL-
UMN4 only after no Low level is
detected.

Key codes
Figure 3 shows two pulse sequences
that represent the signals on the c lock
and data lines for the keys 4 and F. The
c lock frequency is approximately
12 kHz. Level changes on the data line,
when required, occur halfway through
the High interval of the c lock signal.
Since the beginning and end of a
pulse tra in are a lways the same, their
generation is relegated to the separate
subroutines STARTBIT and STOPBIT. The
data and c lock signals are generated
by setting and clearing RA2 and RA3 as
appropriate. The pulse length is deter-
mined by the two timing loops TIME1
and TIME2. If a change in the level of
the data signal is required (HHHL and
HHLH), TIME1 generates an interval of
20 µs, which is a quarter of the c lock
interval. After this, the level changes,
and a second quarter–c lock interval
completes the High portion of the clock
signal. If no level change occurs (HHLL
and HHHH), the High portion of the sig-
nal (half–c lock interval) is completely
produced by TIME2 (41 µs). Since a

level change never occurs during the
Low portion of the clock signal, this por-
tion is always generated by TIME2. Alto-
gether, this procedure results in a pulse
period of 81 to 82 ms, which corre-
sponds to a frequency of 12.345 to
12.195 kHz. Since the pulse sequences
for the individual keys are made up of
several, partly identical subsequences,
these are implemented as subroutines
(HHLLLLLL, HHHLLLHH and so on). The
meaning of the arrangement of the let-
ters H and L in the names of the sub-
routines is as follows:

Hardware
The dimensions of the c ircuit boards
(see Figure 4 and the layout of the
components) are designed to fit the
enc losure recommended in the list of
components. To best utilize the avail-
able space, the keypad portion (with
the LED and series resistor) and the
processor portion (with the PIC and the
multiplexer) are mounted on separate
printed c ircuit boards. These are con-
nec ted by an 11-lead fla t cable via
connectors K1 and K2. You should use
the switches recommended in the list of
components, since they internally con-
nec t certa in c ircuit board tracks. If
other types of switches are used, it may
be necessary to fit wire jumpers so that
every switch connects two sets of con-
tacts when it is activated, as is already
the case with S9, S13 and S17.

The two c ircuit boards are fitted one
on top of the other using 10-mm stand-
offs. The connections to the PC and the
keyboard are provided by K3/K4 and a
DIN or mini-DIN plug and jack set. The
two 5-lead cables are attached to the
processor c ircuit board by strain–relief
c lamps.

Make openings for the 20 switches
and the LED in the enclosure, and then
fit the c ircuit-board sandwich into the
enclosure. Now cut two strips of c ircuit
board materia l (without copper over-
lay) 65 mm long and 9 to 10 mm wide
(depending on the type of switch
used). Fit one of these into the guide
slots of the enc losure at the level of
switches S1 through S4, and the other

one over the processor c ircuit board
(both c rossways). These prevent the
switches from being pushed down into
the enc losure when they are pressed.
On the front side of the enc losure, cut
a rec tangular hole to a llow the two
cables to pass to the outside.

Assuming that a ll the components
have been properly fitted, it is not nec-
essary to specifically test the operation
of the keypad. Since the keypad draws
its power from the PC, you should try it
out with a d ifferent power source
before putting it into service, just to be

safe. The LED should flash twice after
the 5 V supply voltage is connected, to
indicate that the PIC is operational.
Switching the LED on and off with the #
key can also be used as a simple func-
tional test. If a  switch is permanently
ac tivated, possib ly due to its being
jammed by the enclosure or incorrectly
fitted, the c ircuit will not be able to do
anything except to flash the LED twice!
You can use an osc illoscope or logic
probe to check the signals on the data
and control outputs. When a key is
pressed, pulse sequences similar to
those already shown should be seen on
the c lock and data outputs, and a sin-
gle pulse on the control output (RA1).

(990058–1)
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COMPONENTS LIST

Resistor:
R1 =  390Ω

Capacitor:
C1 =  100nF

Semiconductors:
IC1 =  PIC16F84 (ready-programmed,
order code 996516-1)
IC2 =  4053
D1 =  LED, red

Miscellaneous:
S1-S20 =  presskey type D6-R-RD
(Conrad Electronics #  70 84 88)
K1,K2 =  22-way pinheader
K3,K4 =  10-way SIL pinheader
5-way DIN plug (or mini-DIN) for chassis
mounting
5-way DIN socket (or mini-DIN) for
chassis mounting
Enclosure type Pult-box 25 x,
109x70x50mm (Conrad Electronics #  52
24 49)
Strain relief grommet (Conrad Electronics
#  52 46 20)
2 PCB standoffs, M3x10mm
Flatcable, 11-way, length approx. 10 cm
PCB, order code 990058-1
Disk, source code file, order code
996021-1.

1/ 4 Dat a Hi gh + 1/ 4 Dat a Low 2 •  1/ 4 Dat a Hi gh

2 •  1/ 4 CLK Hi gh 2 •  1/ 4 CLK Low

HH HL LL HH
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The digital PID controller described in
th is article, based  on a PIC microcon-
troller, is on  the one hand  very well

su ited  to studying how
the controller operates
with  various parameter
values, using simple con-
trol loops. On the other
hand , it can  of course
also be used  for specific
control tasks. A complete
control loop  requires an
appropriate actuator and
a suitable sensor, in addi-
tion  to the controller
itself.

The core of the circuit
is an  inexpensive PIC
16C71 microcontroller,
whose built-in  A/D con-
verter d igitizes the mea-

sured  value (actual value) and  pro-
vides the resu lt to the controller pro-

gram. The program determines the
control error relative to the set value
(target value) for each actual value and,
based  on  th is, calcu lates the control
value that is output to the external D/A
converter. The control parameters,
which  are en tered  by a keypad , are
stored in a non-volatile memory (EEP-
ROM).

In  order to manage with  the pro-
gram memory of the PIC, which is only
1 kB, the parameters are en tered  as
hexadecimal codes. They are however
displayed on the LCD as text, which is
easier to understand.

B A S I C T H E O R Y
Control circuits are encountered  very
often  in  electron ics. For instance, a
voltage regulator is present in  almost
every circu it. More elaborate con-
trollers for dealing with other physical
quan tities, such  as rotational speed ,

The term ‘PID con-
troller’ normally brings

to mind an analogue
controller circuit with
a couple of opamps.

This article shows
how such a controller
can be implemented
in digital form. In this

universal controller
circuit, based on a

PIC and a D/A con-
verter, all control para-

meters can be
entered via a key-

board to adapt the
controller to the task

at hand.
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Design By D. Kohtz

digital PID controller
closing the loop with a PIC

Specifications:
➤ controller type: PID
➤ parameter entry: hexadecimal keypad
➤ parameter display: alphanumeric LCD
➤ adjustable parameters: - set value

- initial control quantity value
- upper limit
- lower limit

- sampling interval (100 ms to 25 s)
➤ parameter storage: EEPROM
➤ A/D and D/A conversion: 8 bit

(measured value, control quantity)
➤ microcontroller: PIC 16C71

GENERAL INTEREST



velocity, temperature, p ressure, flow
and  so on . Control technology deals
with  find ing solu tions for such  prob-
lems. Let’s look at the basic principles
of this technology.

In  con trol theory, the con trolled
activity is referred  to as the process.
The job of the controller is to maintain
the value of the controlled quantity at
a set-point or target value, in  sp ite of
the effects of external i nt er f er -
ence. In  order to do th is, the con-
troller must measure an  actual value
y, calculate the control error e by com-
paring the actual value to the target
value w , and  ou tpu t a cont r ol
val ue u that depends on the value of
the control error and  which  achieves
the desired  effect. (Note: the official
term for the control value is ‘manipu-
lated variable’.)

A characteristic feature of every
control system is closed loop opera-
tion, as illustrated in Figure 1. It is nec-
essary that a given  input signal pro-
duces a specific output signal, for both
the controller and the process. In gen-
eral, the relationship  between the
input an  output signals is t i me-
dependent .

The step  response is an  essential
characteristic of both  processes and
controllers. It reflects how the output
signal responds when the input signal
u changes instan taneously from one
level to another level. The waveform
shown in  Figure 2 illustrates a step
response that is typ ical of many
processes. For example, if a given DC
voltage is applied to a resistive heating
element, the graph of its temperature
as a function of time will be similar to
this curve.

A controller is also a transfer ele-
ment that produces a control value
(output signal) in response to a control
error (input signal). Depending on the
way in which the controller responds, it
can be classified as a proportional, inte-
gral or derivative controller. In  a pro-
portional controller (P controller), the
transfer element is in principle nothing
more than an amplifier. Its output sig-
nal changes in  proportion to its input
signal, with  the gain  being an
adjustable parameter. As the names
suggest, the transfer element of an
in tegral controller (I controller) is an
integrator, and the transfer element of a
derivative controller (D controller) is a
d ifferentiator. With  the latter types of
controllers, both the time constant and
the gain are adjustable parameters.

A controller that combines all three
types of response, called  a PID con-
troller, has proven its worth as a sort of
‘universal’ controller. As shown in Fig-
ure 3, the control value consists of the
sum of the outputs of the three types
of controllers, which  can  be assigned
individual weighting factors according
to the desired controller response.

The mathematical
relationship  between
the control error and
the control value is called  the control
algorithm. For a PID controller, this is
a differential equation.

The primary d ifference between a
digital controller and an analogue con-
troller is that with  a d igital controller
the actual value is not measured con-
tinuously, but is instead  period ically
sampled  at some fixed  in terval T0. In
the time between two successive sam-
ples, the control error must be deter-
mined and the control value calculated
using the control algorithm.

The following equation can be used
as the control algorithm of a PID con-
troller (see the sidebar ‘Digital PID con-
troller design’ for the derivation of this
equation):

uk =  u(k–1) +  q0ek +  q1e(k–1) +  q2e(k–2)

In this equation, the index k represents
the running count of the ind ividual
measurements. This means that e(k–1)
is the control error for the previous
measurement. The control parameters
q0 through q2 can  be approximately
determined  from the characteristic
parameters of the process step
response using the following formulas:

q0 =  [1.5TG/(KpTu)](1 +  Tu/2T0)

q1 =
[1.5TG/(KpTu)](T0/2Tu –
Tu/T0 – 1)

q2 =  3TG/4KpT0

The step response of the process must
be measured experimentally to obtain
these values. The parameters must
also satisfy the following conditions:

q0 >  0
q1 <  0, | q1|  >  q0
| q0 +  q1|  <  q2 <  q0

As a guideline for the value of the sam-
pling interval T0, it should chosen to be
around one tenth of the time required
for the process step response to reach
95% of its final value.

H AR D WAR E
AN D S O F TWAR E
Figure 4 shows the circuit d iagram of
the controller. Its input is designed for
voltages between 0 and 5 V, which can
come from any desired type of sensor.
The input voltage is passed  to the
in ternal A/D converter of the PIC
16C71 via opamp IC5a, which acts as a
buffer. The low-pass filter formed by
R8 and C8 at the output of the opamp
keeps h igh-frequency in terference
from reaching the A/D input (RA0 of
the PIC).

The controller output provides a
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voltage that also ranges from 0 to 5 V.
The output current of opamp IC5b is
certainly adequate for use with the pre-
viously-mentioned  circu it that simu-
lates the process to be controlled . For
controlling a real process, you will nat-
urally have to provide a suitable power
stage that can  be driven  by the maxi-
mum load  current (5 mA) of the con-
troller output.

IC5b matches the voltage range of
the D/A converter to that of the A/D
converter of the PIC. Its gain  is set to
1.935 by R10 and R11.

An 8-bit
DAC IC (Ana-
log Devices
AD577) is

used  for the D/A converter. It can  be
operated from a single 5 V supply and
does not need an external reference. Its
external circu itry is limited  to C7,
which  is necessary to decouple the
supply voltage. In  addition , pull-up
resistors R2 and  R3 are connected  to
the clock and  data p ins of the EEP-
ROM IC (24C01).

Furthermore, only a small amount
of extra hardware is needed  around
the PIC itself. In  addition  to the clock
circuitry with a 4 MHz crystal, there is
a reset circu it which  requires only a
few passive components. The power-
on  reset is provided  by R5 and  C5,
while a manual reset is provided by R6
and S1.

The alarm LED D1 is driven directly
from the RA4 port output, and the D/A
converter ch ip  and  the LCD module
are also connected directly to the out-
put port p ins of the PIC. In  the input
mode, the same port pins are used for
scanning the contacts of the parameter-
input switches. Except for S2, these are
arranged  as a 4×4 matrix, with  four
port connections on  each  side. S2 is
used  as the SET pushbutton  for con-
firming input values; it connects RB0
to earth when actuated.

The power supply is just as simple
as the rest of the circuit. It consists of a
5 V regulator, two electrolytic capaci-
tors and a reverse-polarity protection
diode at the input connector for an
external 9 V mains adapter.

As far as th e softw are is con -
cerned , the tables for the p redefined
d isp lay text an d  th e in stru ction s
needed to control the serial EEPROM
both  take u p  qu ite a bit of storage
space. The mathematical rou tines for
calculating the control quantities also
take u p  a certain  amou n t of sp ace.
Th e actu al con troller p rogram is
modest by comparison .

The program is protected  by a
watchdog timer, which in case of a fail-
ure triggers a reset and an alarm (blink-
ing LED D1) and also sets the control
quantity to zero. If th is happens, the
controller must be restarted , but it is
not necessary to re-enter the control
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parameters, since the
values that were previ-
ously stored in the EEP-
ROM can be used again.

Since the program
needs a very large number of registers,
some registers must be used for more

than  one purpose. In
princip le, th is is not a
problem, since (for
example) the registers
used  for performing

calculations are never used  during
parameter input. The only d isadvan-

tage is that the registers that are used
more than once do not have meaning-
ful names.

If you  want to carefu lly study or
modify the program, you will find the
source code on  a d iskette available
through our Readers Services.

CO N S T R U C T I O N AN D
O P E R AT I O N
Constructing the circuit on the printed
circuit board  does not require any
unusual skills. Since the circuit board is
single-sided , a few jumpers are
unavoidable. Do not overlook them
when stuffing the board.

The keypad module specified in the
list of components must be used for the
parameter input pushbuttons, due to
the in ternal connections. An unregu-
lated 9 V mains adapter can be used for
the power supply, as long as it can sup-
ply at least 200 mA.

When setting up  the board , first
adjust P1 to set the contrast of the dis-
play for optimum readability.

A simple circuit, shown in Figure 7,
has been designed for testing the con-
troller and experimenting with it. This
circuit simulates the process to be con-
trolled . The step  response of the
process is determined by the time con-
stan ts of three RC low-pass circu its
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Figure 5. PCB track
layout and component
mounting plan (board
available ready-made).
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5
COMPONENTS LIST

Resistors:
R1 =  1kΩ5
R2,R3,R5,R9,R12 =  10kΩ
R4 =  270Ω
R6 =  100Ω
R7 =  10Ω
R8 =  1kΩ
R10 =  9kΩ53 1%
R11 =  10kΩ 1%
R13 =  1MΩ

Capacitors:
C1,C4,C7,C11 =  100nF ceramic
C2,C3 =  22pF ceramic
C5,C10 =  10µF radial
C6 =  10µF 10V
C8 =  10nF MKT (Siemens)
C9 =  100µF 26V radial

Semiconductors:
D1 =  LED, red, high efficiency
D2 =  1N4001
IC1 =  24C01
IC2 =  PIC16C71, order code

996504-1
IC3 =  AD557JN (Analog Devices)
IC4 =  7805
IC5 =  TL272CP

Miscellaneous:
X1 =  4MHz quartz crystal
K1 =  LM16A211 LCD module,2 x 16

characters (Sharp)
S1-S18 =  pushbutton, PCB mount,

ITC type D6-R-RD
PCB, order code 990038-1
Disk, contains PIC source code,

order code 996003-1



connected in series. The time constants
of this ‘electronic process’ can thus be
easily changed, and interference can be
easily simulated by loading the output
with the switchable resistor. To use the
simulation circuit, connect its input to
the output of the controller and its out-
put to the input of the controller.

Control parameter values can  be
entered only immediately after the cir-
cuit is switched  on or d irectly follow-
ing a reset. They are entered  in  hexa-
decimal form by means of the keypad.
Two characters will be displayed after
two keys have been  pressed  in  turn .
The SET button  must be pressed  for
the en tered  value to be accepted  and
stored  in  EEPROM. The target value
and  the in itial value of the control
quantity can  be set between 00H and
FFH, which  corresponds to a voltage
range of 0 to 5 V. The upper and lower
limit values can  also be set between

00H and FFH. The
length  of the
sampling interval
(d isp lay ind ica-

tion  ‘INTERVAL’) is determined  by
multip lying a basic increment of 0.1 s
(fixed in software) by the entered hexa-
decimal value.

The parameters q0, q1 and q2, which
are important for the control algo-
rithm, are entered as fixed-point num-
bers, with  one byte (two hex charac-
ters) before the decimal point and one
byte after the decimal poin t. The bits
after the decimal poin t are weighted
according to 1/2n, where n  represents
the bit position (MSB =  1, LSB =  8). A
hex value of 80 after the decimal point
thus corresponds to 1/2 (0.5 decimal).
Since q1 is always negative, a short
explanation  of the representation  of
negative binary numbers is in order. A
negative binary number is formed by
bitwise inverting a positive number
and adding one to the result. An exam-
ple is:

13D = 0000 1101B =  0DH
inverted: 1111 0010B =  F2H
+ 1: 1111 0011B =  F3H

For 8-bit signed numbers, this results in
a range of values from + 127D (7FH) to
–128D (80H). Negative 8-bit numbers
can be recognized by the fact that the
MSB is a 1.

The in teger and fractional bytes of
q0 through q2 must be en tered  sepa-
rately (for example, Q0HI and  Q0LO
are entered  by pressing two keys for
each byte, with  SET pressed  between
the first and second pair of value-entry
keys).

If you  use the simulation  circu it
shown in Figure 7, you can achieve sat-
isfactory resu lts with  the following
parameter values:

q0 = 13.5D =  0D80H
q1 = –18.5D =  ED80H
q2 = 6.5D =  0680H
sampling interval =  0.4 s (enter ‘04’)
target value =  80H (approx. 2.5 V)
in itial control value =  A0H (approx.
3.1 V)

Since the electrolytic capacitors in  the
simulation circuit have quite large tol-
erances, it is possible that the controller
will not operate optimally with  the
above values. In this case the values of
q0 through q2 should  be empirically
adjusted.

The output signal of the controller
is set to 0 V during parameter en try.
After parameter en try has been  com-
pleted  by pressing SET, the control
value (CONTROL VAL) is output at a
level equal to its en tered  in itial value
until the en tered  target value (SET-
VALUE) is reached . After th is, the
actual control process starts up  and ,
depending on  the selected  control
parameter values, more or less exactly
maintains the controlled variable at the
set value, even in the presence of inter-
ference. During the control process, the
current levels of the control value
(CONTROL VAL) and the actual value
(ACT.VAL) are continuously displayed.

If either the upper or lower limit
value (UPPER LIMIT or LOWER
LIMIT) is exceeded , the alarm lamp
(LED D1) blinks for the duration  of
out-of-limits condition. No new values
are displayed during this interval. The
controller output goes to zero if the
upper limit is exceeded , and  to FFH
(5 V) if the lower limit is exceeded.

If the controller is started  anew by
pressing Reset, the parameter en try
process must be run through again by
pressing SET after each  parameter
value is displayed. SETVALUE appears
first on the display, with the last saved
value. The values of CONTROL VAL,
UPPER LIMIT, LOWER LIMIT and
INTERVAL follow in  turn , each
appearing after SET has been pressed.
The stored  values are d isp layed  for
each  parameter in  turn , and  can  be
modified if necessary.

(990038-1)
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6

Figure 6. Finished pro-
totype of the digital
controller.

Figure 7. This little cir-
cuit simulates a
‘process’ for testing
the controller.

1k

100µ

10
0k

4k7

100µ

10k

100µ

990038 - 14

7



19Elektor Electronics 9/99

The easiest approach is to start with an analogue controller
designed according to the block diagram shown in Fig-
ure 3, whose control algorithm is given by the following dif-
ferential equation:

In this equation, KPR, KDR and KIR represent the
(adjustable) gains of the three controllers (P, D and I con-
trollers) shown in Figure 3. This equation can also be rep-
resented in the frequency domain by applying the Laplace
transform, as follows:

where it is assumed that the initial conditions are all zero.
The gains of the three parts of the controller (often referred
to as the proportional, integral and derivative coefficients
of the controller) must be set by the designer according to
the desired control response.
The next step is to find a discrete equivalent for the con-
troller described by equations 1 and 2. The backwards dif-
ference is defined as the discrete-time equivalent of the
continuous-time derivative of a function. It is given by the
formula

in which T is the period of the sampling signal (the sam-
pling interval).
The finite sum is defined as the discrete-time equivalent of
the continuous-time integral of a function. It is given by the
formula

If the relationships shown in formulas 3 and 4 are applied
to the first two equations, the result is the following equation,
which is shown in the article as the control algorithm of a
digital PID controller:

Once again, the index k is the running count of the indi-
vidual measurements. This means that e(k-2) is the control
error for two sample intervals prior to the present mea-
surement.

u u q e q e q ek k k k k= + ⋅ + ⋅ + ⋅− − −( ) ( ) ( )1 0 1 1 2 2

f T f a T f a T f b
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b

( ) ( ) ( ) . . . ( )τ = + + + + +[ ]∫ 2

∆f t f t f t T T( ) ( ) ( ) /= − −[ ]

u s K e s K s e s K s e sPR DR ID( ) ( ) ( ) ( / ) ( )= ⋅ + ⋅ ⋅ +

u t K e t K de t dt K e dPR DR IR

t

( ) ( ) ( ) / ( )= ⋅ + ⋅ + ⋅∫ τ τ

0

Dig i t a l  PI D con t r o l le r  de s ign

With the passing of the years,
developments and inventions in
the electrical field succeeded each
other in increasing tempo. In
1876, Alexander Graham Bell
(1847–1922) developed the tele-
phone. The sound to be transmit-
ted via the telephone line was
picked up by a funnel-shaped
horn. The horn was terminated by
a thin metal diaphragm immedi-
ately behind which was a small
coil wound on a bar magnet.
When sound entered the horn, the
diaphragm vibrated and thereby
varied the distance between the diaphragm and the coil. This caused
a voltage to be generated in the coil that alternated in rhythm with
the sound signal. When two such devices were linked by a long wire,
the speaker at one end could bring the diaphragm at the other end
into vibration. The same device was thus used for speaking and lis-
tening by alternately bringing it in front of the mouth and against
the ear. This setup was improved fairly quickly and provided, among
others, with a different kind of earpiece. Within a few years – in 1878
– the first public telephone network was opened in the United States. 

Within a year after the introduction of the telephone, Thomas
Alva Edison (1847-1931) had devised a contraption that consisted
of a wooden cylinder around which was wound a sheet of tinfoil, an
arm that enabled a needle to be brought into contact with the tin-
foil, and a crank to rotate the cylinder. Edison set the needle in con-
tacts with the tinfoil, rotated the cylinder with the aid of the crank,
and into a horn-shaped mouthpiece attached to the needle he sang (or
shouted): “Mary had a little lamb …”. When he turned the cylinder
again, the horn of the instrument produced a recognizable repro-

duction of his voice. Thus was born the phonograph or, as it is bet-
ter known in Europe, the gramophone.

Although the reproduction was not of very good quality, the prin-
ciple had been established. Ten years later, Emile Berliner
(1851–1929), another American inventor, produced an improved
version of the phonograph, which he called ‘gramophone’. In contrast
to Edison’s instrument, which used a variable-resistance transmit-
ter, that of Berliner used a flat disk instead of a rotating cylinder.
The flat disk  is, of course, the forerunner of the modern gramo-
phone record. In the Berliner system, the grooves on the disk are
modulated laterally, whereas those on the Edison cylinder are
amplitude-modulated.

In 1879, in America, Edison, and in England, the British physi-
cist and chemist Sir Joseph Wilson Swan (1828–1914) simultane-
ously introduced the first practical incandescent lamp. It was, per-
haps, not so much the improvement of the filament that made the
incandescent lamp a success as the evacuation of the bulb (in which
Swan was aided by Charles Stearn, an expert in the production of
high vacua). Edison and his team perfected the filament: after exam-
ination of thousands of alternatives, they devised the cotton-thread
filament which, when joined with the bulb patents of Swan and
Stearn, made the Edison lamp a commercial success. 

in 1890, a young Dutch mechanical engineer, Gerard Philips
(1858–1942), decided to set up
his own company to produce
incandescent lamps. This
resulted in 1891 in the Philips
Gloeilampenfabriek in Eind-
hoven, which soon became
famous all over the world and is
still an important multinational
company today.

[995073]
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Robotic projects are an  ideal way to
learn  how to in terface a microcon-
troller to other electronic components.
It’s effective for students of all ages to
see and  hear outputs in  addition  to
measuring them with a multimeter or
oscilloscope. Teachers often say that it
requires light, sound, and  movement
to capture a student’s interest. This first
column consists of assembling a BASIC
Stamp II Board  of Education-based
robotic p latform named the BoE-Bot.
Once you’ve built th is p latform we’ll
use it to teach  basic microcontroller

skills. The article installments are
planned as follows (subject to change):

➡ Introduction and BoE construction,
September 1999 — The part you are
reading right now. The BoE printed
circuit board was designed by Elek-
tor Electronics from an example sup-
plied by the authors. Brief introduc-
tion to the BASIC Stamp II.

➡ Building the BoE-Bot, October 1999 –
Construction process and drawings
for building the BoE-Bot.

➡ BASIC Programming, November

This is the first of a
series of articles dis-

cussing the assembly
of a simple robot,

called BoE-Bot, we’ll
use to learn introduc-

tory programming
with the BASIC

Stamp. The BoE por-
tion is the BOARD OF
EDUCATION, and the
Bot refers to robot

chassis. The project is
flexible, and could

also be a rolling
breadboard. Provided

you’ve got a Stamp-
based servo driven

platform, following the
lessons will be easy.

20

By Chuck Schoeffler, Ph. D. 
and Ken Gracey

BASIC St amp
programming course (1)

MICROPROCESSORS

Part 1:
Introduction and BoE hardware

Photograph showing author ’s version of BoE. Readers should note
that this differs slightly from the BoE described in this article.



1999 — Program the BoE-Bot to fol-
low a pre-entered  path  using sub-
routines, IF...THEN, and EEPROM
storage. These are the basic pro-
gramming fundamentals.

➡ Sensors, December 1999 — Use a
photoresistor to sense and  follow
light. Use a wire as a switch closure
for the bumper and generate sound
with a piezospeaker.

➡ Infrared Control, January 2000 – Add
an infrared LED for proximity sens-
ing and  external control by hand-
held remote.

➡ Advanced BoE-Bot Projects, February
2000 — Schematic and source code
ideas for advanced BoE-Bot projects
includ ing sonar and  communica-
tion.

The BoE part of BoE-Bot is the BOARD
of EDUCATION, a platform to hold your
BS2-IC microcontroller system and

prototype your sensor
projects. The original
board was designed by
Parallax in  coord ination  with  educa-
tional customers to teach  microcon-
troller in terfacing. It is designed  for
use with  the Parallax Stamps in  Class
curricu lum, available for free down-
load  in  Adobe’s PDF format. There-
fore, the use of a BoE on a robot chas-
sis has more purpose than  th is single
use as a robot project area.

The robot chassis is the Bot. Mea-
surements are provided  so you can
build  your own chassis on  computer
numerical control (CNC) metal

machinery, or cu t one from plastic or
even  wood. With  the publication  of
part 2 of th is course, the mechanical
parts will hopefully also be available
ready-made.

B A S I C  S T A M P
M I C R O C O N T R O L L E R
The BASIC Stamp is an  inexpensive
(less than  $50USD) microcontroller
with  a built-in  BASIC interpreter. The
majority of microcontrollers require
some special programming hardware.
The BoE-Bot was designed around the
most popular BASIC Stamp version —
the BS2-IC. Here are some of the fea-
tures of a BASIC Stamp:

➡ Small size, like a postage stamp.
➡ BASIC interpreter firmware is built

into the PIC16C57 microcontroller.
➡ BASIC program storage in  electri-

cally erasable EEPROM. When

power is applied  the
program executes.
BASIC Stamps can  be

programmed at any time by tem-
porarily connecting them to a PC
running a simple host program.
Type in a new program, press a key,
and the program is downloaded to
the BASIC Stamp.

➡ I/O pins that can communicate with
digital devices sense switches, and
even directly drive small loads like
LEDs.

At th is point in  the course, the Stamp
module will be treated as a black box.

If you haven’t already seen the BASIC
Stamp II, you can download the man-
ual, datasheets, and  DOS/Windows
editors from the Parallax web site. The
UK distributor for the Parallax Stamp is
Milford Instruments, telephone (01977)
683665, www.milinst.demon.co.uk

B U I L D I N G T H E B O A R D
O F E D U C A T I O N
The BOARD OF EDUCATION (BoE) consists
of a BASIC Stamp II module, a simple
power supply, a prototyping area and
some simple peripherals like a reset
switch , an  LED and  a serial in terface
connector. The circu it d iagram is
shown in Figure 1.

Position  IC1 is a 28-pin  DIL socket
in which the BASIC Stamp II module is
p lugged . The module communicates
with your PC’s serial port via a 9-way
sub-D socket, K2. Note that a rud i-
mentary form of handshaking is

employed by capacitive coupling of the
DTR (data terminal ready) signal on
pin 4 of K2 to the ATN input line of the
Stamp module.

The BASIC Stamp module can  be
reset by pressing push-button S1. The
switch  will be used  whenever a pro-
gram is to be downloaded  in to the
Stamp.

All of the Stamp’s I/O lines plus its
Vin line (PWR, 9-15 V, see Stamp
datasheets)) are ‘bused’ onto SIL sock-
ets arranged adjacent to a prototyping
area (breadboard) for easy connection
to your own experimental circuits.

A simple on-board  power supply

21Elektor Electronics 9/99

K2

1

2

3

4

5

6

7

8

9

K8K7

K5 K4

K3 K6

C1

100n

C3

47µ
40V

C4

1µ
25V

7805
IC2

C2

100n

R1
2k2

D1

K1

S1

P0
P1
P2
P3
P4
P5
P6
P7 P8

P9
P10
P11
P12
P13
P14
P15

Vin

Vin Vin
P0
P1
P2
P3
P4
P5
P6
P7
P8
P9

P10
P11
P12
P13
P14
P15

P0
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15Sout

Sin
ATN

990050 - 11

5V

5V 5V

5V

BASIC
STAMP

10
11
12

II

13
14
15
16
17
18
19
20
21
22
23
241

2
3
4
5
6
7
8
9

Bt1

9V

S2

Figure 1. Circuit dia-
gram of the BOARD OF
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allows the BoE to be powered either by
a battery or a mains adaptor rated  at
9 VDC/300 mA. A more powerfu l
adaptor may be required  depending
on what you in tend to connect to the
SIL socket, or build in the prototyping
area. Note that IC2 may then require a
heatsink.
Warning. The mains adaptor must

not be connected  when the on-board
battery is powering the circuit (switch
S2 closed).

LED D1 lights when the 5-V supply
voltage is present. The 5-V regulated
(and decoupled) supply voltage is also
made available to the experimental cir-
cuits via SIL sockets, th is time K3 and
K5. Two more SIL sockets, K4 and K6,
are available for ground connections.

CO N S T R U C T I O N
The printed circuit board designed for
the BoE is shown in Figure 2. It is sin-
gle-sided  and  available through the
Elektor Electronics Readers Services as
well as kit suppliers like C-I Electronics
and Viewcom Electronics.

Stuffing the board  should  not pre-
sent undue difficulty easy as the PCB
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(C) ELEKTOR

990050-1

COMPONENTS LIST

Resistors:
R1 =  2kΩ2

Capacitors:
C1,C2 =  100nF
C3 =  47µF 40V radial
C4 =  1µF 25V radial

Semiconductors:
D1 =  LED, red
IC2 =  7805

Miscellaneous:
Bt1 =  9V PP3 (6F22) battery with

clip-on leads
IC1 =  BASIC Stamp-2 module

(available from Parallax distributors)
K1 =  2-way terminal block, raster

7.5mm
K2 =  9-way sub-D socket (female),

PCB mount, angled pins
K3-K6 =  4-way SIL socket, turned

pins
K7,K8 =  17-way SIL socket, turned

pins
S1 =  pushbutton, 1 make contact,

PCB mount, type D6-R-RD (ITC)
S2 =  slide switch, PCB mount
1 off 28-pin IC socket
2 off M3 nut and bolt for securing K2
PCB, order code 990050-1 (see

Readers Services page)

Figure 2. Artwork for
the single-sided cir-
cuit board (available
ready-made).
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layout is generous and no special com-
ponents are involved. Be sure to use a
socket, that is, a female connector, in
position K2. Capacitors C3 and C4, reg-
ulator IC1 and (yes) the socket in posi-
tion IC1 are all polarised components
and have to be mounted the right way
around on the board . When in  doubt
about the orientation, study the circuit
d iagram and  the component overlay.
The BASIC Stamp module should not
be installed  in to socket IC1 before
you’ve finished all soldering work on
the BoE.

The fin ished  BoE (Figure 3) brings
the BS2-IC I/O pins available adjacent
to a breadboard . Only minimal wire
stripping and  cutting tools will be
required to customize the BoE-Bot for
future experimentation. The two iden-
tical prototyping areas may be cut off
for experiments. If you fit suitable SIL
pinheaders at the solder side of these
sub-boards, they may be inserted into
the sockets on  the main  BoE. A fin-
ished BoE will feature the following:

➡ easy p lug-on connection  of proto-
type circuits to be controlled by the
BASIC Stamp module;

➡ DB9 connector for BS2-IC program-
ming and  serial communication
during run-time;

➡ BS2-IC’s P0-P15 I/O p ins, Vdd
(+ 5 V) and Vss (GND) connections
brought ad jacent to 4 cm x 3 cm
breadboard area;

➡ traces on  top  of the board  show
connections between BS2-IC port
lines and breadboard connections;

➡ battery section  may be cut off if
object to be controlled  has its own
power supply (min. 9 VDC, connect
to K1);

➡ two extra breadboards.

WAN T A H E AD S TAR T ?
If you are interested in learning micro-
controllers without the robot part and
just the BoE, download  the free cur-
ricu lum available from the Parallax
educational web site
http://www.stampsinclass.com

The design concept of using BASIC

Stamp on a robotic platform as an edu-
cational tool comes from Chuck
Schoeffler, University of Idaho. Dr.
Schoeffler ’s first approach was a very
inexpensive configuration  using the
BASIC Stamp Rev. D., and this design
could be considered if you need a cost-
effective alternative. The BASIC Stamp
Rev. D. has a built-in through-hole pro-
totype area for projects, and  may be
mounted it’s own unique robot chassis.
This approach can be very effective for
schools.

(990050-1)

Next month:
BoE-Bot mechanical assembly and calibra-
tion.
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I n t e r ne t
http://www.parallaxinc.com – BASIC Stamp Manual Version 1.9, BASIC Stamp

DOS and Windows Editor, program examples. International distribution
sources.

http://www.stampsinclass.com —BoE documentation, Robotics curriculum,
BoE-Bot * .dxf

and * .dwg drawing formats, discussion group for educational uses of BASIC
Stamp.

chucks@turbonet.com — creator of the BoE-Bot and author of this series.
Technical assistance.

kgracey@parallaxinc.com — co-author of this article. Technical assistance
and questions about the educational program.

http://www.milinst.demon.co.uk — UK distributor of Parallax BASIC Stamp.

Figure 3. Finished BOARD OF
EDUCATION (BoE). Next month
we’ll be installing the board on
a home-made robot vehicle.
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EVALUATION SYSTEM FOR
80C166 (PARTS 1 AND 2)
March & April 1999, 990028

Errors in Components List
IC9 and IC10 should be type

74HC573, not HCT573.
C1 and C2 should be 10µF

16 tantalum bead.
R20 should be an 8-way SIL

array, value 4kΩ7.
The crystal frequency men-

tioned with C18, C19
should be 40MHz, not
100MHz.

IC3, MAX690 should be list-
ed as MAX690 (BATT),
not MAX690 (I/O)

Miscellaneous
Pull-up resistors R1-R4 need

not be mounted with the se-
rial channels.
When a 40-MHz crystal is
used for X1, it may oscillate
at the fundamental frequen-
cy (13.333 MHz) instead of
the third overtone. If this
happens the system baudrate
will not be correct and the
serial communication will fail
to work as described. Sug-
gested solutions are (1) to
use a 40-MHz crystal oscilla-
tor module, (2) use a differ-
ent 40-MHz crystal or (3)
adapt the value of C18 and
C19 until oscillation occurs
at the third overtone.
The battery may be a 3.6-V
NiCd type, but note that this
is very slowly charged by the

MAX690. A better solu-
tion is to use a Lithium
battery.
The circuit diagram
does not make it
clear how the seri-
al connection is
made via D9. Pins
2 and 3 of this
connector should
not be connected
TxD1 and R xD1
(i.e. the TTL side
of the MAX232),
but to the other
(R S232) side of the
MAX232. Pin 2 of D9 is
therefore connected to pin
2BC via bus K1. Likewise
pin 3 of D9 is connected to
pin 3BC via bus K1. The cor-

CORRECTIONS& updates
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15BC
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5V6
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D9

2BC

3BC

990028-11

DEVELOPMENT SYSTEM FOR
68HC11F1
June 1999, 990042

JP1 is a simple jumper. In
the text and parts list, it is er-
roneously referred to as K3.
Part K3 is a 4-way SIL pin-
header. In the text and parts
list, it is erroneously referred

to as JP1.
R4 is erroneously listed as a
SIL array with a value of
10kΩ. The PCB however
only accommodates eight dis-
crete resistors. These are
numbered R 4 and R 6-R 12.
Resistor R13 in the circuit di-
agram equals R 4 on the
PCB.

PC-CONTROLLED MODEL
RAILWAY: EEDTS PRO
June 1999, 990082-2
On page 60, the text refer-
ences to S3, D1 and S4
should read S2, D2 and S1
respectively.

rect  connections are shown
in the illustration.

BASIC STAMP PROGRAMMING
COURSE (1)
September 1999, 990050-1
The positive battery voltage
behind the on/off switch

should be taken directly to
the Vin pin of the Stamp
module. The circuit diagram
and PCB are modified as
shown in the illustrations.

A batterypack consisting of
four 1.5 V batteries should
be used instead of the 9-volt
battery originally indicated.
This also requires the 7805

voltage regulator to be re-
placed by a low-drop type
like the 4805.
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The proliferation of local communication networks in industrial systems
seems inexorable: CAN bus, Profibus, LON, ASI, Interbus-S, FIP, EIB,
eBus, and many more. The time has now arrived where these well-estab-
lished technologies, protocol implementation in small silicon chips, drop-
ping prices, and simple maintenance have become accessible to the
smaller engineering firms and the enthusiastic amateur engineer/techni-
cian. In this short series of articles, the technologies underlying the CAN
bus system will be described in a simple and practical manner. In a later
part, a complete CAN bus interface for a microcontroller system will be
presented.
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By B vom Berg & P Groppe 

the CAN bus
intelligent, decentralized
data communications Part 1

GENERAL INTEREST



I N T R O D U C T I O N
This first part in  the series will take a
brief look at the history and standard-
ization of the CAN bus. It will also deal
with the most important characteristics
of the physical layer.

In  the second  part, the data link
layer will be explained . This part will
also contain the CAN building bricks of
various manufacturers in tabular form.
This is followed by the introduction of
a universal CAN bus in terface that
may be used  to make a variety of
microcontroller and  microprocessor
system suitable for use in  a CAN bus
network.

The th ird  part describes the con-
struction, programming and usage of
a small CAN bus network in  conjunc-
tion  with  a PC and  a microcontroller
card.

D E VE L O P M E N T
O F T H E C AN B U S
In the early 1990s, the international car
industry was faced with two problems
concerned  with  the fu ture develop-
ment of private cars and  goods vehi-
cles. The first was concerned with the
growing demand for more comfort in
vehicles: electrically operated  win-

dows, seat and  mirror ad justment,
heated seats, electronic climate control,
as well as audio-visual equipment and
satellite-controlled navigation systems
(GPS= Global Positioning System).

The second  and  more important
was vehicle security, not only from an
individual poin t of view but also to
meet more stringent in ternational
safety regulations: central door locking,
immobilizing systems; ABS (anti-lock
braking systems), as well as economi-
cal and  environment-friendly engine
management.

Both  problems were tackled  by
in tense electronification  of, and  com-
munication  between, the many units
comprising a modern vehicle. It is esti-
mated  that vehicles manufactured  by
the year 2005 will contain  up  to 100
microcontroller and  all these need  to
communicate with  each  other. It is
clear that all these communications
paths result in a larger and more exten-
sive cable harness. For instance, that in
a modern  good-quality motor car
weighs close to 100 kg (220 lb) and con-
tains up  to 2000 metres (one and  half
mile) of cable. Moreover, a typical large
car manufacturer may have up to 600
different types of cable harness in use. 

Since this is clearly an untenable sit-
uation, the car industry began to look
at new ways of communication  and
found th is in  the computer industry.
Obviously, the bus systems used  in
that industry had to be adapted for use
in  vehicles, more particu larly as
regards the following:

• low-speed  and  h igh-speed  data
transfer in  the range 5 kbit/s to
1 Mbit/s for comfort and safety sys-
tems;

• error-free data transfer with a Ham-
ming distance greater than 4;

• optimum transfer of tiny data
streams such as obtained from sen-
sors or actuators, that is,  consisting
of 0–8 bytes per message;

• ease of maintenance;

• low cost (mass production);

• simplicity of bus construction (bus
media, bus topology) for easy inte-
gration  into the vehicle.

Unfortunately,  all large car manufac-
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Figure 1. Estimated world-
wide sales volume of CAN ICs.



tu rers developed  their
own bus concept,
which , of course, was not compatible
with that of other manufacturers. All of
them tried  to have their system
adopted  as the in ternational system,
that is, to be accepted  as the in terna-
tional standard – with clear economic
and commercial advantages to them.

Not all systems could  be read ily
standardized. Essentially, four of them
have survived: CAN (Controller Area
Network) in  low-speed  and  h igh-
speed  versions; VAN; J1850SCP; and
J1850DLC. Of these, VAN (standard-
ized) and  most others (not standard-
ized) have been abandoned during the
mid-1990s in  favour of the CAN sys-
tem. Today, the CAN system is the
world  leader in  the field  of vehicle
buses. As such it is used nowadays not
only in  luxury cars from Mercedes,
Lexus, Jaguar, and Chrysler, but also in
less prestigious ones from Fiat and
Volkswagen. 

It was not only the vehicle industry
that discovered the advantages of bus
systems, but also the automation and
production industries. These industries
use the CAN concept  for measuring,
controlling and driving in  SPS  (Stan-
dard  Positioning Service) systems,
robots and motors. The concept is also
used in civil engineering, elevator (lift)
control, laboratory au tomation  sys-
tems, sensor/actuator systems, and oth-

ers.
The CAN protocol

is available programmed in  a silicon
chip , so that the user need  no longer
concern  h im/herself with  the finer
details of the communication technol-
ogy: CAN ICs are integrated simply as
in telligent peripheral build ing blocks
in existing microcontroller systems, or
those being designed.

The virtually troublefree main te-
nance and usage, as well as the rapidly
dropping prices, of CAN ICs make
CAN buses of great in terest and  use-
fu lness for non-industrial designers
when it comes to small, decentralized
communication networks.

Figure 1 shows the estimated
world-wide sales volume of CAN ICs.
The costs of a complete CAN network
from various semiconductor manufac-
turers are given in US dollars.

S TAN D AR D I Z AT I O N
If the structure of a communication
system is to be universally accepted, a
number of questions should  be
answered  clearly and  the answers
incorporated in the relevant standard.

• How will the various parts of the
network be physically (electrically
and logically) arranged?

• What does the consequent topology
of the network look like?

• How are the data coupled  to, and
transferred by, the relevant medium
(cable, fibre optic conductor, air, or
infra-red remote control)?

• What are the ru les for data
exchange between the various
parts?

• How are data transfer errors pre-
vented, recognized, and corrected?

• How is the data transfer protocol
formed?

• How is access to the data transfer
medium arranged for parts that are
about to send data?

• How are conflicts resolved  when
several parts want to send  data at
the same time? This concerns the
access to the medium, that is, the
so-called arbitration.

As far as receiving data is concerned ,
there not many p roblems, since as a
rule many receivers can be connected
to the med ium, all of wh ich  can
receive data without any d ifficulty at
the same time. In general, in any com-
munication  system, there shou ld  be
on ly one sender active at any one
time, although several receivers may
be.

The answers to the foregoing ques-
tions, and  others, must be laid  down
clearly and  unambiguously when a
communication system is to be used in
a sensible manner that is acceptable
world-wide. 

In the early 1990s, the International
Standard ization  Organization  (ISO)
started  laying down an  in ternational
standard  for vehicle buses, during
which process the CAN bus assumed
an increasingly strong position.

The basis for the standard ization
process in the enormous area of open,
non-producer-inspired data communi-
cations is a seven-layer ISO/OSI refer-
ence model. In the case of certain com-
munication  systems, includ ing the
vehicle bus system, layers 3–6 are
empty, so that for the CAN bus only
layers 1,2 and 7 are specified  in  detail
(see Figure 2).

Layer 1: physical layer 
In  th is layer, the specifications for the
data transfer medium, connectors, the
data transfer levels, and the send and
receive elements are laid  down. The
two associated CAN standards are:

ISO11529-2: low-speed CAN. The basis
of th is is a development started  by
Bosch of Germany in  the early 1980s,
and  continued , with  the strong sup-
port of Intel, into the integration of the
protocol in to an  IC. The low speed
refers to data transfer rates from
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Layer 8
Application:
"Device on Bus"

CANopen

CAL: CAN
Application layer
for industrial
Applications

LLC:    Logical Link Control
MAC:   Medium Access Control
acc. to  ISO 11898

"Low-Speed CAN"
    ISO 11519-2

"High-Speed CAN"
    ISO 11898

CAN 2.0 A
CAN 2.0 B

Result:

Specifications

DeviceNet

Empty !!

DeviceNet
Specifications

Smart
Distributed
System
(SDS)

SDS
Specifications

Layer 7
"Application Layer"

Layer 2
"Data Link Layer"

Layer 1
"Physical Layer"

Layer 3 - 6

ISO / OSI
Layer model CAN Bus Layer

990060 - 12

2

Figure 2. The CAN bus
in  the ISO/OSI layer
model.



5 kbit/s to 125 kbit/s.

ISO11898: high-speed CAN. This stan-
dard supports data transfer rates of up
to 1 Mbit/s.

Layer 2: data link layer 
This layer lays down how, when a part
wants to send  data, the data transfer
medium7m is accessed, how a message
is composed  (address, data, control
and  protection  against errors), and
how the data transfer protocol is struc-
tured . The standards for these may
also be found in ISO11898.

In addition, the 1991 CAN specification
is expanded in   Layer 2, so that today
there two versions: CAN2.0A and
CAN2.0B. The similarities and  d iffer-
ences between these two will be
reverted to in Part 2.

Since the CAN concept  has been
adopted by so may different industries,
the situation  in  Layer 7: application
layer, is d iverse and  somewhat  con-
fused. This is because this layer defines
the interface for the actual application
(Layer 8) of the bus with  industrial
equipment.

Three extensive CAN branches for
different applications were developed
over the years: CANopen, DeviceNet,
and  Smart Distributed  System (SDS).
Since these specifications are fairly
extensive, they will not be pursued in
this article. All that will be said here is
that the concepts are common, so that
they are compatible with  Layers 1
and 2. Detailed  information  on
CANopen, DeviceNet, and  SDS may
be found on the internet: http://www.
can-cia.de.

C H AR AC T E R I S T I C S
The physical layer comprises the net-
work topology of the CAN bus and the
linking to the bus medium.

The term network topology
includes the physical construction  of
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Figure 3. Topology of
the CAN bus.

Figure 4. Linking an
element (station) to
the CAN bus.
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Voltage at ...\\   Bus state recessive dominant
CANH 2.5 V 3.5 V

CANL 2.5 V 1.5 V

allowable voltage difference 
UD =  CANH - CANL 0 - 0.5 V 0.9 - 2.0 V

Table 1. Absolute lev-
els of the bus lines
with respect to (local)
earth according to
ISO11898.
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the communication sys-
tem and  so gives the answer to ‘how
are the parts (stations) linked  to the
data transfer medium?’

The CAN bus uses the so-called bus
topology, that is, all parts are connected
to a single twisted-pair cable (screened
or not), which  is terminated  at both
ends into the relevant bus termination
impedance (see Figure 3). This
arrangement ensures that each station
can communicate with  any other sta-
tion in  the network without any limi-
tation.

The send/receive stage of a CAN
network element is linked  to the bus
medium via two connectors: CAN
High (CANH) and CAN Low (CANL)
(see Figure 4).

In  view of the requisite protection
against errors, differential voltage sig-
nals are used for the actual data trans-
fer. This means that the voltage differ-
ent between the two
bus lines is quantized.
ISO11898 specifies

two d ifferent d ifferen-
tial-voltage ranges for data representa-
tion: recessive and dominant. There is a
good reason that the usual logic 0 and 1
levels are not used here and this will be
reverted  to. For the time being, note
that

• if the d ifferential voltage between
CANH and CANL ≤ 0.5 V, the status
is recessive;

• if the differential voltage ≥ 0.9 V, the
status is dominant.

The nominal level of the bus line,
that is, the level of the individual lines
with respect to (local) ground is shown
in Table 1.

In  practice, these levels are, of
course, subject to tolerances, so that the
voltage difference may reach the max-
imum permissible level shown in  the

last row.
The specifications

in ISO11519-2 (CANL)

1 2 3 4 5

6 7 8

990060 - 15
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1 Reserved
2 CAN L
3 CAN GND
4 Reserved

6 GND
7 CAN H
8 Reserved
9 CAN V+ (optional

    external supply)5 Optional: CAN screening

5

Figure 5. Pinout of a
CAN bus connector.

Bus length
Bus cable Bus termination

resistance
Maximum
data rateresistance cable c.s.a.

0 - 40 m 70 mΩ/m 0.25 - 0.34 mm2
AWG23, AWG22 124 Ω (1%) 1 Mbit/s at 40 m

40 - 300 m < 60 mΩ/m 0.34 - 0.6 mm2
AWG22, AWG20 127 Ω (1%) 500 Kbit/s at 100 m

300 - 600 m < 40 mΩ/m 0.5 - 0.6 mm2
AWG20 150 Ω to 300 Ω 100 Kbit/s at 500 m

600 m - 1 km < 26 mΩ/m 0.75 - 0.8 mm2
AWG18 150 Ω to 300 Ω 50 Kbit/s at 1 km

Table 2. Correlation
between data transfer
rate, length of the bus,
bus medium, and bus
termination impedance.

are slightly d ifferent, bu t since
ISO11898 may be used  for both  h igh-
speed and low-speed, that specification
is invariably used nowadays.

Users need not concern themselves
over the construction of a send/receive
link since most manufacturers have
available ready-made ICs for this pur-
pose. These are optimized particularly
as regards electromagnetic compatibil-
ity (EMC), board  space and  thermal
overload  (in  case of a short-circu it of
CANH or CANL), and output standard
CAN signal levels. All that is necessary
to establish  a CAN link is for them to
be coupled to the bus line.

All that is necessary is to make sure
to which  standard  the IC is built:
ISO11519-2 or ISO11898: the latter
should be preferred. It should be noted
that there are also other d ifferential
voltage procedures that may be used
in  CAN signal transfer, for instance,
RS485.

Final questions to be asked  about
the CAN bus system are
• What is the maxi8mum bus expan-
sion for a given data transfer rate?
• How many elements (stations) may
be connected to the bus?

The answers to these questions
depend  solely on  the bus medium
used . Table 2 shows the correlation
between the data transfer rate, length
of the bus, bus medium, and  the bus
termination impedance.

The data transfer medium should
preferably be a twisted-pair cable with
a cross-sectional area of 0.34–0.6 mm2,
while the bus termination impedance
should  be around 127 Ω. The resistiv-
ity of the cable should  be not greater
than 60 mΩ/m, a condition that is met
when the cross-sectional area is greater
than 0.30 mm2.

Care should  be taken  with  the
length  of branching lines in  case the
station is not connected directly to the
CAN bus. These lines should  not be
longer than  2 metres when the data
transfer rate is 250 kbit/s, and  not
longer than 30 cm when the data trans-
fer rate is greater. The total length of all
branching lines should  not exceed
30 metres.

Finally, it should  be noted  as
regards Layer 1 that the connectors
and their p inout for linking elements
to the bus are standardized.

[990060]

See also:
‘CAN – the Controller Area Network’
in the September 1992 issue (p. 56) of
Elektor Electronics.
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Most modern engine control systems
are d igital and contain  a number of
microprocessors; in fact, they are essen-
tially special-purpose computers. Their
primary purpose is to regulate the
air-fuel mixture, the ignition timing and
and the exhaust gas recirculation
(EGR).

The air-fuel ratio is important not
only from an economic point of view,
but also from an environmental one,
since it affects the amount of harmful
constituents in  the exhaust gases. It is
controlled by an engine control system
that consists of a number of sensors (air
flow; engine coolant; engine position;
throttle position; exhaust gas oxygen;
and others), a digital control unit, and
various actuators (air-fuel ratio; igni-
tion; exhaust gas recirculation – EGR). 

One specific air-fuel ratio is crucial:
the stoichiometric (chemically correct)
mixture. This mixture corresponds to
an air-and-fuel combination of which,
if combustion were perfect, all the
hydrogen and carbon would  be con-

verted  by the burning process in to
harmless water (H2O) and carbon diox-
ide (CO2). The stoichiometric ratio for a
petrol engine is 14.7:1. The ratio of the
actual fuel-and-air mixture to the stoi-
chiometric mixture is the equivalence
ratio, represented  by the Greek letter
lambda (λ).

Unfortunately, combustion is not per-
fect: the exhaust gases also contain
harmful carbon monoxide (CO), oxides
of nitrogen (NOx), unburned hydrocar-
bons (HC), oxides of sulphur, and others.

Government standards in all western
countries require these harmful emis-
sions to be reduced in stages by up to
100 per cent. The device most frequently
used by vehicle manufacturers is a cat-
alytic converter in the exhaust system.
Exhaust gases passed through the con-
verter are chemically altered to help
meet these standards. The main func-
tions of the converter are therefore to:
• oxidize hydrocarbon emissions to

carbon d ioxide (CO2) and water
(H2O);

One of the most 
important parameters

in  modern motor vehi-
cle management is the
air-fuel ratio, since this

affects the ‘cleanli-
ness’ or otherwise of

the 
exhaust gases. In fact,

the ratio is measured 
indirectly by the

amount of oxygen in
the exhaust gases.

The sensor used for
this is the exhaust gas

oxygen (EGO) 
sensor. This is 

sometimes called a
lambda sensor from

the Greek letter
lambda (λ) which

denotes the equiva-
lence ratio (ratio of

actual air-fuel mixture
to ideal air-fuel mix-

ture). The correct
operation of this sen-

sor may be tested
and monitored with

the circuit described
in this article.
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• oxidize CO to CO2;
• reduce NO x to nitrogen (N2) and

oxygen (O2).

The purpose of the oxidizing catalyst
(OC) is to increase the rate of chemical
reaction which in itially takes place in
the cylinder as the compressed air-fuel
mixture burns, to an  exhaust gas that
has a complete oxidation of HC and
CO to H2O and CO2. 

The amount of oxygen in the exhaust
gases is used as an indirect measure-
ment of the air-fuel ratio. Consequently,
one of the most important sensors in use
in modern vehicles is the exhaust gas
oxygen (EGO) sensor. This is sometimes
called the lambda sensor since this
Greek letter (λ) denotes the equivalence
ratio mentioned earlier. The most com-
monly used EGO sensor is based on zir-
conium dioxide (ZrO2); another one is
based on titanium dioxide (TiO2).

H E AT E D E G O S E N S O R
The stringent exhaust emission require-
ments have made it necessary for  the
time from engine start to the point at
which the EGO reaches operating tem-
perature to be shortened. This has led
to the development of the heated
exhaust gas oxygen (HEGO) sensor.
This is electrically heated from engine
start until the sensor is active (at about
600 °C).

The HEGO sensor shown in  Fig-
ure 1 analyses the various constituents
of the exhaust gases. The output of the
sensor is fed back to the electronic con-
trol unit, which is then able to adjust
the air-and-fuel mixture as required.

The sensor consist of a section of zir-
conium dioxide with  th in  platinum
electrodes on the inside and outside of
the ZrO2. The inside electrode is
exposed to air, and  the outside elec-
trode to exhaust gases through a
porous protective coating.

The platinum plate at the air side is
exposed to a much greater concentra-
tion  of oxygen ions than  the p late at
the exhaust gas side. This results in the
air-side p late becoming electrically
more negative than  the exhaust-side
plate. Consequently there is an electric
potential between the plates: positive
at the exhaust gas side and negative on
the air side. The level of this potential
depends on the concentration of oxy-
gen  in  the exhaust gases and  on  the
sensor temperature.

N O T T O O L E AN ;
N O T T O O R I C H
When the air-and-fuel mixture is stoi-
ch iometric (14.7:1), the equivalence
ration, λ, is 1. When this ratio is < 1, the
mixture is rich, and when it is > 1, the
mixture is lean . At the stoichiometric
mixture, the output of the EGO sensor
alternates around 0.5 V; the frequency
of alternation  depends on  the time
constant of the control loop. A steady
output of 0.5 V indicates that either the
control loop is defect or the EGO sen-
sor is inactive or cold.

When the sensor output is higher
than 0.5 V, the mixture is too rich (not
enough oxygen). This is only permissi-
ble when the engine is cold  or under
full-load conditions (in some makes of
car the fuel-injection unit then enriches
the mixture). In other circumstances, the
fuel-injection unit and/or the engine
temperature sensor should be tested.
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1
Figure 1. Typical planar, wide-
band EGO sensor (Bosch).
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sor tester consists of a
kind of voltmeter and a
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voltage source.
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When the output of the sensor is
< 0.5 V, the mixture is too lean. This
may be the case when the throttle is
released at high engine revolutions. It
is more likely, however, that there is
insufficient fuel injected.

C I R C U I T O F
P R O P O S E D T E S T E R
All that is needed for checking the cor-
rect operation of the EGO sensor is a
kind of voltmeter as shown in  Fig-
ure 2. Apart from terminals for
inputting the supply voltage, the unit
has terminals for connecting the output
of the (H)EGO sensor (LAM) and the
electronic engine controller (CTR).

The sensor output is applied to pin 5
(SIG) of LED-display driver IC1. Net-
work R2-C5 forms a low-pass filter that
eliminates noise peaks on the signal line. 

The reference voltage of IC1 is set to
such a value by R1 and R7 that the
diodes cover a voltage window from
0 V (D1) to 1 V (D10) in  0.1 V steps.
Diode D5 represents the stoichiometric
value (0.5 V).

The MODE pin (9) is open so that
the d isplay operates in  the dot mode,
which means that only one LED lights
at any one time.

The cable in the vehicle between the
electronic control unit and the sensor
must, of course, be disconnected before
the tester can be used. In some vehicles,
it may be possible to cut th is cable as
appropriate and use one of the result-
ing lengths to connect the control unit
to the tester, and the other to connect
the tester to the sensor. This may, how-
ever, affect your rights under the terms
of the vehicle warranty.

M O N I T O R I N G &
T E S T I N G
Switch S1 enables one of three modes
of operation to be selected. When it is
in  the centre position as shown in the

diagram, terminals LAM and CTR are
interlinked, so that the control unit
behaves as if the tester were not there.
The tester then merely monitors the
output voltage of the sensor, which is
indicated  by the LED display. It may
remain connected when the vehicle is
in use, but it should be borne in mind
that this may invalidate guarantees and
warranties.

In both other positions of the switch,
the unit is in the test mode. The control
unit is then no longer linked to the
EGO sensor and the fuel in jection is
driven by a virtual high sensor output
(test-hi) or a low one (test-lo). These vir-
tual outputs are derived from potential
d ivider R3–R5, the output of which is
selected  by the contact of relay Re2.
Diodes D15 and D16 indicate the
selected test voltage (D15 in test-lo and
D16 in test-hi).

The fuel injection actuator will opti-
mize the air-fuel mixture: enrich it
when the test voltage is low, and make
it leaner when the test voltage is high.

The supply voltage regulation is tra-
ditional. Diode D17 prevents any dam-
age to the electronic circuits when the
supply lines are linked with  incorrect
polarity. The output is a clean and sta-
ble voltage at a level of 5 V. Note that
the two relays are operated  d irectly
from the 12 V supply input.

C O N T R O L C H AR AC T E R -
I S T I C D I S P L AYE D
The display LEDs are placed on the
printed-circuit board  (not available
ready made) for the EGO tester in the
shape of a control curve. When only
the d iodes in  the marked window at
the centre of the display light it may be
assumed that all is well. When diode
D1 lights, the air-fuel mixture is too
lean; when D9 or D10 lights, the mix-
ture is too rich.

The diodes are placed along the con-
trol curve in  such a way that the fuel
injection control must correct the mix-
ture to a value adjacent to the lit diode.

Completing the board  and assem-
bling the tester in  a suitable case are
straightforward . Circuit IC1 and the
two reed  relays should  be soldered
directly to the board. The LEDs should
not be soldered  in  place until it has
been ascertained that they protrude
slightly from the requisite holes in the
enclosure.

The cables linking the tester to the
sensor and to the control unit should be
single screened types. The sensor out-
put should be taken from a connector
as close as possible to the sensor (which
is mounted  securely in  the exhaust
manifold).                                          [990057]
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Parts list

Resistors:
R1 =  6.81 kΩ
R2 =  1 kΩ
R3 =  8.2 kΩ
R4 =  1.5 kΩ
R5 =  330 Ω
R6 =  4.7 kΩ
R7 =  2.74 kΩ

Capacitors:
C1, C2 =  0.01 µF
C3, C4 =  10 µF, 63 V, radial
C5 =  0.001 µF

Semiconductors:
D1–D10 =  LED, 3 mm, red, high effi-

ciency
D11–D14, D17 =  1N4148
D15 =  LED, 3 mm, yellow, high effi-

ciency
D16 =  LED, 3 mm, green, high effi-

ciency

Integrated circuits:
IC1 =  LM3914
IC2 =  78L05

Miscellaneous:
S1 =  3-pole change-over switch with

centre rest position for board
mounting

Re1, Re2 =  reed relay, 12 V coil with
single change-over contact,
Siemens V23100-V4312-C000

3
Figure 3. Printed-circuit board
for the EGO sensor tester
(not available ready made).
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The DS1615 is an integrated tempera-
ture recorder which is not only capable
of working as a data logger (for tem-
perature measurements) but also of
h istogram tabulation  (number of d is-
crete measurements) taken within the
temperature range –40°C to + 85°C.

Its on-chip  real-time clock (RTC)
counts seconds minutes, hours, days,
months, days of the week and years, all
in BCD (binary coded decimal) format.
The RTC is aware of leap  years and
claimed to be fully Millennium proof.

The temperature recorder may be
programmed to any alarm time you
want with in  one week. When the
alarm time is reached, the DS1615 gen-
erates an interrupt.

The IC allows you to program mea-
surement in tervals ranging from
1 minute to 255 minutes. This applies
to both measurement modes. The non-
volatile measurement data memory
has a capacity of 2048 samples includ-
ing start a time marker (‘stamp’) when
used  as a data logger, or 63 two-byte

data bins in  2°C increments when the
histogram mode is employed. Each of
these 63 data bins is capable of record-
ing 25,535 measurements. 

High  and  low temperature trip
poin ts may be programmed at which
an alarm condition is generated (i.e., an
in terrupt is generated , or a status p in
toggles).

The DS1615 is connected  to a host
PC via a serial interface capable of syn-
chronous and asynchronous operation.
The command to start measuring does
not necessarily have to arrive via the
serial interface — it may also be issued
by pressing a pushbutton.

M E M O R Y M A P
Because of the relative complexity of
the IC, it is impossible to describe all its
features on  a couple of magazine
pages. If you want to become conver-
sant with  the DS1615 hardware and
software environment, you  should
download the 20-page datasheet from
this web URL

Dallas Semiconductor
supplies a series of sen-

sors that add capture,
storage and even data

sorting functions to their
expected task of measur-

ing physical quantities.
The DS1615 temperature
recorder chip is a particu-

larly interesting member in
this family. In this article

we propose a small PCB
for it, as well as software

so you can experiment to
your heart’s content.
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www.dalsemi.com/DocControl/PDFs/1615.pdf
A selection of essential facts about the
DS1615 may also be found  on  the
Datasheets in this month’s issue.

The block d iagram in  Figure 1
shows the general structure of the tem-
perature recorder ch ip . It is linked  to
the outside world by control logic, the
serial interface and, of course, the sen-
sor. The clock signal is supplied  by a
32.768 kHz watch crystal.

The rest of the architecture covers
the memory, which is divided in pages
of 32 bytes each. Pages 0 and 1 contain
the real-time clock and the control reg-
isters, while the non-volatile user RAM
is accommodated  on  page 2. Page 16
contains an optional 64-bit serial num-
ber which  may be usefu l for product
identification and tracking. The alarm
time markers and alarm durations are
stored on pages 17, 18 and 19. Pages 47-
67 are reserved  for the temperature
histogram, while the temperature log-
ging memory resides in pages 128-191.
Pages not mentioned here are reserved
for future functions.

The most in teresting page is with-
ou t d ou bt th e first on e (RTC an d
Con trol Page). Its organ isation  as
sh ow n  in  Figure 2 en ables u s to
exp lain  the d ifferen t commands and
modes of operation .

TEM P E R AT U R E
R E C O R D I N G
The temperature sensor has a range of
–40°C to + 85°C at a maximum error of
± 2°C. The temperature value is
expressed in a byte starting with value
00000000b for –40°C, up  to 11111010b
for + 85°C.  The temperature data byte
(TByte) may be converted into degrees
Celsius by the following equation:

°C =  0.5 (TByte) – 40

The current temperature is stored  at
location  11 of the RTC and  Control
page. Unless data capturing has been
started , the value is available for fur-
ther processing or instan taneous d is-
playing. Temperature values are valid
when the Temperature Ready (TR) bit
is set. This bit is at 0 when a measure-
ment value is being computed  and
written into the memory.

D ATA L O G G I N G
In data logging mode temperature sam-
ples are successively written  to mem-
ory locations (registers) starting at
1000h, until a total of 2,048 registers
have been filled.

As already mentioned , a data log-
ging mission may be started either by
the host PC via the serial in terface, or
by the user pressing a pushbutton con-
nected  to the DS1615. When PC con-
trol is used , the SE bit in  the control
register has to be made 0, causing the
ST input pin to be disabled. Any non-
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Figure 2. RTC and
Control page.

Figure 1. Block dia-
gram of the DS1615
temperature recorder
chip.



zero value written  to the sample rate
register in itiates the datalog mission .
The pushbutton  method of starting a
datalog mission  is enabled  by setting
the SE bit to 1. The mission  will start
when a non-zero value has been writ-
ten to the sample rate register and the
ST pin  has been  held  low for at least
0.5 second.

Once the datalog mission has been
in itiated  (by either method), outputs
INSPEC and OUTSPEC will generate
four low pulses simultaneously, and
the mission-in-progress bit (MIP) is set to
1 in  the status register. The time
between the start of the mission  and
the first temperature recording is indi-
cated in minutes in the start delay regis-
ter at addresses 12 and 13. This register
is clocked  once a minute by the sec-
onds register of the real-time clock. 

Two methods are available to deal
with data overrun of the data samples
counter. The first alternative is to
employ the roll-over feature and  set
bit 3 of the control register to 1. New

data will then overwrite old data from
address 1000h onwards. The other
method is to halt data capturing once
2048 measurements have been made.
This requires programming a 0 for the
roll-over bit (RO).

Although the DS1615 uses the RTC
to make a time stamp for the first sam-
ple record ing, time stamps for subse-
quent measurements have to be com-
pu ted  from the value of the current
sample counter and the sample address.
This is not a p roblem when  roll-over
has been disabled. By contrast, in  roll-
over mode the user has to evaluate
the contents of the session sample regis-
ter. By d ivid ing th is value by 07FFh
you get the number of overruns that
have occurred .

For security reasons, the end  user
can not write to the temperature data-
log memory.

H I S T O G R AM S
During a datalogging mission the
DS1615 also computes a histogram of
the recorded temperature samples. The
results are stored in the four tempera-
ture histogram memory pages addresses
0800h – 087Fh. These pages contain 63
two-byte data bins. Each bin consisting
of a 16-bit counter, its count range is 0-
65,535. This counter is automatically
incremented each time a measured tem-
perature falls within its range. For exam-
ple, bin # 0 captures temperatures in the
lowest range, –40°C to –38.5°C (values
0b, 1b and 11b), bin # 1 is for tempera-
tures between –38°C and –36.5°C (values
11b, 100b and 101b), and so on up to bin
# 62 for samples between + 84°C and
+ 85°C (values 11111000b, 11111001b and
11111010b). All data bins will remain at
the maximum count of 65,535 when this
number is exceeded.
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COMPONENTS LIST

Resistors:
R1,R2 =  1kΩ
R3 =  10kΩ

Capacitors:
C1,C2,C5,C6 =  10µF 16V
C3,C4 =  100nF

Semiconductors:
D1,D2 =  LED, low-current
D3 =  1N4148
IC1 =  DS1615 (Dallas

Semiconductor)
IC2 =  DS275 Dallas Semiconductor)
IC3 =  7805

Miscellaneous:
X1 =  32.768 kHz quartz crystal
BT1=  Lithium cell, 3.6V
S1 =  pushbutton, 1 make contact
PCB, order code 990073-1 (see

Readers Services page)
Disk set, set, order code 996030-1

(see Readers Services page)



O U T O F S P E C
In  many app lications it is usefu l to
know the number of occurrences, and
the duration, of temperatures outside
a certain ‘allowed’ range. The relevant
limits (upper and lower) are stored in
the temperature alarm register which
may be found at addresses 000Bh and
000Ch. No alarm condition is recorded
by the DS1615 as long a measurement
value falls with in  th is user-defined
range. If an out-of range value is mea-
sured , the IC sets the temperature
high flag (THF) or the temperature low
flag (TLF), depend ing on  the actual
value. These fags are found in the sta-
tus register at address 0014h. The tem-
perature recorder also produces a time
stamp marking the start of the alarm,
and measures how long the tempera-
ture is ou t of range. When the upper
limit is exceeded , the INT pin  p ro-
duces an interrupt provided the tem-
perature-h igh  in terrup t enable bit
(THIE) is set. Similarly, an  INT signal
is produced when the temperature low
interrupt enable (TLIE) bit is set, and the
measured  temperature d rops below
the lower limit. 

Time stamps and  duration  data
may be found  in  the add ress ranges
0220h – 024Fh for low temperatu res,
and  0250h – 027Fh for h igh  tempera-
tu res. In  th is way, up  to twelve ind i-
vidual alarm cond itions (‘over ’ and
‘under ’ temperatu re) may be
recorded and time-stamped. The date
and  time in formation  for the alarm
periods are computed  from the data
read  from start time stamp and  the
sampling in terval.

The status of the DS1615 may be
read  from the logic states of its
INSPEC and  OUTSPEC terminals.
When the user launches a datalog mis-
sion , four active-low pulses appear
simultaneously at both outputs. If the
DS1615 is polled for data on recorded
temperature samples, and these values
are with in  the allowable range, then
the INSPEC pin  supplies four low
pulses. If at least one sample was over
or under the set limits, the OUTSPEC
pin is pulsed. If the chip is polled after
a datalog mission has been started, but
still before the first measurement, then
four low pulses appear alternating on
both pins.

C L O C K ,  C A L E N D A R
A N D A L A R M
Access to the timekeeping and  calen-
dar data (stored in  BCD format) is via
read  or write operations to the corre-
sponding register bytes. The DS1615
operates either in  12-hour or 24-hour-
mode (bit 6 at address 09 of the RTC
and Control Page). The previously
stored  bit employs the AM/PM infor-
mation to decode between the first and
second set of 12 hours.

The alarm resisters are stored  in

address area 0007h to 000Ah. The four
bits 7 (MS, MM, MH and MD) produce
a bitmask which determine the degree
of matching that should exist between
the alarm and RTC registers (0000h to
0003h) for an alarm condition to be set
up. For the security ’s sake, a change in
the alarm setup halts the data capture
operation and resets the MIP bit.

S P E C I A L P U R P O S E
R E G I S T E R S
The DS1615 has additional special
functions in store besides the standard
functions mentioned so far. These are
the bits not mentioned  so far (all on
RTC/CONTROL page):

EEOOSSCC (address 0Eh, bit 7)
Enable oscillator controls the state of the
oscillator in  battery back-up mode.
When set to 0, the oscillator is active.
When set to 1, the oscillator is halted
and the DS1615 goes into a low-power
standby state with  a  current drain  of
less than 100 nA.

CLR (address 0Eh, bit 6)
Clear Enable enables the clear memory
command. Following the issuing of this
command, the CLR bit is also cleared
to zero.

AIE (address 0Eh, bit 6)
Alarm Interrupt Enable allows the alarm
flag (ALMF) to generate an INT signal.

MEM CLR (address 14h, bit 0)
Memory Clear ind icates that the fol-
lowing memories are cleared: datalog,
histogram, temperature alarm, current
samples, start time stamp, start delay
and sample rate register. When a dat-
alog mission  is started , MEM CLR
goes to 0.

SIP (address 14, bit 4)
Sample in Progress is active when a mea-
surement value is being processed .
This takes up to 750 ns.

LOBAT (address 14h, bit 3)
The Low Battery Flag is raised when the
Lithium cell reaches a low energy level.

ALMF (address 14h, bit 0)
The Alarm Flag when active ind icates
that the current time matches the time
set up  in  the alarm registers. When
then AIE bit is active, INT is made low.
When  you  make AIE low, ALMF is
also reset.

S E R I A L I N T E R F A C E
The DS1615 provides two d ifferent
types of serial communication: syn-
chronous and  asynchronous. In  both
modes, the LSB is transmitted first, and
the MSB, last. The Communications
Select Input (COMSEL) selects between
the two available modes. In  synchro-
nous mode, the communication (with

RST =  1) is via the serial clock line
SCLK and the data I/O line. Addresses
are supplied first, and data last, when
a read or write command is issued. The
highest data communication  rate is
2 Mbps.

Synchronous communication  is
selected  by pulling COMSEL to
ground, or leaving it open. The DS1615
then employs a half-duplex format at a
data speed of 9600 bits/s. As customary
with UARTs, the protocol includes the
transmission of start and stop bits. The
data input of the DS1615 is labelled
‘RX’, the data output, ‘TX’.

The asynchronous communication
mode employs a CRC (cyclic redun-
dancy check). If the communication
fails (for whatever reason), the DS1615
recognises the absence of the stop bit,
or the presence of more than  10 bit
periods when reception is interrupted.
It responds by resetting the communi-
cation process.

In synchronous mode, the commu-
nication may simply be interrupted by
activating the RST line.

C O M M A N D S
All communication with the DS1615 is
accomplished  by writing a command
to the device followed by parameter
bytes. There are five commands in all.

WRITE BYTE (22h)
The host writes a byte into the RTC, the
control register and the non-volatile
user RAM. The write command is fol-
lowed by the address. Next comes the
date byte. Response from DS1615: none.

READ PAGE (33h)
The host sends a read  command fol-
lowed by 16 address bits (MSB first).
The DS1615 then  supplies the byte
contents of the selected page (plus two
CRC bytes for data integrity checking).
In  asynchronous mode, TX becomes
inactive after the last register. In  syn-
chronous mode, however, outputting
continues as long as the serial interface
keeps extracting a clock signal.

SPECIFICATION TEST (44h)
Th e h ost tran smits th e comman d ,
and  the DS1615 replies with  four low
p u lses on  th e INSPEC ou r OUT-
SPEC p in , d ep en d in g on  th e mea-
sured  values being inside the defined
range or not.

READ TEMPERATURE (55h)
Prompted by th is command from the
host, the DS1615 reads the current
temperature and  stores it in  the Cur-
rent Temperature Register (when MIP
is at 0). However, the temperature
value is not stored in the datalog mem-
ory or the histogram memory. After the
command, the TR bit has to be evalu-
ated to determine the end of the con-
version.
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CLEAR MEMORY (A5h)
Once this command has been enabled
by CLR and  its transmission , the fol-
lowing memories are cleared: datalog,
histogram, temperature alarm, current
samples, start time stamp, start delay
and sample rate register.

D S 1 6 1 5
E VAL U AT I O N K I T
Dallas Semiconductor offer a Evalua-
tion Kit to demonstrate the power and
versatility of the DS1615 temperature
recorder. The kit allows the registers,
memories, date, alarm conditions and
temperature limits to be programmed.
The kit comprises a small circuit board
with a DS1615 on it and connected-up
to a sub-D socket, a couple of other
components, an RS232 cable and con-
trol software for the Windows 95/98
platforms. This software is available on
two disks through the Elektor Electronics
Readers Services. The d isks also con-
tain  all documentation  files for the
DS1615 and some source code files.

The circu it d iagram in  Figure 3
shows another Dallas IC, the DS275.
This chip is included to arrange all ser-
ial communication  with  the PC. Its
main  function  is to convert the sym-
metrical voltages on  the RS232 lines

in to single-swing TTL/CMOS levels
and  the other way around . In  fact it
does practically the same as the ubiq-
uitous MAX232, only much more effi-
cien tly because the IC ‘steals’ energy
from the negative excursion  of the
RX_IN signal, making it available to
the TX_OUT pin.

ME N U S AN D O P T I O N S
Once the program has been installed it
is available for running either through
a desktop icon or an entry in  the Pro-
grams menu.

The main  menu appears (Fig-
ure 5a). This not only provides a quick
visual impression  of the datalogging
mission and the associated histogram,
but also the start delay and  the start
condition (PC or pushbutton). The two
diagrams in  the window may be
enlarged to full size by clicking on the
respective buttons in  the menu bar.
The measurement is launched  and
closed via the main menu. The number
of measurement values, the time stamp
of the first measurement and the status
of the MIP and RO bits are all shown
in  the Status window. This window
also allows all memories to be cleared.

The Time and Calendar menu (Fig-
ure 5b) allows you to set and read the

time format (12/24 h), the calendar and
the alarm. The year is shown as two
digits (Y2K compatible). The alarm
indicator shows you the occurrence of
a time/date alarm.

The Current Temperature/Thresh-
old Set menu (Figure 5c) is mostly self-
explanatory. In the status area, the two
temperature limits may be defined
between –40°C and  + 85°C in  0.5°C
increments. The status window also
shows whether or not all collected
measurement values are with in  the
user-defined range.

Finally, the User Memory menu
(Figure 5d) allows the user to program
and/or ed it the non-volatile memory.
This memory may be cleared by a sin-
gle mouse click on the CLEAR button.
Programming is done in  hexadecimal
or using character strings. The first line
in the User NV Memory window rep-
resents the address range. The next
line contains the eight databytes. The
corresponding ASCII characters are
shown at the right.

(990073-1)

Figure 5. The screendumps
prove that the software was
written for intuitive control.
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D E S C R I P T I O N
Xicor ’s X9440 and
X9448 in tegrate two
non-volatile (EEPOT)
d igitally-control-led  potentiometers
and  two voltage comparators on  a
CMOS monolithic microcircuit. 

Both  types contain  two resistor
arrays, each  composed  of 63 resistive
elements. Between successive elements

and at either end
are tap  poin ts
accessible to the
wiper elements.

The position of the wiper  element on
the array is controlled  by the user
through the serial bus interface.

Each potentiometer has an  associ-
ated  voltage comparator, which  com-
pares the external input voltage, VNI,

Although micro-
processors are inte-

grated into more and
more electronic cir-
cuits, there remain

requirements for ana-
logue components

and devices. One
such is the poten-

tiometer, which, until
now, has been difficult
to emulate by a digital
equivalent. Xicor have

overcome this diffi-
culty with their X9440

and X9448. These
devices combine the

flexibility of an ana-
logue product with
the power of digital

communications.  
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A Xicor Application

digitally-controlled
potentiometers 

with integrated voltage comparators

1 a

b

Figure 1. Functional diagram
of the X9440 (a) and the
X9448 (b). Differences
between the two concern
mainly the serial interface.

The content of this note is based on information received from manufacturers in the
electrical and electronics industries or their representatives and does not imply prac-
tical experience by Elektor Electronics or its consultants.APPLICATION NOTE



with  the wiper voltage, VW, and  sets
the output voltage level to a logic high
or low.

Each resistor array and comparator
has associated with it a wiper counter
register (WCR), analogue control regis-
ter (ACR), and eight 6-bit data registers
that can be directly written and read by
the user.

The contents of the wiper counter
register control the position  of the
wiper on the resistor array. 

The contents of the analogue con-
trol register control the comparator
and its output.

The potentiometer is programmed
via a serial interface (X9440: SPI; X9448:
two-wire).

AR R AY D E S C R I P T I O N
The in tegrated  circu its comprise two
resistor arrays and  two voltage com-
parators. Each array contains 63 resis-
tive segments that are connected  in
series. The physical ends of each array
are equivalent to the fixed terminals of
a mechanical potentiometer (VH and VL
inputs).

At both  ends of each  array and
between successive resistive segments
is a CMOS switch  connected  to the
wiper (VW) output. With in  each  ind i-
vidual array only one switch  may be
turned on at a time. These switches are
controlled by a volatile wiper counter
register (WCR). The six bits of the WCR
are decoded to select, and enable, one
of sixty-four switches.

The WCR may be written directly, or
it can  be changed  by transferring the
contents of one of four associated data
registers into the WCR. These data reg-
isters and WCR can be read and written
by the host system.

S E R I A L I N T E R FAC E
The X9440 supports the SPI in terface
hardware conventions. The device is
accessed  via the SI input with  data
clocked in on the rising SCK. CS must be
LOW and the HOLD and WP pins must be
HIGH during the entire operation.

The SO and SI pins can be connected
together since they have three-state
outputs. This may help to reduce sys-
tem pin count.

The X9448 supports a bidirectional
bus orien ted  protocol. The protocol
defines any device that sends data on
to the bus as a transmitter and  the
receiving device as the receiver. The
device controlling the transfer is a mas-
ter and  the device being controlled  is
the slave. The master will always initi-
ate data transfers and provide the clock
for both  transmit and  receive opera-
tions. Therefore, the X9448 will be con-
sidered  a slave device in  all applica-
tions.

Clock and data conventions (X9448)
Data states on the SDA line can change
only during SCL LOW periods (tLOW). SDA
state changes during SCL HIGH are
reserved  for ind icating start and  stop
conditions.

Start condition (X9448)
All commands to the X9448 are pre-
ceded by the start condition, which is
a HIGH to LOW transition  of SDA while
SCL is HIGH (tHIGH). The X9448 continu-
ously monitors the SDA and SCL lines for
the start condition  and  will not
respond  to any command until th is
condition is met.

Stop condition (X9448)
All communications must be termi-

nated  by a stop  condition , which  is a
LOW to HIGH transition of SDA while SCL
is HIGH.

Acknowledge (X9448)
Acknowledge is a software convention
used to provide a positive handshake
between the master and slave devices
on the bus to ind icate the successfu l
receip t of data. The transmitting
device, either the master or the slave,
will release the SDA bus after transmit-
ting eight bits. The master generates a
n in th  clock cycle and  during th is
period  the receiver pulls the SDA line
LOW to acknowledge that it successfully
received the eight bits of data.

The X9448 will respond  with  an
acknowledge after recognition  of a
start condition  and  its slave address
and once again after successful receipt
of the command byte. If the command
is followed by a data byte, the X9448
will respond with a final acknowledge.

VO LTAG E C O M PAR AT O R
The comparator compares the wiper
voltage, VW, with  the external input
voltage, VNI. The comparator and  its
logic level output are controlled by the
Shutdown, Latch , and  Enable bits of
the Analogue Control Register (ACR). 

Enable connects the comparator
output to the VOUT pin , Latch  memo-
rizes the output logic state, and Shut-
down removes the analogue section
supply voltage to save power. The ACR
is programmed via the SPI (X9448: two-
wire) serial interface.

The ACR may be written directly, or
it can  be changed  by transferring the
contents of one of four associated data
registers into the ACR. These data regis-
ters and the ACR may be read and writ-
ten by the host system.

WC R AN D AC R
The X9440 contains two Wiper
Counter Registers, WCR, one for each
EEPOT potentiometer, and  two Ana-
logue Control Registers, ACR, one for
each  of the voltage comparators. The
WCR is equivalent to a serial-in, parallel-
out counter with  its outputs decoded
to select one of sixty-four switches
along its resistor array.

The contents of the WCR and ACR
can be altered in four ways: they may
be written  by the host via the Write
WCR instruction (serial load); they may
be written  ind irectly by transferring
the contents of one of four associated
data registers (DRs) via the XFR Data
Register instruction  (parallel load);
they can be modified one step at a time
by the Increment/Decrement instruc-
tion  (WCR only). Finally, they may be
loaded with the contents of their data
register zero (R0) upon power-up.

The WCR and ACR are volatile regis-
ters; that is, their contents are lost
when the X9440 is powered-down.
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Figure 2. Detailed poten-
tiometer block diagram.
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Although the registers are au tomati-
cally loaded with the value in R0 upon
power-up, it should be noted this may
be different from the value present at
power-down.

Programming the ACR is similar to
the WCR. However, the six bits in  the
WCR position the wiper in  the resistor
array, whereas three bits in  the ACR
control the comparator and its output.

D ATA R E G I S T E R S
Each potentiometer and each voltage
comparator has four non-volatile Data
Registers (DR). These may be read  or
written  d irectly by the host and  data
can be transferred between any of the
four DRs and the WCR or ACR. It should
be noted that all operations changing
data in  one of these registers are non-
volatile and  will take not more than
10 ms.

If the application  does not require
storage of multip le settings for the
potentiometer or comparator, the reg-
isters may be used as regular memory
locations for storing system parameters
or user preference data.

Detailed datasheets for the X9440 and
X9448 may be found  on  the In ternet:
http: //www.xicor.com 

[990023]

Figure 3. Pin configuration of the
X9440 (a) and the X9448 (b). Both
devices are available in 24-lead
TSSOP and 24-lead SOIC packages.

a b

P I N D E S C R I P T I O N S
Host interface pins (X9440)

Serial output (SO) 
SO is a push/pull serial data output p in . During a read  cycle, data is
shifted out via this pin. Data is clocked out by the trailing edge of the
serial clock.

Serial input (SI) 
SI is the serial data input pin. All opcodes, byte addresses and data to be
written  to the pots and  pot registers are input via th is p in . Data is
latched by the leading edge of the serial clock.

Serial clock (SCK) 
The SCK input is used to clock data into and out of the X9440/X9448.

Chip select (CS)
When CS is HIGH, the X9440 is deselected and the SO pin is at high imped-
ance, and (unless an internal write cycle is underway) the device will
be in the standby state. CS LOW enables the X9440, placing it in the active
power mode.

Hold (HOLD)
HOLD is used in conjunction with the CS pin to select the X9440. Once it
is selected  and  a serial sequence is underway, HOLD may be used  to
pause the serial communication with the controller without resetting
the serial sequence. To pause, HOLD must be made LOW while SCK is LOW.
To resume communication, HOLD is made HIGH, again while SCK is LOW.
If the pause feature is not used, HOLD should be held HIGH at all times.

Device address (A0–A1)
The address inputs are used to set the least significant two bits of the
8-bit slave address. A match in the slave address serial data stream must
be made with the Address input in order to initiate communication with
the X9440. A maximum of four devices may share the same SPI serial
bus.

Host interface pins (X9448) 

Serial clock (SCL) 
The SCL input is used to clock data into and out of the X9448.

Serial data (SDA)
SDA is a bidirectional pin used to transfer data into and out of the X9448.

Device address (A0–A1)
The address inputs are used to set the least significant four bits of the
8-bit slave address. A match in the slave address serial data stream must
be made with the Address input in order to initiate communication with
the X9448. A maximum of 16 devices may share the same 2-wire serial
bus.

Potentiometer pins 

VH (VH0–VH3), VL (VL0–VL3) (X9440)
VH (VH0–VH1), VL (VL0–VL1) (X9448) 
The VH and  VL inputs are equivalent to the terminal connections on
either end of a mechanical potentiometer.

VW (VW0–VW1) 
The wiper output, VW, is equivalent to the wiper output of a mechani-
cal potentiometer and is connected to the inverting input of the voltage
comparator.

Comparator and device pins 

Voltage input VNI0, VNI1
VNI0 and VNI1 are the input voltages to the plus (non-inverting) inputs of
the two comparators.

Buffered voltage outputs, VOUT0, VOUT1
VOUT0 and VOUT1 are the buffered voltage comparator outputs controlled
by bits in the volatile ACR.

Hardware write protect input, WP

The WP pin when low prevents non-volatile writes to the WCR and ACR.

Analogue supplies, V+ , V– 
The analogue supplies, V+  and V– are the supply voltages for the EEPOT
analogue section and the voltage comparators.

System supply VCC and ground VSS
The system supply, VCC, and its reference, VSS, are used to bias the inter-
face and control circuits.
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As elsewhere, compatibility is an
importan t matter in  mod el railway
systems. Because of th is, it was
already stated  earlier in  th is series of
articles that the Märklin  booster
amplifier wou ld  be supported . For
th is pu rpose, a special in terface has
been  designed  that may be linked  to
one of the 5-way connectors at the
back of the Märklin  unit.

The back of the Märklin  un it is
shown in  Figure 1. The two 5-way
connectors are identical so that it does
not matter which  of the two is used .
The con troller of the EEDTS Pro sys-
tem has a signal ou tpu t at TTL level
which  is in tended  for the booster
amplifier. This signal, available at pin 3
of K8 (see Part 1 in  our June 1999

issue), is linked directly to pin 1 of the
Märklin unit. In  case of a short-circuit,
this signal need not be decoupled as is
the case with the EEDTS unit.

The GND connection  of the con-
troller (pin 2 of K8) is continued to the
GND terminal (p in  4) of the booster
amplifier. This resu lts in  the in terface
being powered when the controller is
switched on.

In normal operation, pin 5 is at low
TTL level, which  is passed  on  to the

interface. When a short-circuit occurs,
this situation no longer prevails.

C I R C U I T D E S C R I P T I O N
The d iagram in  Figure 2 shows that
the interface is based on three Schmitt
trigger inverters. Connector K1 is
linked to K8 on the controller and con-
nector K2 to the Märklin booster ampli-
fier via a four-core cable.

Wh en  th e p ow er su p p ly is
sw itch ed  on , cap acitor C1 is d is-
charged. This forces R-S bistable IC1b-
IC1c to assume a defined  status: if the
ou tp u t of IC1b is low, th e ou tp u t of
IC1c is h igh . After a w h ile, C1 w ill
have been  charged  via R3, bu t d iode
D2 ensu res that th is has no effect on
th e circu it. Resistor R4 en su res th at

This short article deals with several matters 
relating to the booster amplifier described in

the July/August issue of this magazine. One of
these is an interface for use with an existing

Märklin booster amplifier within the EEDTS Pro
system. Also, there are a few tips for those who
are worried about coupling the power output of

the amplifier to the track.
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Figure 1. Connections
of the Märklin booster.
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booster amplifier revisited 



w h en  th e su p p ly is sw itch ed  off, C1
will be d ischarged reasonably quickly
so th at th e cap acitor can  fu lfil its
fu n ction  every time th e su p p ly is
switched  on .

The initial status of the R-S bistable
results in pin 2 of the booster amplifier
being linked to a low level, so that the
booster amplifier assumes the id le
mode so ensuring that there is no out-
put signal.

When  GO key S2 is p ressed , the
bistable changes state, resu lting in
d iode D1 ligh ting and  p in 2 of the
booster connector going h igh . Th is
actuation  of the booster amplifier is
indicated by the lighting of an LED in
the booster itself.

When a short-circu it occurs, p in 5
of the booster connector, and of K2, of
course, changes from low to high. This
is converted  by IC1a in to a negative
pulse, which  has the same effect as if
STOP key S1 were operated : the
booster amplifier is switched off. Since
the short-circuit monitoring is effected
by a wired-OR gate, all booster ampli-
fiers used will be switched off when a
short-circuit occurs.

When the cause of the short-circuit
has been  remedied  or removed , the
system may be re-actuated  with  the
GO key.

P R O T E C T I O N T I P S
Some mod el railw ay en th u siasts d o
n ot like ap p lyin g th e fu ll p ow er of
th e booster amp lifier to th e railw ay
track. Th ey get vision s of seized
w h eels, fire h azard , an d  oth er risks
an d  in con ven ien ces. Alth ou gh  th e
short-circu it p rotection  of the EEDTS
booster amplifier keeps the likelihood
of such  d isasters to an  absolu te min-
imu m, th ere is alw ays a very small
risk th at a sh ort-circu it cu rren t of
some 10 A may flow.

Although  un likely,
th is risk may be obvi-
ated  by sp litting the
outpu t of the booster amplifier in to
five independent branches, each  of
which is protected  by a 2 A fuse—see
Figure 4. There are neat thermal fuses
with  in tegral reset knob available for
th is purpose. The railway system is
then powered by these five branches,
which  are all isolated  from one
another. Th is may be effected  by iso-
lating the cen tral rail or, in  case of a
two-rail system, one of the rails.

However, the best solution for effi-
cient current control is shown in  Fig-
ure 5. In  th is, the supply is p rovided
by two separate booster amplifiers,
each of which supplies half the requi-
site curren t. Halving the ou tpu t cur-
rent of an  EEDTS booster amplifier is
effected simply by omitting T2, T4, R13,

and  R15. The curren t
limiting then  starts at
about 5 A.

As shown in Figure 5, each booster
needs its own booster in terface,
although  in  the second  one switches
S1 and S2 may be omitted.

If more than two booster amplifiers
are to be used, the requisite additional
booster in terfaces may be in terlinked
via terminals A, B, and C. The number
of booster amplifiers that can be used
is virtually unlimited.

As Figure 5 shows, a number of
booster amplifiers may be powered by
a single, heavy-du ty supply, or they
may have their own independent
power supply. A 5 A supply requires a
150 VA transformer and two 10,000 µF
electrolytic capacitors. The return lines
of the supplies must, of course, be
bonded together.
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Figure 2. Circuit dia-
gram of the requisite
interface.

Figure 3. Printed-circuit
board for the Märklin
booster interface.

Parts list

Resistors:
R1, R2, R6, R7 =  4.7 kΩ
R3, R5 =  2.2 kΩ
R4 =  22 kΩ

Capacitors:
C1 =  1 µF, 16 V, radial
C2 =  0.1 µF
C3 =  10 µF, 16 V, radial

Semiconductors:
D1 =  low current LED
D2 =  1N4148

Integrated circuits:
IC1 =  74HCT132

Miscellaneous:
K1=  4-way SIL header
K2 =  5-way SIL header
S1, S2 =  single-pole push button switch
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C O N S T R U C T I O N
The in terface is best built on  the
prin ted-circu it board  shown in  Fig-
ure 3. A small p iece of prototyping
board  may also be used , of course. In
either case, construction  should  not
take more than an  hour. As always, it
is, of course, essential to check and
inspect the fin ished  unit thoroughly
before it is taken into use.

Note that it is imperative that the
controller is switched  on  before the
Märklin booster amplifier(s).

[990069]
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Figure 4. Dividing
the booster
amplifier output
into five indepen-
dent branches.

Figure 5. Using
two EEDTS
booster ampli-
fiers with reduced
output current.
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Just like almost any
other electrically pow-
ered  motor, a stepper
motor consists of a
fixed  stator and  a
moving rotator. However, wh ile the
rotor (and sometimes the stator) is fit-
ted  with electromagnets in  dc motors,
the stepper motor has fixed  electro-
magnets only. The rotor, consisting of
non-magnetic soft iron  or a perma-
nent magnet, rotates as a result of the
field  reversals brough t abou t by the
stator magnets. So, before we know
just how a stepper motor works,
we’ve d iscovered  an  importan t
advantage: there is no electricity sup-
p ly to the rotor; consequen tly, the
motor is brushless and therefore prac-
tically free of wear and tear.

The first (inexpensive) stepper
motors were reluctance types with
rotors consisting of cogged  wheels

made from soft iron.
Disregard ing the
poor torque devel-
oped  by these
motors, reluctance

motors lacked  ‘rest’ positions of the
shaft because the soft iron  d id  not in
itself act as a magnetic pole. This short-
coming was overcome with  the in tro-
duction  of stepper motors employing
permanent magnets. Although the per-
manently magnetic rotor did allow rest
positions, these occurred  only at rela-
tively large step angles. This shortcom-
ing was caused by the limited number
of magnetic poles that could  be
arranged  on  the rad ially-magnetised
cylindrical rotor. None the less, th is
type of stepper motor provides a good
starting point for our purpose.

Figure 1 shows a stepper motor in
its most rudimentary form. The core is
a single magnet (i.e., having just two

Stepper motors have
been with us since the

early sixties and their
significance has

grown enormously
over the past few

years. They are used
as driving mecha-

nisms in clocks and
other pointer-based

instruments, in print-
ers and plotters, vari-

ous tools and, of
course, in robots.
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By K.-H. Domnick 

stepper motor control 
part 1: stepper motor construc-

tion, function and control

phasewinding 4 phasewinding 3

phasewinding 1

phasewinding 2
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Figure 1. Model of an
ideal stepper motor with a
2-pole rotor and two
phase windings arranged
at an angle of 90 degrees.

GENERAL INTEREST



poles), and there are two phase wind-
ings arranged  at an  angle of 90
degrees. When a current flows in  one
of the phase windings, a magnetic field
is established. The rotor then turns its
magnetic poles in to a d irection  (or
position) in  which  (1) the smallest air
gap  is established  between the pole
and the actuated  phase winding, and
(2) the largest magnetic flux density
occurs (rule: opposite poles attract).

By reversing the current flow, the
rotor can  be made to turn  to one of
four different positions, with the rota-
tional d irection  corresponding to the
order in  which  the polarity changes
occur. This so-called wave drive mode
is shown schematically in Figure 2.

Another method  of making the
motor sp ind le turn  is to energise the
two phase windings in normal mode.
This mode is marked by the presence
of two pairs of two identical phase
windings arranged next to each other.
The resu lting rotor action  is easily
explained using Figure 2b.

A sequence is one fu ll ‘electrical’
revolu tion  of 360° (electrical step
angle), which is required to perform a
complete mechanical step angle. With
the two previously explained full-step
modes, a sequence consists of four
clock pulses. In  the example, a
mechanical step  angle equals a com-
plete spindle rotation of 360°.

However, there can be no objection
against combining the wave drive and
normal modes into half-step control.
This mode allows ‘quasi’ intermediate
steps to be inserted , which  is a free
means of doubling the motor resolu-
tion  (steps per revolu tion). In  th is
mode, the supply is alternately con-
nected to one or two phase windings,
so that a sequence consists of eight
clock pulses.

Depending on the actual construc-
tion  of the phase wind ing coils, two
more con trol techn iques are used .
Unipolar operation  is ach ieved  by
add ing just one switch  (Figure 3a).
Th is however requ ires the coils to
have centre taps. Also, because of the
reduced coil currents, both the torque
of the motor and its spindle speed are
relatively low. Bipolar operation  as
illustrated in Figure 3b was not possible
until the arrival of integrated and inex-
pensive stepper motor drivers. In  this
mode of operation, both windings are
reverse polarised  end-to-end , which
calls for two switches instead of one.

Stepper motors with  a small num-
ber of phase windings will typ ically
‘jerk’ at low frequencies, even in  half-
step mode. Further improvements are,
however, possible by gradually increas-
ing and  decreasing the coil current
instead  of simply switching it on  and
off. This so-called microstep operation
guarantees smooth spindle movement.
On the down side, both  torque and

positioning accuracy
are reduced . These
unwelcome side
effects are particu-
larly noticed  with
stepper motors hav-
ing relatively few rotor positions.

I N P R AC T I C E
So far we’ve based our discussion on a
stepper motor model that does not
exist in  practice. Modern hybrid step-
per motors employ axially and perma-
nently magnetised  d iscs as a kind  of
core. These d iscs are fitted  with  cog-
wheels mutually offset by half a cog
width , so that North  and South poles

alternate. The photo-
graph in  Figure 4
shows the innards of
a hybrid  stepper
motor. The toothed
structure of the rotor

is clearly recognisable.
The step angle or resolution of the

motor not only depends on the num-
ber of pole pairs, that is, the North and
South pole cogs on the rotor,  but also
on number of individually controllable
phase windings. In practice, the num-
ber of poles is between two and five to
keep  wiring and  circu it complexity
within reason. If a specific application
calls for h igh  torque then  two-pole
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Figure 2. Coil current dis-
tribution in (a) wave drive,
and (b) normal operation.
Half-step operation is
obtained by combining
these two full-step modes.



stepper motors will be preferred. If, on
the other hand, smooth spindle action
is the foremost requirement, a five-pole
motor in  microstep  mode will be the
best choice. For cases ‘in  between’, a
three-pole motor represents a good
compromise.

Most of today’s stepper motors have a
resolu tion  of at least 24 steps (15°) or
48 steps (7.5°) per sp ind le revolu tion .
To guarantee accurate positioning of
the read/write head, most older hard-
d isk drives contain  stepper motors
with  a resolution of 200 steps (1.8°) or
even 400 steps (0.9°).

When a clock frequency of several
kilohertz is applied the motor will typ-
ically not operate at all because the
rotor ’s inertia prevents it from keeping
pace with  the rap id ly rotating stator
field. The use of a start/stop frequency
which, depending on the motor type,
lies between 50 Hz and 2000 Hz, guar-
antees reliable starting of the motor.
Once the motor runs, the clock fre-
quency may be stepped up. Although
there is no lower limit to motor accel-
eration, there will be a definite upper
limit to observe. Exceeding the highest
possible acceleration  rate may cause
the motor to stall, just as with  any
attempt to exceed the highest possible
clock frequency.

The increase from the start/stop fre-
quency, via the acceleration  phase to
the nominal speed is best described by
a ramp-shaped  curve like the one
shown in  Figure 5. Hence the term
acceleration ramp. Likewise, the decel-
eration and the eventual switching off
of the motor should also follow a ramp,
th is time a falling one. Abruptly
switching off the coil currents would
cause the rotor to keep turning because
of inertia, and it would not be possible
for the control system to tell the spin-
d le position . Motor control without
ramp-shaped  coil currents and  using
clock frequencies low enough for reli-
able turning in both directions is only
possible (and allowed) during zero cal-
ibration and slow operation.

Computer control is soon called for
when it is required to make the motor
turn  in  half-step  or microstep  mode
while providing for the proper acceler-
ation and deceleration slopes of the coil
currents. These functions are
admirably handled  by the 80C166
microcontroller system described  in
next month’s instalment.

(990044-1)
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Figure 4. Photograph
showing the cogs on
the rotor.
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require coil current drive using
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interrupt-enable bit is set.

INSPEC (Open Drain In-Specification Output)
This pin, in conjunction with the OUTSPEC pin, is
used to signal the status of the operation and
data of the DS1615.

OUTSPEC (Open Drain Out-of-Specification Output)
This pin, in conjunction with the INSPEC pin, is
used to signal the status of the operation and
data of the DS1615.

ST (Start/Status Button Input)
The ST pin provides two functions. First, when
enabled as the datalog start source (SE bit in
Control register is a logic 1), the ST pin is used
to instruct the DS1615 to begin recording tem-
perature data based on the programmed start
delay and data sample rate. The ST pin must be
held low for at least 0.5 seconds for a datalog

mission to begin. An external pull-up resistor
should be connected to this pin.
Secondly, the ST pin can be used to poll the sta-
tus of the recorded data. After datalogging has
begun, the ST pin instructs the DS1615 to report
the status of the recorded data via the INSPEC
and OUTSPEC pins.

X1, X2
Connections for a standard 32.768 kHz quartz
crystal, Daiwa part number DT-26S or equivalent.
For greatest accuracy, the DS1615 must be used
with a crystal that has a specified load capaci-
tance of 6 pF. There is no need for external
capacitors or resistors. Note: X1 and X2 are very
high impedance nodes. It is recommended that
they and the crystal be guard-ringed with ground
and that high frequency signals be kept away
from the crystal area. For more information on
crystal selection and crystal layout considera-

DS1615
Temperature Recorder

Manufacturer
Dallas Semiconductor
Website: www.dalsemi.com

Features
➧ Digital thermometer measures temperature –40ºC

to + 85ºC in 0.5ºC increments (–40ºF to
+ 183.2ºF in 0.9ºF increments)

➧ Digital thermometer provides ±2ºC accuracy
➧ Real Time Clock/Calendar in BCD format counts

seconds, minutes, hours, date, month, day of the
week, and year with leap year compensation (Y2K
compatible)

➧ Automatically wakes up and measures temperature
at user-programmable intervals from 1 to 255 min-
utes

➧ Logs up to 2048 consecutive temperature mea-
surements in read-only nonvolatile memory

➧ Records long-term temperature histogram in 63
bins with 2.0ºC resolution

➧ Programmable temperature-high and temperature-
low alarm trip points

➧ Two serial interface options: synchronous and
asynchronous

➧ 3-wire synchronous serial interface
➧ Asynchronous serial interface compatible with

standard UARTs
➧ Memory partitioned into 32 byte pages for packe-

tizing data
➧ On-chip 16-bit CRC generator to safeguard data

read operations in asynchronous communications
mode

➧ Optional unique, factory lasered and tested 64-bit
serial number

Application example
Temperature Recorder,
Elektor Electronics September 1999

Description
The DS1615 is an integrated temperature recorder
that combines a real time clock with temperature
data logging and histogram capabilities. It has been
designed for applications that require temperature
profiling over a given period of time. A programmable
sampling rate feature makes the device ideal for
applications requiring temperature monitoring over
short or long time frames. The integrated Real Time
Clock (RTC) provides seconds, minutes, hours, day,
date, month, and year information with leap year
compensation and also provides an alarm interrupt.
Temperature measurement is provided via integrated
thermal technology which can measure temperatures
from –40ºC to + 85ºC in 0.5ºC increments.
The DS1615 is a powerful data recording device,
providing both a datalog of sampled temperature val-
ues over time and a histogram of temperature. The
datalog function simply samples the temperature at a
user defined sample rate and writes the data to the
Temperature Datalog memory. Up to 2048 datalog
samples may be recorded. Histogram functionality is
implemented by sampling the temperature and then
incrementing the count value in a data bin associated
with that temperature.
The DS1615 provides 63 two-byte data bins in 2ºC
increments. The user can program data sampling for
both data logging and for histogram tabulation at
intervals ranging from once per minute to once every
255 minutes.
The DS1615 also supports programmable high and
low temperature alarm trip points that allow the
device to monitor whether the temperature stays
within desired limits. The device can drive an inter-
rupt or status pin if the temperature falls outside of
the programmable limits.
The DS1615 can be programmed to begin sampling
data via a pushbutton input or via a command sent
over the serial interface with a host machine.
The DS1615 also provides an optional 64-bit serial
number which is useful for product identification and
tracking.

Overview
The block diagram shows the relationship between

DS1615 Block diagram.
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the major control and memory sections of the
DS1615. The device has five major data compo-
nents:

➀ Real Time Clock and control block, 

➁ 32-byte User NVRAM with optional 64-bit lasered
serial number,

➂ 96 bytes of Alarm event/duration memory,

➃ 128 bytes of histogram RAM, and

➄ 2048 bytes of datalog memory. All memory is
arranged in a single linear address space.

Signal descriptions

VCC
Vcc is a + 5V input supply. Communication with
the DS1615 can take place only when Vcc is con-
nected to a + 5V supply.

Vbat
Battery input for standard lithium cell or other
energy source. All functions of the DS1615 with
the exception of the serial interface circuitry are
powered by Vbat when VCC <  Vbat . All functions
are powered by VCC when VCC >  Vbat . If a bat-
tery or other energy source is not used, the Vbat
pin should be connected directly to GND.

GND
Ground

COMSEL (Communication Select Input)
This pin determines whether serial communica-
tion is asynchronous or synchronous. When
pulled high to VCC, communication is synchro-
nous and will take place via the SCLK, I/O, and
RST pins. When COMSEL is tied to ground, asyn-
chronous communication utilizing the TX and RX
pins is selected. If this pin is floated, the DS1615
will operate in the asynchronous communications

mode since the COMSEL pin has a weak internal
pull-down resistor.

Tx (Transmit Output)
Transmit output of the asynchronous serial inter-
face. Tx is tri-stated whenever VCC <  Vbat .

Rx (Receive Input)
Receive input of the asynchronous serial inter-
face.

SCLK (3-Wire Serial Clock Input)
The SCLK pin is the serial clock input for the 3-
wire synchronous communications channel.

I/O (3-Wire Input/Output)
The I/O pin is the data Input/Output signal for the
3-wire synchronous communications channel.

RST (3-Wire Reset Input)
The RST pin is the communications reset pin for
the 3-wire synchronous communications chan-
nel.

INT (Interrupt Output) – The INT pin is an open drain
active low output that can be connected to an
interrupt input of a microprocessor. The INT out-
put remains low as long as the status bit causing
the interrupt is present and the corresponding

tions, please consult Application Note 58, Crystal
Considerations with Dallas Real Time Clocks.

NC (No Connect)
This pin should be left unconnected.

Memory
The memory map shows the general organization of
the DS1615. As can be seen in the figure, the device
is segmented into 32 byte pages. Pages 0 and 1
contain the Real Time Clock and Control registers.
The User NV RAM resides in page 2. Pages 17 to 19
are assigned to storing the alarm time stamps and

durations. The temperature histogram bins begin at
page 64 and use up four pages.
The temperature logging memory covers pages 128
to 191. Memory pages 1, 3 to 16, 20 to 63, 68 to
127, and 192 and up are reserved for future exten-
sions.

DS1615 Memory map.
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something a little more
practical, we’d say the
explanations on Guy’s
Tesla Page (http://www.
pages.vossnet.de/wilson/
tesla1.htm) are a better
starting point.

There are also tools
available on the Web for
the calculation of a Tesla
coil. A good collection is
found on the JavaScript
Tesla Coil Calculator
Page at http://www.
geocities.com/CapeCana
veral/Hangar/3108/calcu
lat/html. Provided you
enter the right design
data everything is calcu-
lated for you.

Many sites may be
found that show pic-
tures of home-made
Tesla coils and the results
obtained from them.
Great fun to look at!
Some nice examples are
Inonized Ether at
http://www.magnolia.net/
~tank/tesla.htm, and
Chuck Corran’s Tesla
Coil page at http://www.
execpc.com/ ~ccurran/

Meanwhile a couple
of companies have also
entered the field. The activities are
mostly construction and demonstra-
tion. A typical example is Tesla Sys-
tems Research at
http://www.teslasystems.com.
Very spectacular!

If you want to know more about the
great inventor himself, lots of relevant
information may be found at
http://members.xoom.com/_XOOM/
tastraum/tesla.html and http://www.bena.
com/ lucidcafe/library/96jul/tesla.html.

(995070-1)
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The idea is simple, really. Make a trans-
former with a huge step-up ratio, (sec-
ondary winding has far more turn
than primary winding), and tune both
windings to resonance at the same fre-
quency. If, under these conditions, a
pulse is applied to the primary wind-
ing (for example, by means of a spark),
the voltage across the secondary will
rise to level at which substantial dis-
charges can be observed, usually in the
form of light flashes, arcs and coronas.

Meanwhile, it appears that many
hobbyists find pleasure in building
such a Tesla transformer, and use it to
create wonderful spark showers.
Indeed, it has become something like a
sport to ‘draw’ the largest artificial
flashes of lightning. Tesla’s own record,
however, has not yet been broken or
even equalled — in 1899, his experi-
mental setup in Colorado Springs pro-
duced an arc of 41 metres (approx. 125
ft), wrecking the electricity supply in
the whole area.

As an indication of the popularity of
the Tesla transformer, there are no
fewer than 120 websites connected to
the Tesla Coil Webring
(http://www.webring.org/cgi-bin/web
ring?ring=TeslaRing&list). Alternatively,
go to http://www.webring.org, and enter
the keyword ‘tesla’. The site at
http://www.pupman.co, also has a long
list of Tesla-related URLs.

From the long lists we picked some
examples for those of you whose
curiosity has been aroused. On Stefan’s
Tesla pages at http://privat.schlund.de/s/
skluge/toc.htm we found an extensive
description of the structure of a Tesla
coil, complete with lots of tables, dia-
grams and equations. If you want

It is unlikely that Nikola Tesla, born in
1856, could have foreseen the wide-

spread interest in his inventions, more
than one hundred years later. The Tesla
Coil in particular is the subject of many

an Internet site.

the Tesla coil
make your own lightning


