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ABSTRACT

In this study several analog to digital converter systems

are described and their édvantages aﬁd disadvantages are told.
Among them, a successive approximaﬁiog{type one is designed and
built.To obtain flexibility,it is designed as a bus compatible
dev1ce Also device addressing is used by use of Wthh , more
similar devices will be able to be connected to the bus.The
‘bus is so designed that it is not possible for more than one
pair of devices to be active on it at any time.Th2 system also
has anaiog multiplexing facility whiCh'selects one of eight
analog inputs.This selection can either be done by the
peripheral device or by the system itself,according to the
information on the bus.Output of the system is 12 bits,in
addition to the parallei éutput,serial output with preselec-
table baud rate is put for long distance communication. The

results obtained are quite satisfactory in performance.
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PREFACE

in the last years,after the powervof digital systems are
distinguished, the digital measufing ipétrumeﬁts bedéme to
play a very important ;ole’in industf&.Beéinning with the
Simplést digital voltmeters,more precise analog to digital
converters were made and finélly they became uhavqidable
interfaces of digital computers and micrbprocessors.During
this evolution,many approaches’were made to obtain the

cheapest and the most powerful conversion systéms.Some of

the basic types are discussed in this thesis,

The chbise amOﬁg these types of ADC's in this thesis is the
successive approximétion type which is the second.fastést
type of the converters.Principally it performs the conversion
in KxXN clock pulses where N is the number of bits and K is
the number of clock pulses required fo‘decide the state of
the corresponding bit.,It is easier to chdse K as 2 or more

to simlify the design,but to obtain maximum conversion speed,

it is tried to keep K as 1 and successful results are obtained,

To increase the flexibility of tne ADC,it is designed as a

bus compatible device with multiplexed 8 analog inputs.The

7



ADC will be a service unit on the bus,and of course at least

- one consumer unit must also bé p;esent.The channel number of
analog inputs can either be identified by this consumer device
or can be let free such thatMiﬁ increases by one each time a
service request comes.,To be able to connect more than one
service unit on the bus,a two bits service unit address line
is added, so,three service units can bé connected to the bus,
Also for long distance communication,a variable baud,rate
serial output is added.The detailed description of the opera-

tion of the bus and the system will be given in the text.

Neither part of this design is directly copied from any

reference.The references are used to get information about
) ‘

\ .
the operations of the individual subsystems used in the
circuit,so it is possible that the diagrams cannot be found

in the references given. ,

\
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PRINCIPLES OF ADC SYSTEM%/) y

e .

In this section,several types“éf analog to digital converters

e L

will be discussed.TheSe are single slope,dual slope;successive
T f '//"‘ \\ - -
>

approximEE;onj%lash,voltage tprrequeﬁcy,wilkihson and dual -
. ‘ LI e

e

-
rigp/KDC's. L , e

The single slope ADC is the simplest of the present systems.,
It has one comparator which compares a ramp with the input-
voltage and measures thé tiﬁe for the ramp to reach this
voltage.This time,when multiplied bj a constant,gives the

value of the input voltage.

Input
. Keset
Conp- — —> .
f Gate >{ C1k
> Counter
Y
f
Dafa cut
Ramp o .
Generator < - 0Osc,
A
Trigger

RN Rt

Figure 1l:RPlock diagram and the waveforms cf a
single slope ADC
9



At steady state,ramp genefator output is at its highest value
and the gate is closed (i.e. no signal is present at the
output of the gate).When triggef Sigﬁél goes low,the counter

| is reset and the gate is kKept- closed,also the ramp generator .
output is set to zero velt.At the time the trigger signal goes
high the gate is opened and the coun%er,begins to count the
incoming pulses,During this time the\%amp output‘increasas,

and when it reaches the analog input,vbltage,the comparator
changes its state and closes the gate.The number.of counts
gives the voltage for appropriate choise of the oscillator

frequency.To read the next sample,triggerbsignal must go low

and then high again,

As can easily be seen,the s1ope of the ramp generator,the

s

. v
frequency of the Q§cillator and the number of bits are closely
/ © =11 -
e

related to each”other,The number of bitsf&,will be chosen

. , ~
examplg/for a 12 bit convertersa convenient -full” scale veltage

ccor?ing to the design-speciiiii;iOns.To give a rgglistic
wil£/6; 4.696 volts,each step corr¢Spondin, to one millivolt.
Leélthe maximum numbe;/bf conversions per second be N.Tﬁen,
it means that 409§/§Glses are requifé; to be counted in/;/N”‘.
seconds., So the,ﬁééessary oscilLé€:; fregquency m%jﬁ/bé/2096xN
cycies per second.Alsc in 1/N seconds,ramp must-reach to its

maximqm value of 4.096 volts,so tha slope/9. the ramp generatorj

must be ‘4,096xN volts/second.By use of these data,an appropriate

10



oscillator and an integrator (as the ramp ‘generator) can be
designed.Since the limitation mostly comes from the comparator,

for which. we have’to take the propogation delay to be less than

,/ . -
illator frequency such as/z/MHz,we find

g

_2000000/4096 500 con’i’rer_sions/second

whi ths qulte/énsatlsfactorz/for most SYStemié$PIS is why

hese types/of systems are used as. dlgltal vaQ meters/where //5

=

 the peri:j/p; the osci;latioany choosing/a quite high value

for the

only a few converstons/second are necessary 1nstead of fast:

computer interfaces,

One important problem olso arises in hardware design,which is

setting the ramp generator voltage to zero volt before ) _mef?

beginning of counting. his/is;becauséfof'tﬂeﬂoffset voltages
— s s e 7

and/or the saturation voytages and on state” resistances of the
e

/

components used Besidés thls/uncertalntles a small deviation
,/

s
in osc1llator frequency or in the'slope of the ramp results
in an error, To overcome these two errcrs,a feedback type single

ral

slope ADC can be de51gned by use of a digital to analog

converter (DAC) as.shown in figure 2.

P .
~ o
’/v‘

/,/ , . /"'/ : /

In this type of ADC,tr}ngr pulse/p ly r sets/the//ounter . The
_ o
all zero output of f£he counter éauses the/output of'the DAC

to ?e at zero volt,and‘cogparator V/e s the gate.Each pulse .

the counter/counts increases the output voltage of the/ﬁgc by

11



one least significant bit (LSB) voltége,e.g. if full scale vol-
tage is 4.096 volts for a 12 bit ADC,each pulse increases the

voltage by one millivolt.So. a staircase type ramp is obtained
=

/ (] L] .
" directly dependent on the total numbgr of  counts.,Thlis eliminates
the uncertainty coming from zero voOlt start of the ramp gene-

rator and independent deviation§/of tHgAclock frequency and
/ A »
the ramp voltage slopes.But thé setup time of the DAC,which

is usually much greater tha?-the,propogation deldy nf the com-
parator and the propogatioﬁ delay of the Cquﬁter are added to

s

the propogation delay of/the comparator,Wﬁich reduces the speed
, y “ /

considérably.Also,sincélthe DAC is thg/éost expensive component

/,

of this system,financial problems may arise.

Trput . .
Comp , ~> . Resefie tr;gger
‘ Gate » Clk - -
Counter
X
£
DAC OSC .
//\\ ‘
. N .
Data
cut

Figure 2:Single slope ALC with DAC feedback

12



Dual slope ADC is the type which overcomes the problem of zero
volt start.of the ramp generatgf:withéa%’using,a—DAG—but—~
instead a second comparator.When it is desired to take a sample,
the memofy element MEl is set by a trigger pulse.This‘causes
the output oflthe ramp generator to increase (by any slope
which is not important).when it reaché§’tﬁe input voltage,
comparator 1 sets ME2 which opens the égte and resets MEL

whi.ch turns-ramp generator output tQ a known negative slope

waveform,.The counter counts until the ramp voltage falls to

zero volt,at that time comparator 2 resets ME2 and closes the

C=h

gate.After the gate is closed,ramp output will continue to fall
down to the saturation voltage specified by the designer,which

is a negative voltage,end waits until next trigger pulse,

i} N :
Input 5\\\\\\\ 3
i Compl b Set ;
-’///////f ‘ Gate Clk Counter
‘ ) MEZ Feset |
Qv L
. v _9‘\ £ ‘ i
Comp2 Reset '
LQV////// nata out
_ Osc.,
Reseat
Famp ‘
< ME1L St ‘ -
gG:n. . ' ) .

2

Figure 2:8) Block diagram of a dual slope ADC

13
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Figure 2:k)Waveforms of a dual slope ADC

Since tvic sweeps are used for ore conversion,it is obvious
that maximum conversions per second wili Gecresse to zbout
half the vaiue of the éingle slope systers.In fact for dduble
slope systems,propogatioﬁ delay of the meﬁory elements are

added, so the speed becomes less then what is expected,

mn

But for tris system agein the clspk frequency @nd the slope

L

cs t,i/;pmp generator can ii;y indeperdently, so encugh
ned.It is possible, to control one

ion C‘ﬁég; e oktea
S L

of .he/;;opes by vse of the input veltzge as shown in'fidure 4,
: : pa

|_l.

N\

/xor this circult,thée igaer pulsé/reqatq the counter and sets
the ME which W/é/;eo the single pole double'throg,(SPDT)
anéfogswiijy/f; the arelogd input voltagé.The/f;;egrafdr
output begiths to incrgasé,and‘whén it pagses througbh zero

volt,it opens the gat¢/£y use of tis/comparator.From now cor,

the counter counts until it reache§ its maximum value,sends

14
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\ X /
Inpu} SPDT R ‘ /@Ounte r
Ref analog »' Clk OF » ME
—— " switch ,/ Reset o
: / — ' :
/ \U I
! | ' 7— ' Data Trighes
, \ //v, out
Trig [ : 4 /A
ME = DS \
R 7 -
oV, Slope 2
Infecrator o T
cate ‘ PWMTMMWMIUmthmMHrmtJ Full scale count (OF)
// )
. /
¥
, / . | |
Figure 4:Block dia g;cm of & precise dual slope ADC
//
/

an overflcw (OF>/to reset ME and begins to count beginning

from zero agii/.ThefME~SWitCheS the SPDT switch to the

reference voYtage,rt this time, the output voltage of the

(.

is proporticnal to the slope of the ramp (slope 1)

which is Alsc proportional to the irput wvoltesge.The reference

voltage/causes the cutput veltage of tre intecgrator to fall do
) _

by slere 2.Since slope 2 is a known value,cr actuzlly

r4

1 / slope 2 for @ specific input vcltage is known,the
£

counts cduring slope 2 until it reaches zero volt.

~.

gives fqe vo1f?ce with & high prPC1<Jon.

15
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The errors from variztions of the clock freguency ard the

time constant of the integrator are mostly‘eliminatsﬂ by

. . . . . . / A
this type of configuration,tbis is why quite bhigh precisions
are obtained,This elimination-of tre errcr is the result of

the rarp period controlled by the clock ir,ste/a,.d of letting

the ramp to be free,Dual. slope analog‘to,éigital converters
: \ /

mostly find applicaticns in digital voltmeters,where speed

[y

[N

is not importent but precision is. /
) ) o f/ )
l//

/
Voltage to frequency type ADC's worv/by use

cf 2 voltage to

frequency converter (VCO), by meassuring the frequercy of the

VFC.By appropriate choise of voltage versus frequency curve,
direct rezdout of thre appliéd/voltage czh be obtained.For
exampl €,by counting the pu%;es for 10 msec,end usirg a VEC
.which generates 10 kHi/ch£;2 volts causé 200 pulses to Dbe
counted,which is ]OOt?yes the inpﬁt voitage.i.e,'two decimz]

point mcvements is reqghired,

The mzjcr disadventage of this tyre of RDC's are the speed

{because of the duite large counting pericd requirement),the

influence of the signals coming from the mains supply and the
. ! /. .

/
/

unaveidable e€ffects of the transients zt the irput.In addition
to these error scurces,tbe complexity cf a wide range linear

'VFC makeg this type of ADC's useless for many-systems,

. /’/ g 16 '



@ .
Successive spproximation type ADC's are the most commoﬁ/types
for fast COnQersion-xequirements because of its low/price /
‘Speed ratio.Tt consists of a bit selector,a bit{?emory erray,

a DAC and a comparator tc decice the state of the bit,

\ / /
Y , /
keset — BlL qeleotor End
- Gate :
—
ME \J k?l Addressable reset
Set ‘ Bl - grru En
Yy Gsc., Bit merory srrey
Reset

VT

[ . / Teka -
: ‘ // C-‘ut
, / . DAC

Figure 5:Elock disgram of successive approximaticn ADC

2,

Wher a trigger pulse is applied,¥E is set to open the cgate
: / NN .

all the bits in bit memory array are cleared.The clock pulses
pasqsro tY]Guab the gate causes bit selector to sweép‘the bits
begWrnlng chm the most 51cn1f1ﬁant bit (MSB) Correspcnd1ng

value oL‘NoB is hslf of thre full scale voltage,vhich is con-

17



verted to analog by DAC,The comparator decides about the state
of this bit,if it is larger than the input voltage it resets

the bit,ifnot,lets it set.Ther second MSE is tried which
corresponds tc one quarter of thre full scale yditage.This

. " // v
voltage is added to the previcusly decided/MSB value by the

. //’
DrC,i.e. if’NSB is "1",output of the\DAC/Will be 3/4,if MSB

. \ .
is "0",ocutput will be 1/4 of ire fullyééale voltage,The compa-

5
4

‘/ ) L] » .
rator agalr decicdes obh resetting or letting at "1".Continuirg,
7 .
this way,after n comparisons, result becomes ready.After the
. /,«' . 0

LSB is set,kit selector sends an/END message tc reset ME and

the system stops cperation.For/ the next semple a new trigaer

/

’
7
/

pulse must ke applied.  /

./
i

/

The coperation cf the bit;gelecﬁor énd the addressed 1eset may
be not as simple as itﬁéppears Lecause of thé’practical
problems arisihg whi;éyusing fhe DAC.A step applied to‘the

DAC results in'somefévershoot,which méy give wrong informatioﬁ
to the comparator énd reset the wrong bit.To'ovércome this
error source,add;éssed reset is gated by the clock to wait
‘half a clock pégiod before.deéiding to reset the bit or not.
During thiéltime,DAC output must settle to ﬁhe desired valﬁe.
-It is possible to wait mére than hélf a clock peribd.This cf
course reduces the speed of the system.A typical DA& ahd

comparator output waveforms of a 6 bit and half clo¢k period
waiting ADC is shown in figure 6.

18
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1
\

Figure 6:Comparator and DAC waveforms of a
6 bit successive/épproximatibn ADC S

;
d i
/ -
s
)

,

Comparing the succe581ve dpprox1mat10n A S/Wlth the single

slope or dual slope‘ADC‘s a great advantage of speed can easily

/
7/

be seen.p’ 51ngle slope ADC performs 1ts operation in 2' clock
pulses whlle he successive approx1m/;ron ADC needs oniy n
clock pulses to corplete the same/gob The power of this system
can be shown by a typical numerlcal cxample for a 12 bit ADC,
suCLe551ve approximation 1s’212/12”300 times faster than a

51ngle slope one,But of course it costs more since too many

loglc circuits must belused compared w1th the other systems.

Fiash ADC is the fastest type,for which no clock is required for
conversion.;t consists of‘Zn voltage comparators and reference
voltages and a ccmbinational 1ogic‘to decode‘the output of
c0mparetors ko binery.Figure 7 shows the biock diagram of a

basic flash ADC. . .

The voltage on each resistor is V,/2N ,which corresponds to one

19



Comp

Combina-
N .
R E : - ti1onal
‘ Logic . Data
l — \ out
Comp '
R A}
J— -y Comp
R . .

Figure 7:Block diagram of a flash ADC

LSB voltage.So, to gach comparator,a different reference
Voltége is applied,each upper comparator having the reference
voltage of the previous one’plus one L3B voltage.For an
analog input Voltagé'of less than kKVy/2n and greater than
(k-1)Vy/28 | the outputs of the comparators from 1 to k-1

will be "1" and the remaining "0".By decoding it,binary
output is obtained,The speed of the conversion is restricted
by thé speed of the comparators only.The prOpogation delay

of the decoder will result with time domain shift.i.e, the -
value read at'time t is actually the value of the voltage at

time t-tpc-tpd ywhere tpc is the propogation delay of the

20



" comparator and.tpd is the propogation deléy of the decoder.

T? give an idea about the speed of tﬁis system.if a 40 nsec.
c?mparator is used with 100 nsec. delay time decoder,conversions
pér second will be 25 million wﬁile the propogation delay was

140 nsec. According to Nyquist theorem,up to 12.5 MHz

frequencies can be sampled. |
\

But this wvery high speed conversion cépébility of this type

of ADC's have a great resﬁriction in practice,which is
exponantially inc:gasing number of comparators required to
inérease the number of bits.For a 4 bit ADC,only 16 compératofs
were enough,but if 8 bit one is desired,256 comparators are

required,vhich effects the cost considerably.This property

limits the use of the flash ADC's to very‘special applications.

To/decrease the required number of comparators,two différent !

fiash ADC circuits areideveloped;One is called parallel fipple

ADC, which consists of two m bit fiash ADC'S,one m bit DAC with

: 2m bit resolution and an analog subtractor resulting wiéh 2m

" bit flash ADC. ADCl selects the 'page' of the voitage.This
valﬁe is again convefted to analég’and subtracted from the
input-vdltage.Resﬁlting voltage gives the least significant
part of the iﬁput and is converted to digital by ADC2.This
technique reduces the numper of comparators éonsiderably,but

because of -the analog devices used in the circuit,speed will

21



be lower,

Vin ! - - R
s Analog N
—> Subtract
Y R
M bit | il M bit
ADC o ‘1 ADC
M bit
DAC
~ - ~_
Data out Data out
High order bits : Low order bits

Figure 8:Parallel ripple ADC

Another type of flash ADC is called Variable Treshold Flash,
for which only n comparators for an n bit ADC is used.It .
requires also n DAC's. 6f from 1 bit to n bits.Tb obtain
accuracy, these DAC's must have n bits resolution.As seen

in figure 9.each comparator has its treshold voltage as a
feedback from the upper comparators.Whenever an upper compa-
rator turns to "1",all the treshold voltages of 1owe; compa;
rators/inc?ease and they turn to{"O".When input voltage inc-
reases a little ﬁore,comparators begin to turn to "1" beginning
from the LSB.Since the settling of the comparators and the

DAC's take time and it appears to be settling sequencially,

22



the conversion time increases considerably.

T|l l "

1 bit DAC

‘Comp

————oBit N
MSB

,"l'l

2 bit DAC

N bit DAC

Figure 9:vVariable treshold flash ADC

Analog switch ,

Vin Comp
Charge/convert
ge/ 0 volt
- \ lCurrent
source

c l |

Figure 10:Wilkinson ADC
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Wilkinson‘ADC (figure 10) is a very similar one to the single
slope ADC.The only difference is that‘instead of the input
voltage is being kept constant and a ramp beginningifrom zéro
volt is applied;a capacitor is chafged to the input voltage
and dlscharged with a constant current while countlng the

time for the capac1tor voltage to c105s zero volt,

o ) P

1

This system has a special use in pulse ﬁéchniques since its
accuracy is not good but it has very high resolution and very
‘low differential non-linearity.The basic uée of Wilkinson
ADC's are in the multiéhannel analizers,where,before a
measuréméhﬁ,always a calibration procedure haé tolbe performed,

(so accuracy is not important).

A developed version of the Wilkinson ADC is the dual ramp ADC,
(figure 11) .1t has seceral times higher conversion speed with
the same clock frequenéyiThe principlé is to discharge the
capacitor with,for example,64 times the requifed current fo;
Wilkinson type,while,counting 64 each time instead of 1,with
the first clock pulse after zero crossing,to apply a reverse
normal gﬁrrent‘ana count down by one until next zero crossing
occurs,

.

After convert signal comes,the decision unit switches S to I1

by which the capacitor discharges rapidly,and connects the

—

24 (



Reset Reset

' Analog switch I I
—— o0
Vin co
| R UP (64)
I ' Decision .
Charge/convert Unit Counter
0 volt )
: - ) ' —>DOWN (1)}
. : N | '
C 641 it | ‘ - J\\/J/
S = : _
: % : Osc.

Figure 11:Dual ramp ADC

N : _
oscillator output to the count up inpﬁt of the counter.Each .
clock bulse increments the counter by 64.After zero crossing,
the decision unit switches S to Ip and connects the clock to
count dowﬁ by one at eaChfclock.So the excess number of‘
counts are taken back.Since two different slopes are used,
the fatio of these two must be very precisely adjusted,Also
the switching times must be very ghort'comparing with the
ciock period to gvoid false counting,because the delay of
only 1/64 of the clock period will result with 1 LSB higher

result than the ekxpected number.

-

It is convenient to tabulate the basic properties of these

25
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ADC's to

1

TYPE

have a complete idea:

SPEED

ACCURACY

26
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PRICE LINEARITY PRECISION

Sing.sl. low lowr medium high very high

Dual- sl,. low low ﬁigh' ‘vhighr very high
- VFC very low high high K high very high’

Su&c.ap. high medium high \‘medium low

Flésh' very high”ﬁery~high high ‘medium medium

Wilkinson low low low high very high

Dual ramp medium medium low high




GENERAL DESCRIPTION OF THE BUS A:D THE BUS COMPAT‘IBLE ADC

The bus compatibility of the ADC,or in géneral the data
acquisition system (DAS) is achieved ﬁy using open collector
. \
outputs which are wired-OR to the othef;units by the bus.,:
The parallel outputs and inputs are designed as negati?e’
logic because of the restriction of the wired-OR connection,
only the serial output is kept positive 1o§ic . The digital
bus contains 13 data lines one being the serial output,3
channel number lines (Since there are 8 analqQg channels),
2 se#vice unit :address 1ines,ohe line to inform that the bus
is busy,one line to inform that the service unit is working
and one line to indicate which unit is specifying the channel
number, total of 21 lines.Analog section éontains 8 lines.

_The shortened names of these lines are listed below:

Dl1...D12 :From L5B to MSB data lines (negative logic)
SO :Serial output (positive logic)
Al,A2 . :Service unit address lines (negative logic)

C1,C2,C3 :Channel number lines (negative logic)

FA — :Forced address line (negative logic) .
BSY  :Bus buisy line (negative logic)
WRK :Service unit is working (negative logic)

ADO. ..AD7:Analog data lines (0 <V; < 2,048 V)
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The operation of the bus is very similar to that of a
telephone system.When a consumer device needs service,it
looks at BSY line.If BSY is low,it has to wait,because it
means that another consumer is using the bus.When it sees.
BSY high,i.e. bus is free,it pulls it low informing that
bus will be used.Thén it applies thezgnalog voltage to one

' of the analog data lines (ADO thru AD%)\if this voltage has
to be identified by itself (If the anaiog data lines are
already conniected to the points to be measured,there is no
such step),sets.the corresponding_(or desired) channel
number on C1,C2 and C3 while pulling down FA line (which
means "yoﬁ have to process the voltége cn the line I
specified") and finally it specifies from which service unit
it wants the data by use of the l%nes Al and A2.When cne of .
the service units sees that i£ is addressed,it pulls'WRK’ |
line low indicating that it understood that it is addressed
and is working,When éafa becomes ready,it pulls‘WRK high
agaih,which means that the data is ready on the bus.After
the consumer déviée takes the data,it pulis'BSY line high,

leaving the bus free. 1 J

If FA is not pulled down, the analog channel lines must be
- kept high.In this condition,the counter in the service unit
counts one. and processes the next channel voltage and as the

output it gives the channel number besides the data.
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A service unit cannot have the address 00 ,i.e. Al and A2
both high because the service unit is triggered/by its address

and 00 is the idle position of the bus,

The serial output has a variable BAUD rate,presettable by the
jumpers on the DAS digital input—outde and successive apprex-
imation register (SAR) logic board,lBOi;when daﬁa becomes
ready, the DAS pulls SO line,low for one-bit long as the start
bit,then gives the data starting from the: MSB adds the three

bit channel address at the end, then pulls SO high.

Thevinternal counter for channel addressing is put to decrease
thevrequired number of lines for long diséance'communicaﬁion.
This way a consumef has to specify only the service unit
address by two 1ines,and take the data from the serial oufput
line,If channel number is not the desired one,it can request

a new data by keeplng BSY low ( that way it does not lose
control of the bus).It can go on until the consumer receives
the data of}the desired channel,So only 4Alines are used

for this purpose:BSY,Al,A2,SO.
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PRINCIPLE OF OPERATION

When the system is addressed,Address Sense Block seﬁds a
message to the State Information.If BSY\iS low,Sfate Infor-
mation Block sends a message to outpué by pﬁlling WRK low,
increments the channel number by applying a’pulse to Channel
Incrementer and also applies a pﬁlse to the Bit Selector of
the SAR ﬁhich ciears all the bits of the Bit Memory Array.‘
The Channel Selectllogks at FA,if it isrlow,takes C lines

as inputs,if high,puts the datavof‘ghe Channel Incrementer
on C lines,Analog Data Selector‘Selects one of the ‘analog
channels according to the data given by Channel Incrementer.
This anaiog déta isrbuffered,sampled‘and hold, and applied |
to oné of the inputs of the comparator.The bit‘Sélector R
then, starts to éweep -the‘sitsrtb be tested.Each time the
DAC gives an analog equivalent of the new éombinétion of the
bits and épplies it to the comparator.The bit selector also
specifies the bit that has to be resetted if necessary and
this information is given to the Addressed Reset Block,
After‘the test of all the bits are comleted,the bit selector
informs that the job is comléﬁed,and by this information the

parallel to serial converter is loaded while the state

informétion was pulling WRK high.The parallel data passes
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Figuré 12:Block diagram of the Data Acquisition System
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through the bus buffer,which is a set of open collec}o:
invertors.The parallel to serial cénverter sends the data

on the SO iine with the BAUD rate specified by the Baud Rate
Generator and the Baud Rate Seiector.To convert a new sample,

the address must be removed and applied again.

! . ‘
\

. \ .
The Address Sense circult consists of two inverters and an

AND gate.The address inputs areé negative logic (i.e. 0 volt

L
means "1" state),

Al O —00
! ____D(\ ‘ﬁl ) v' ;
L . e

Yo §) 1. : .
S2

: f___[::xk— ol

Figure 13:Address Sence circuit

St

A2o0

By use of Sj and S ,address can be‘changéd,OO cannot be used

as an address since it is the idle position of the bus.

~

The State Information logic has a 4 psec monostable and three

flip-flops for the sequential informations.The flip-flops are

-

used as D flip-flops with D="1".When the DAS is addressed,

mbno is triggered and the FF2 is triggered by 0 of the mono.

/
!
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o2k V A - —R FFZQ ““ WRK
BSY N 7473 ’ =
L '

XBSE:Bit sweep end
Figure 14:State Information circuit

Sinée BSY is "1%,Q2 and B3Y results(with WRK="1".After waiting
for about 4 psecs for the Samﬁle and Hold to settle,Q of the
mono triggers:FFl and FF3,01 and Q2 gives K:“l" and SI="1".
vAfﬁervthé first clock pulse,Qp becomes "1" reséttiﬁg FF1,
resulting‘with Si:PO" from then oﬁ,At the end of the sweep

of the bits,BSE becomeés low which resets FF2,so pulls WRK high.
The Bit Selector is made up of two shift registers,to obtain
"12 bits,one 8 bit and one 4 bit shift régisters\are cascaded.
The different clock signal requirements of these two caused
the néed of two phase clock.The SI is shifted by ihis 12 bit
shif£ regiStef,each time one bit béing "l".Cki}i§ 180 degrees
phase shifted and about 20 nsec. delayed,so AND gating them

results with a 20 nsec. spike at BSE if Qpf is "1",which is
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-Figure 15:Bit Selector circuit

the end of the conversion.After BSE is given,all the bits of

the shift register are left as "O".

The Addressed Reset consists of 11 NAND gates and an invertor -
drived by a three input AND gate.Each bit of thé Bit Memory
Array is an independent flip—flop each connected to cne of

the NAND gates.The gates are drived by a three input AND gate

according to the state of the comparator and the clocks.

When K is "1",at the first clock pulse,QD12 becomes "1" while
all others wére turning to "0".At the second clock,next flip-
AflOp is set to "1",and according to the state of the ;ompafator
the éutput df-the three input AMND fate gives the information
if FFD12 must be resetted or not,and this is NAND gated by Qp

to reset only FFD12 if required.The procedure goes on simi;arly
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QD12 QD12 0D11 QD10 QD1

Figure 16:Addressed Reset and Bit Memory Array .

for the remaining bits.The reset input of the last flip-flop
does not require gating because it is the last bit to be
decided and no other reset information will be applied to

the bit memory array from then on.

w0012 ... Q6 Q5 ... Q1LC1C2C3
5 ) .
C .
A
S0 - ] - . E nye
Q 74165 SI Qi 74165  SI
C S?L A S/L
Q> -
o BR
Q

L R
O-

Figure 17:Parallel to Serial Converter circuit
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Parallel to Serial Converter is a 16 bit parailel in serial

out shift register obtéined by cascading two 8 bit ones,

One start bit,12 data bits and 3 channel address bits are

sent by this shift register,a Ebtal of 16 bifs.When the conver-
sion is end (i.e. 02 is "1i" ),at the fifst cldck pulse while

L was low loads the shift register wi?h a "1" appearing at
Op.This results with one start bit ofX"O" appearing at SO,
Then, according to the BAUD réte selected and applied to BR,

12 bits are sent (starting from the MSB) ,adding the three
channel number bits starting from the LSB.If the address is
removed before the end of the serial output,sending of.thé data
is stopped.At the end of the message,the  "1" at the serial
input of the shift register fills all the. bits and SO

remains at "i",

OD1 6- > ° D1
\(\
QD2 o- o D2
. L _
. ] N
QD11o- 3) : 5VD11
Qle;i o D12

All open collector

Figure 18:Bus Buffer
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The Bus Buffer is made up o6f 11 open collector invertors and

an open collector NAND gate.The Q's of the bit memory array

flip-flops from 1 to 11 are directly connected to the invertors.

The 12'th bit is NAND gated by the address information ,A,

because when the DAS is not addressed,QD12 stays at "1" and

if it is directly applied to the buffer—inﬁertor,it will pull
‘\

the D12 line low as a wrong information.

The channel incrementer is a three bit counter made up of one

7490.The channel select block consists of a quad 2 to 1 line

multiplexer,74157,in which three of the multiplexers are used,

a quad latch,7475,and open collector NAND gates,

A o—

FA o——

L/

S
Cl o 2
C2 o B1 :
QOc A2157 Y1
INCo——> 7490QB 1 Y2
‘ Qa A4
D RoRg):

_AC1

AcC2

AC3

2949307
83 7475
2 en en.

—

Figure 19:Channel incrementer and channel selector circuit
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When the DAS is addressed,INC becomes "1" for_4'usecs and the
outputs of the muitiplexer aré latchéd in 7475.This aata is
seleéted éccording to the state of FA.if'it is "O" (i.e. it is
high),the channel number éelectéa by the 7490 counter is
accepted as the channel number and therpen collector NAND
'g%tes are opened to force this;numberipn the C lines.If FA is
"l",the NAND gates are closed 1ettihg épe C 1ines as the inputs
'to be selected.The ouﬁputs of 7475 are then sent to the analog
multiplexe; by AC lines.At the end of the. INC pulse,latch is

disabled and the counter counts one to be prepared for next

data request,

Analog data éelector is a single chip CMOS 8 to 1 analog
muitiplexer (l405i).Buffer and the samle and hold circuitrafy
is accomplished by use of a double FET input op-amp (TL082).
High slew réte of 12 volts/usec., of these op-amps were satis-
factory in application of ﬁhis sample and hold circuit.Inputs
of the muitiplexer are protected by éonnecting l.i kohm
resistors in series.Outbut’of the multiplexer,wﬁich is con-
nected to £he first op-amp is biased by insertiﬁg a 90 Mohms
resistor between this point and ground.The multiplexer select
"inputs‘are connected to AC1 thru AC3, the outputs of the latch.
As the analog switch of the sample and hold circuit,a CMOS one
. i

with low ON resistance (14066) is used.Output of the S/H

is connected to the comparator,

i
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The comparator used is a very sensitive and fast one,LM361,
with gain of 5OQP and7pro§ogation delay of 1ess.than 15 nsec.
This much sensitivity was required because the input Voitage
and the DAC voltage are restricted at 2.048 volts maximum.
For 12 bits, it makes .5 mvolts per LSB.The 4.Fsec. pulse
coming from the fifst monostable is fed to a level convertér
to obfainrthe reduired ON and OFF voltage levels of the
analog switch,The analog multiplexér and the analog switch
are fed with plus-minus 5 volts which are obtained from the

12 volts by use of zener diodes,
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The DAC is made up of discrete components instead of buying
one from the market,This ‘is decidéd because of the hafdness;
of finding a fast 12 bits one.It is designed with the current
switches to achieve low setupf;ime;For 12 bits,12 current
sources and 12 current switches are used.Thé outputs of the

current switches are connected to an RTZR ladder network

which has 100 ohms characteristic impedance. .

;'Figu;e 21:DAC circuit
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High speed switching‘is accomplished by use of emitter coupled
logic configuration . The Qs and Qn in the DAC circuit diag-
ram makes a current switch.The bases of all Qn's are connected

-

together ﬁo a constant vbltagé'of approximately 2.5 volts.,

This voltage is assumed to be the reference voltage of these

switches,such that if the voltage ét #he base of Qs is lower
. \ .

than this voltage,Qs will conduct and éink all the current

that . the current source is sourcing.If it is higher, then the

current will flow into the ladder network.

To obtaiﬁ a cﬁrrent éource with low temperature drift,the
transistors are connected in such a way that the voltage
drift of one of the transistor's base-emitter junction is
beéﬁ‘cdmpensated- by the other's.02 is used as a current source
- to shift the feference voltage to with respect to Vcc.This
current is'determiﬁed by the voltage on‘R4,so at first it is
reguired to keep this volfage stable.This is accomplished
by inserting one more base-emittor junction,QLl.This way‘the
voltage at the base of Q1 is transferred to R4 with high
stability.It resultad with a stable voltage on R5,toco.The
Qc's are the current sQurces,again requiring stablé voltages
on the‘ZR resistors at their'emittbrs.Now,Q3 is put to.
improve two effects,one is it is used as a buffe; to reduce

the current sinked from R5,other , the base-emittor junction

is compenseating the unstability bf the base-emittor voltages
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of Qc's,

As the reference voltage,a high stability one is used.The ohly
§rob1em left was the precise reésistors.This is solved by selec-
ting the identical ones among many high quality metal film
resistors.As a result,all resistors ége selected within 0.05%

\

‘tolerance.
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- ZONZLUSION : -

The desired Specifipations could not be obtained complétely
because of the practical problems that arose in the analog
section of the system.The conversion time that was desired
to'be achieved was as low as 2.5 Psecs,but this was thought
without a sample and held circuitry.The insertion of the

sample and hold circuit increased the time by 4 psecs.

To obtain bipolar opera£ion cha:acte;istics.it was thought
to design a DAZ with bipolar dptput'and compare it directly -
with the input voltage.This type of operapion is tried to be
realised by feeding the DAC with two split supplies,but it
resulted with sustained oscillation,So the design is changed
to a single‘supply‘DAC and the input voltage is shifted up

and applied to the comparator.

Even in this condition,there sti;i were some overéhoot and
duméing oscillation at the output of the DAC.To optimize the
readout accuracy, system speed had to be reduced and this way
an accuracy of 9 bits is reached.Remaining 3 bfts are left in

in the oscillating region.By use of a computer,if higher
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resolution is desired,it is posSible tc take more samples

‘and calculote the statistical average,which is almost

equivalent to decreasing the system speed,

-

~

The sucCessive'approximation register part,i.e. the digital

part of the system is working successfully.Tt ic seen that

a2ll of the prcblems arose in the znelog part.As a further

this system to achieve

only the upper printed

This system is thought
a computer}But the bus
an operation without a

the bus.Since there is

- study,it is possible to design a better analog part for

true 12 bit accuracy.In this case

circuit board has to be changed.
to be operated in conjunction with
system itself has a drawback for such

hardware between the computer and

no controller on the bus,it is requ-

ired to "catch" the bus immediately after BSY is seen high.

For a computer,it is the easy way tc look at this line,then,

~if it is high,send BSY

according to the program flow.But the

time which passes between seeing it high and‘sendingvthe

message,which is in the order of,Psecs for a computer,may

cause problems in such a way thet during this time it is

possible for another consumer to begin to work on the bus,

To overcome this,a simple herdwere has to be connected

.

between the computer and the BSY line,
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The system,now,is in such a situation that it can be used

in many applications,and it is open to further developments.
\ ' '
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TECHNICAL SPECIFICATIONS

Analog part:

[

Input voltage range :0 to 2.048 volts 

Inpﬁt resistance : 90 Mohms

Number of channels :8

S/H time :4'Psecs

Power requirement 112 V 160 ma
-12 v 20 ma

Digital part:

Clock frequency :1.5 MHz"
Conversion time . :8 Psécs

Inputs fan in :2 standart TTL
Qutputs fan out :9 standart TTL
Power requirement :5 V.700 mA
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COMPONENTS LIST

Digital Part (Integrated Circuits)

[£9)

10
11
12
13
14
15

16

7404
7408
74121
7473
7473
74164
7495
7406
7406
7400
7400
7400
7411
7404

7403

7473
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18
19
20

21

23
24

25

26

27
28
29
30
31

32

7473

7473

7473

7473
7473
74157
7475
74165
74165

74990

. 7420

7490
7490
7403
74151

7404



Analog Part (Integrated Circuits)

7805
741

MC 1403

s w N [oad

MC 14051
5 TL 082
6 ~ LM 361

7 . MC 14066
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APPEDDIX A

Interfacing with a microprocessor

3
1Y
\

For demonstfation,the system is interféced to a microcom-
puter based on 8085.Interfacing is done via a triple port,
8255 of Intel.The C and B ports are assigned to be inputs
and A port to be output.The first 7 lines of port A are
used as outputs from the computer.These aré assigned in
such order:

AO,A1,A2 :Channel address

A3 :FA line
A4,A5 :Device address
A6 ;BSY line |
A7 :No£ used

The B pert is connected to first 8 of the data lines.i.e,
to the lowest 8 bits.Low half of the C port is connected to
the remaining 4 bits.WRK line is connected to C7.C4,C5 and

C6 are not used,

The inputs to the computer are connected directly to the

bus,.The outputs of the computer,A0 thru A6, are connected

to the bases of 7 transistors and the collectors of these
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'

transistors are connected to the bus since the bus confi-
guration is open collector,
As‘the input-outpﬁt of the computer,a‘geletype is used.
The. program is such prepared that entering the desired
channel number.is enough to operate #he system.Computer

\
asks for the voltage of that channel,éonverts it to BCD
and writes the channel number and the Voltage.The source

code of the program is given in AppendiXx B.



APPENDIX B

Sample program for 8085 to use the DAS

3
\

\

In this program,it is assumed that the port is previosly

programmed and the monitor program has the input-output

subroutines available for the user program,

START MVI

CALL OUTCHR

"MVI

CALL OUTCHR

CALL INCHR

SUI
CPI

JNC

MOV

LDA

STA

LDA

STA

A,CR

A,LF

30H
8
START
B,A
30H

DECIM

DP

A,BSY.

SEND CARRIAGE RETURN

SEND LINE FEED

‘GET CHANMEL NUMBER

-~
N —

BETWEEN O AND 77
IF NO DON'T ACCEPT ENTRY

IF SO START CONVERSION,SAVE NUMBER

STORE OkTO THE PLACE AFTER

DECIMAL POINT

STORE DECIMAL POINT
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- LOPWRK

OUT PORTA

TORI 80H

ORA B

OUT PORTA
ORI 30H
OUT PORTA
IN PORTC
ANI WRK
JZ. LOPWRK

IN PORTC

- CMA

CONT1

ANI 15
RRC

MOV H.A
IN PORTB
CMA

RRC

MOV L,A
JNC CONT1
LDA 35H

STA DECIM

SET BSY LINE .

_ SET FA

SET CHANNEL NUMBER_

SET DEVICE ADDRESS:.

\
\

!

TEST FOR END OF WORK'
IF 'NOT END YET

TAKE HIGHEST 4 BITS

- COMPLEMENT TO OBTAIN IN POSITIVE LOG

DLSCARD NON DESIRED BITS

TAKE HIGHEST 3 BITS

 TAKE LOW 8 BITS

LSB TO CARRY FLAG

"IF LSB IS ZERO

J

IF LsB IS '1',IT HAS A VALUE OF

0.5 MILLIVOLTS

A

LXTI D,RCDSAV ADDRESS OF THE CONVERTED BCD NUMBERS

PUSH B

CALL BIDE

TO BE STORED
SAVE CHANNEL NUMBER ot

PERFORM BINARY TO BCD CONVERSION
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POP B
MOV A,B
ADI 30H
CALL OUTCHR
MVI A,SP
CALL OUTCHR
LXI D,BCDSAV
MVI B,COUNT
OUTLOP LDAX D
CALL OUTCHR
INX D
5bR B
JNZ OUTLOP
JMP START
CR EQU 13
'LF EQU 10
BSY EQU 40CH
WRK EQU 8CH
‘DP ZQU BCDSAV-4
DECIM EQU BCDSAV-5

COUNT EQU 6

"ASCIT EQUIVALENT OF THE CHANNEL NO

SEND CHANNEI. NUMBER

SEND A SPACE ‘
\

BCD NUMBERS TO BE SENT

A

NUMBER OF CHARACTERS TO BE SENT

SEND THE NUMBER

DE POINTS NEXT NUMBER Td BE SENT
COUNT |

IF NOT END OF CHARACTERS YET‘

GC TO WAIT FOR NEXT ENTRY .

INPUT AND OUTPUT ROUTINE ADDRESSES
AND THE PORT ADDRESSES HAVE TO BE

SPECIFIED BY THE USER
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BIDE -

‘MVI B,3

PUSH B

PUSH H
LXI H,TABLO

MOV B,M

INX H

MOV C,M

INX H

- XTHL. .

NXTLOP

JC NXTLOP

MVI A,-1
INR A

DAD B

~ ADI 30H

STAX D

CINK D

XRA A

SUB C

THTS SUBRoﬁTINE PERFoRMs 12 BIT °
" BINARY TO BCD, CONVERSION -
'COUNTER = - 7

SAVE COUNTER  f

'SAVE NUMBER TO BE CONVERTED

TABLE OF CONSTANTS

GET THE CONSTANT IN BC

K}

' TAKE NUMBER IN HL AGAIN

BCD NUMBER COUNTER

SUBTRACT CONSTANT FROM- HL

IF NEGATIVE NUMBER NOT FOUND YET

'ASCIT OF THE BCD NUMBER FOUND

STORE IN {DE)

NEXT LOCATION TO BE STORED IN

 NEGATIVE OF THE CONSTANT CALCULATED
' PREVIOUS NUMBER OBTAINED IN HL

. TABLE ADDRESS TO. BC
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TABLO

‘DCR H

- XTHL

XTHL

PUSH B

XTHL

JINZ NXTNO
POP H

POP B

MOV A,L

ADI 30H

STAX D

RET

BYTE ECH,18H
BYTE FFH,9CH

BYTE FFH,F6H

COUNT

RETURN TO ORIGINAIL POSITION
IF NOT END OF CONVERSION
, \
ADJUST STACK
LEAST SIGNIFICANT DIGIT

ASCIT EQUIVALENT

STORE

COUNTER TO H
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