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ABSTRACT

Thié paper discusses the design and testing of a
'nighmspééég 12¥5it'ﬁultiplying digital«to~analog converter
deVeloped fdr»use In wideband hybrid computers. The circult
features ease of cohétruction with minimun conponent nand-
selection, even though low netwdrﬁ impedance levels are used
in order to obtain accuracy at hign analog couputing
frequencies, Zero-voltage-offset series fleld-effect tran-

istor switching 1s utilized, and trimper. adjustment of

o]

k)

blnary wgigﬂting~in the reslstor networx allows calibrutlon
of the fully%ussemblgd device wnile it is-in the coaputer
.under normal operating conditlous. The multiplying digitel-
to-analog converter-is capable of multiplying an analog
slgnal.by a dlazital nunber with a static accuracy of 0,025

per cent of half scale and a dynaulc accuracy of 0.1 per

cent of half scale at a. computing frequency of 10 Knz.,

- vil



INTRODUCTION

‘The objective of this thesis pfojeot was to develop -
aflé;bit multiplying digital-to~analog converter (MDAC) for
QhelUnivérsity~bf Arizona's LOCUST/PDP~9'hybrid computer. .
"With ordinaﬁv hybrid computers, the design bf a 12-bit
two's oomoie nt digital-to-analog converter (DAC), and
even the»more-difficulﬁ design of a MDAC, is a stralght-
erward proposition; but in our case, the MDAC deéign‘proved
to be one of the most. difficult tasks of the entire LOCUST
projecto
.The difficulty in LOCUST MDAG design 1s due to the
exceptional bandwidth requirements of the LOCUST oqmputer,
which is éQUaDTe of 2000 di fferentialwquatidn%solving runs
per second and which must handle analog signal volteges all
the way up to 100 Khz. For this reason, LOCUST operational

Llifiér summing reslistance values are 1K oums to 10X ohms.
Thé_LOCﬁST MDAC (see Table I for complete specifioations) is
to multiply a 10 Khz sinusoidal input by a digital word with
. a phaseshift error within'ool ber cent of half scale, and
its DAC network res slstances must therefore also be betuween
2K and 10K ohmsz. As resistance levels are lowered, elec~
tronic switch resistance verigtions and offset voltages

become quite eritical. A second serious difficulty is thal

1



2
the wideband. ampl iflers used in the LOCUST (JO fhz et unity
gain) iaithfully Transmit fast MDAC switchling spikes which
Wwould never be seén in conventional analog oomputersf~»Forw
tunately, in most applications (optimization, randomnprocesé}
-studieé), the MDAC's usualiy»switch,only'duri ng computer
RESET pOflOdSo‘r» | _

Tbe réason.fov the PeqULP@ oat.of-lz'bits (11 bits

plus s g ) is not really 12 blt accuracy (LOCUST has an ac-

curacy Within only 0.1l per cent of half scale Tor linear

computing elements) but rather is 12-bit resolubtion. This

"Is needed to keep sensitive system parameters being opti-
mized from ﬁhunting" excessively about thelr optimal velue.
In unétable systéms, éuch as in trajectofy~optimization, é
very sﬂallsparameter change can produce a substéntial,solu~
tion change.  »' | ' )

‘The MDAC accénts the 12 most significant bits from
the PDD 9 accunrulator on an output command tbrough a double-
buffered interface (Wilkins 1969)0 Its outputb Volt Ze on

the analog computer patchbay is the voltage

X, X '
2 _ [ - -11_,
=g %["‘1(23 Lieeiiarxyy (2) 11”{0(2)0]
\ 2..._ ) .

p
. where XA is a time=-varylng analog voltasge between +10 volts
and -10 volts and Xb'is‘the binary numbsr Xge....X7] from
the 12 most signifioa;t bits of the PDP-0 accﬁmulator»
Important QQSLSQ objectives of this new MDAG are

simplicity of cons Cuion9 minimum C&lTDrauIOﬂ effort, and
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reasonable costoe Construction of only a few un?ts rather
‘than a large number also enters into consideration.

he UﬂlVOPSLuV of Arizona's earlier ASTRAC II/PDP-9
3hybr7d comput@r utilizes tremsistor shunt switohes,in the
MD&C‘S; The switches must be individually compensated to
minimiZe,output error due to.the offse volﬁages of the

Lor hapd

’—Ja

saturated transistors by a tedious process of re

o
H
0]
)
)
[0}
Q
pue

selection. fhe.use'of fiel- t transistors (FET's) with
zero offset voltages suggests 1tself as a remedy for this
,problemof\ |

‘Most present MDAG's are designed with. fixed preci--
sion'reéistors in the decoder networks. If the impedance
levels 01 Lae MDAC are 10”; ‘these resistors nust be'either
very high-precision units or else must be hand selected.
- Very acourate reslstors are_expensive; and hand selection,
which is %time consuming and requires large stocks of resig-
tors, 1s not too desirable when only a féw units are being
built for a-partiouiafrsysﬁege ' N

While transistor shunt swiiobés require hand compen-
satlion fdr offset, series FET gswitches require either hand.
selecﬁidn ormresistor padding to accounwy forvﬁhe FET resis-
tance. This is espe iaiiy important in view of the low im-
pedance levels used in LQGUST»i |

The MDAC described in this report uses FET switches

for zero offset, a binary welghied resistor decoder network



tq,'inlw VAS Lhe number of expenslve switch components, and
discrete comﬁonenﬁ level converters and switch drivers for
minimum cost@ - Trimmer ad justment of netvork resistances
compensa%es'Low both switch resistances and resistor toler-
ance errorsfin one simple’adjuSumenoo No resistors with
tolerances of less than 1 per cent are required, and only
one resistor must be hand‘selected for the entire MDAC.
-Furthermore, celibration can be made on the fully assembled
unit.after 1t 1s in the comouteﬂ under actual operating
conditions. ‘Because construction and calibration time is
minimized, the'degign is well suited for use when a small

nunber of high-gspeed, precision MDAC's are needed at a rea-

gonaple coste



Table I  12-Bit MDAG S3pecifications

“tnalog input voltage %10 volts
Digitel lomic input levelsy

,0N state , ‘ 0 volts
OFF state _ ' -3 volts

Static accurdacy (% of half sczle)
Dynamic accuracy (4 of half scale)

Switching speeds

~delay ; ' ' 40 nsec
riss tims 1.5 usec
settling time (wlthin 0.025%) 5 psec

Output error temperature drifts

. .worst cass +0,133 LSB/OC
typical (measured) +0,02 Lsp/oc
Worst-case switching splkes x2,8 volts

(no outvut amplifier

overloads are caused

by worst-case swltche«
ing spikes)

Power supply reguirements +15 volts
Power supply regulation ' : 1%
Worst-case powér supply draln: ' 34,2 mA from %15 volts

78,5 mA from =15 volts

Maximum MDAC power dissipation 1.71 watts
Current drain from digital logic 4.1 nA at 0 volts

0 n4 at -3 volts

fnalog input lmpedance 2K ohms




THE DECODER NETWORK

A multiplying digital-to aﬂalo” converter consists
of a decoding network which converts the analog voitage in-
to welghted currents_proportiohal to the digital number and
an operational amplifier uﬁth~1ow‘Qubpgi-imgedanoeﬁ The

two types of decoding networks most commonly found are the

Melghted-resigtor neL”or and the ladder netviork.

A ladder networ k- (Fig. 1a),empioys only two values
of precision'resistbrs, The analog currents'fléwing‘in the
bits of a ladder network MDAC have bsen shoun (Pesrman and
'fPopodi 1964)‘tobbe more evenly distributédithrough‘all bits
then the analov oxt ourreqco flowing in an qul alent
weighted«resistor network MDAC. Because anaio& gurrent

(and- uherefoce power dissipation) is more equa ly distribu-

!,

ted oaroughout uhe-blts, and because resistance values are

used which very only by a fa0u0r of 2, the blnary relation-

hip of the ladder network bits shquld be easier to maintain

with varji- analog slignal and environmental COﬂdlblOﬂSo
Thé ladder network sgffer Vfrom the disadvantage

that wiring capacitances greatly increase'frbm the most sig-
nificant bit to the least significent bit dﬁe tb'tLe in-

creasing numoer of resistor junction points (with their

associated junction-to~ground cavacitances) in the analog

5
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signal current path as one moves toward the least signi-

ficant bit. A second disadvantige is that 1t requires a
singleépole double~throw switch,at'the analog.input of
‘each bit. If FET gswitches are used, two of the relatively
expensi§e FET's are necéssﬁry In edch switch. DMore complex
drivihg circults are also requiréd._

A ﬁeiéhied—resistop network (Fig. 1b) requires cnlj
a singie—pole single-throw switch, or one FET per switchoe
Even if a singlempole double—thﬁow swlteh is used in a
Sefies~shunt'configuration (Fi”Q 3d) in a weighted resistbr
network, still only one of the transistors in each switch
muét Ye a FRET. Because the FET and its aséooiated level~
shift and drive circuits are the most expensive part of esoh
bit, bne would like %o minimize the number-of FET's and

switch oomoopeﬂtsn In addition, because the impedance of

-

each bit of a weighted-registor network is: connected direct-
1y tQ the amplifier sumnlqg junctioﬁ,‘wiring oaﬁa’lt ances
in the less significant bits should be smaller than those
of a ladder network. Fdr the above reasons, and bécause
limited space in MDAC packaging for LOCUST required use of
o minimum number of oomponents; the welghted resistor type'
decoder was used rather than the ladder network.

A n-bit weighted resistor decoder consists of n bi-
‘ﬁary related resistors R, 2R, 4R, sv.o, 29R as in Fig. 1bo‘

Note that the switch resistance Ry must be included in each
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Fig., 1. (a) Ladder Network MDAC (b) Weighted
Resistor Network MDAC



bit. If the amplifier gain is sufficiently high, the
: AN : . .
sumning Junction 1s virtually at ground potential because
.of the hegative'feedback across the amplifier. The blt cur-
rents floﬁing_into.the sﬁmming Junction are therefore binary
weigﬁted;'with XA/R in the most significant bit and mXA/EnR
Sin fhefléast significant Dite
The weilghted resistors are swiﬁched in or out of the
network depending on whether a digital 1 or O is presént at

the switch drive of each bit. A digital 2's complement num-

ber XD:VOeeageXh then yields an analog voltage Xout‘at the
amplifier output, where

X

> - ~7 S —1 -1 T O]
Out—jLA _’\.1(2) —}o.ooaoqLXn<2) -2\0(2)

4The impedance level of the MDAC is given by the im-
pedance‘of ﬁhé feedback resistor. Because of distributed
capacltance effects associated with large fesistances, the
im@édance level must be kept as low as possibie.for good
high frequeﬁcy response. On the other handpAthe switch er-
ror aﬁalysis presented later in this paper indicates thét
10K ohms seems to be a minimum value for the lmpedance
level if switch errors are to remain within limits over
norﬁél operating temverature ranges. Therefore the feedback
resistor»aﬁd_fifst bit resistor are chosen to be 10K. Bit -
resistors then double for each bit until an.impedance of
20.48H ohms is reached in Dbit 1l. Since the 271 :1 resis-

tance ratio is not vractical, T-networks are used for the
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low-current branches. The non-zero switch resistance RS
must again be included in transfer impedance calculations
for T-networks. Impedance in the T-networks must also be

kept;fairly low because of distributed capacltances. For

good freguency response in the high-1npedance bits, resis-

tances used in T-networks were limited to a muximum of
40,2K ohms,
Other considerations in the selection of resis-

tances for the descoder network include the feedbick ratio

of the output amplifler, walch determines 1ts frequency re-

sponse, and the current load on the driving analog ampli-
fier., Becauss phase-shift error Qf an operatlional
amplifier'véries aprroximately inversely with the feedback
atior(Korn and Xorn 1964), the 3umming~junctionwtonground
impedance must be aé high as possible. DBecause the pre-
ceding analog stage has drivs capability limitaﬁions, the
input-to-ground impedance must also be high enough to
kgep'drive reduirements within these limits, Worstmcasé
conditions for feedback ratio occur when all switches are
in the ON state»(logicél 1). Because a shunt transistdr
will be used 1n each blt (for reasons explained later),
the MDAC 1nput impedance is independent of the switch
settlings, ,
If the switch resistance were a copstant RS for

all switches, this fixed value could be considered when
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gselect 1ng decoder network resistance. Unfortunately, the
OoN resns ance of present 1leld~effect tfansistors can vary
qu1te-a bit from device to device. A TIS41 JFET for in-
sﬁance, can have a selection resistance of anywhere from
15 ohms to 25 ohms; and the 552012 MOS““T can have a selec-
tlon resistance of from about 150 ohms to 250 ohms. In |
4addlulon,'unless very high precision resistors are used,
the tolerances of the résistors 5n each bit can add up to
an impedance variation which is’larger than the allowed
tolerance for the'tranéfer impedance. Such variations in
.switch resistance and resistor values would normally have
to be compensated by hand selecting or padding resistorse
This is a tedious vrocess, which is best implememted‘in
-1arge production quantities. |

A simple method of adjusting the transfer imped-
ance of each bit to compensate for both the switch resist-
ance end the resistor tolerances in one step 1s to add a
trimmer potentioéeter to the resistor network of each
bit. IFf the network is,dpsignedlso that small variations
in the trimmer have negligible effect on the transfer
impedance, an inexpensive carbon-film trimmer oan»be used
in all except the first few most significant bits. Serles
wire-wound trimmers are used in the first 3 bite, with

maximum resistances. kent small (Teso than 2. Sp of the

total bit resistance) in order to minimize tne effect of
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trimmer?capacitances and inductances. The traasfer im-.
pedance.fér each Dit is designed so that a full OFF_(zero
ohms) to full ON (maximum'resistanqejlexcursién of the
trimmef causes only enough variation in transfer impedaneé
to compensate for worst-case switch resistance and resis-
tpr tolerances. If this is done, the effect of the temper-
aﬁure coefficient of the cafboﬁ trimmers is reduced so |
.ﬁhat the output error,introduded by trimmer temperature
coefficientsvis acceptable. This statement will be justi¥
fied in the error analysis later in this report..

Adjustment of each bit and of the feedback resis-
tor, by a procedure described in a later section, elimlnates
static ole ance errors. Leakagé currents and voltage and
temperature variations then remain as the only-sources of

tatic error in MDAC resolution and monotonicity.

Vorst~case design equations may be used to deter-
mine vaiueé of standard resistances which éssure'wofstw
case toléfanoeAand switch resistance compensation for a
full OFF to full ON trimmer varlatlion. Assuming the cir-
cuit configuration and terminology of Fig. 2, the resistox
values for the n“h bit transfer 1mpedance nust satisfy
the f0170w1ng worst-case relations:

0-2:

Ci‘

For bl

o (10&)( +é)~Rl (18 )-I

an(max)" sn(mln)

n
.= ! (10%n -3 )
Pl"TEfEY ’2 (10Xn.) (1-6) Ron (max)
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For bits 3-11:
R, (1+¢
Rxn‘yn ) <

(Rm+Rm)

Rln(lmé)[égn(l“é) *Rsn(mini]

!:Qn(lOKn) (1+6) Ry (man )~ (Rjn4-R&l) (1-6 )]

Rxh(1~5)[Eyn(l“é)"an(maXi} N

(R +Ryp) (1-8)4R

(max)

Rln(l+é)[R2n(1fé)*3gn(maxﬂ

| [én(J.OKn)(1m6)szn(max)-(Rln%«R2n)(J.%»é»)j

Where the'subscripts.max and min respectively indicate
maximum or minimum worst-case values, and where d ig the
precision.rasiséor tolerance. Rg, is the FET ON resistence
of the n®P-bit switch, and Ry 18 the n®™-bit trimmer re-
sistance. Calculations for bits 5 through 11 were made
assuning 1% tolerances. To minimize potentiometer resist-
ance in bits O through 2, fixed resistor tolerances of 0.5%
“vwere assumed in tﬂe calculations for these bits.

The calculated resistor values for the transfer
impedances of the 12 bits, corresponding to the terminology
of Fig. 2, are shovwn in Table IT. The type of switch used

in each bit i1s indicated under Rg,. AlL fixed resistors are

1%. 20K trimmers are used in the design simply because of
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availability of a large stock of this wvalue in our labora-
- tory. Since errors in the least significdnt bitérhave
1iﬁt1eleffect.pn the output, the trimmers in the last few
bits could be omitted when designing the MDAC,

The minimum possible output amplifier feedback
ratio of the MDAG with all switches in the ON state is
oéOI, and it is 1.0 with all switches OFF. Horst-case
load impedanqe to ﬁhe preceding analog stage is:QK ohms

(¥5 ma at ¥10 volts).



+XA Q
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N

Fig -] 2 -]

12=-Bit MDAC Circuit Configuration
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Table II MDAC Decoder Network Reslstor Values

(Resistor notation corresponds to Fig. 2)

16

Bit no. (n)

O @ ~N o W A W N O

=
O

Rnn

.

TIS4L

TI341
TIS4L

TIS4l

S TISA

332012

352012

. 552012

552012

Rpn
200
500

1K.

20K

20K

20K

20K
20K
20K
20K
20K

20K

Rip

9.86K

19.76K

39.5K
10X
10K
40,2K
40,2K
40, 2K
40.2K

40,2K

40.2K%

4‘0922{.

Ron

30.1K

40,2K

40,2X
40,2K

402K

40.2K

40;2K
40,.2K

40,2%

R}(l’l

el

10K
4,40K
8,66K

3.57TK

1.58K

348
178

82,5

23.7TK

16°9K.
25.5K
12, 1K
T.15K
3. T4E
0
0
o




HE DESIGN OF MDAC SWITCHES

MDAC Switch Configuration Selection

.Bipolar traqsistor shunt switohes, such as the one
shown in Fig. 3a, createvMDAC output errors due to the off-
set voltage and coileotor resistance. In a low impedance

MDAC, these errors must be'compensated'by individual trialm

andwerrorlselection of an offsel resistor for each swltch

¢

.in_uho devxoe (O'Grady 1969). Field-effect transistors
have the advantage of ‘zero offset voltage, bult higher drive

o

st~

X_Jo

voltaege are reguired. In addition, the ON switch res
‘ance of most FET's is higher than that of a bipolar tran-
sistor. A FET used as ad analog switch may be represented

:' oLy I ’ ‘: ] “S-. ance a OB .-.,_ “:‘LC‘., "..r.. "L' %,
simply by a variable resistance as shown in Fig. 4, wlith a

I

low resista ce in the ON state, and an evtve@ely h-wh re-

sistence vn Lhe OFF state. When a FET is used as a shunt
gyitch_as_in Flze 3b, output voltagze error appsars in
tae OFF state due to the non-zero FET resistance. This

is 1qo undesiradble.

If a FET 1s used in a series switch configuration

(Fig » no offset voltage problems exlst in either
state; and no hand-selected offget compensation 1s necess-
~ary. The FET appears as a pure resistance in the O sgtate

Y

and a neasrly ideal open 01r ult in the OFF state.

17
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Seriesvswitohes have the advantage that the feed-
back ra tio 8 of the output amplifier alvays remalins higher

then fofuan equivalent shunt switch. For the single@bit

shunt switches of Figs. 3a and 3b, # is % in the ON state

and. al ey s less than 4 in the OFF state. TFor the series

e

switchesvof Figs. 3¢ and 3d, the feedback ratio is % with

zo;"—-

ﬁhe,éﬂitgh ON and 1 with the switch OFF. Since, as a Tirst
appro#imaiion, onerﬁuLonal amplifier phase shift veries in-
versely with: © (Korn and Korn 1964 ), the high-frequency
error: snoulg be lower for a serwes~ switched MDAC than for

a shunt-switched MDAC of tbe_same impedance level. Agaln,

the

!.J.

nput impedance seen oy the preceding state 1s glways
.highervin the OFF state for the series~switched Pit then
for the shuﬁt~ witched bit, regulring less analog cufrent
- drive and - less pover dis ipation in the precision resistorsel
For the above reasons, a serles switch should beApreferabie
to a shunt switch. | |

Mdét junction FET's with low ON resistance have
the disadvantaege that theﬁ require substantial gate-voltage
sﬁings at the gate to turn the FET off. For reasons explaln-
ed iater,‘ﬁhiS‘high gate OFF voltage reguires thalt a bipolar.

2.

shunt transistor be used to ground the souroe of the FET
X [anad

when it is turned OFF. The resulting geries-shunt current

witeh is shown in Fiz, 3d. -

T I sty =

)

The -series~-shunt current switch has a1l the

2

advantages of the serles switch; and, since the shunt
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translstor - 1s only grounded when thé FET is open, the feed-
back ratio is unaffected., No offset error due to the shunt.

] .
transistofbcan appear la the OFF state beéause the FET 1s
openmcircuited; In addition, the shunt transistor provides
a péth-forvthe aﬁalog gignal current to flow to ground when
the FET is OFF, If the switch 1s at the summing jJunction
of tﬁekamplifier,'this results In a constant iapedance to
the précedihg analog Ariving stage regardlass'of the state

'of tﬁé_switch. Currents in the preciéion‘resistQPS‘are
constant regérdless of the state of the swiltch, causlng
uniform vower dissipatlion and thereby reduéing the possibil=
-1ty of blnary errors due to therzmal varlations in the resis-
" tors. Also, since the shunting transistor is driven by a
signa_ complementary.to‘the'FET drive sigﬁal; the switohing'
spikes of the two desvices tend to cancel partially.

For the abovs reasons, the FET series-shunt current
switech-was chogen as the optlmum confliguration for swiltching
the'MDAG, In addition to the advantgge‘of constant input
impedance, plaoing the switceh at the summing'juﬁotion rather
than-eISewhere in the blt impedance has the advantage of
lower FZ gafemdrive and transistor.base«drive level re=-
quifeménts, petter high-frequency swltching, und better

lsolatlon of the gate drive froa the analog signal.
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(d)

Fig, 3, (a) Bipolar Transistor Shunt Switch
(b) FET Shunt 8Switch (c) FET Series
Switch (d) FET Serles-Shunt Switch
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JEET Versus MOSFET Switches

Although'volﬁage~offset problems do nbt exist in
FET gwitches, error results from the variation of drain-to-
source ON resistance,(RdS) with temperaturés with drain éur»
rent (Ig), and with gate~to-source voltage (Vgg)o These
variaﬁions are different for junction field-effect transis-
tors (JFET's) and for metal-oxide-semiconductor FET'g
(MOSFET's) .

Most inexpensive,MOS'field—effect ﬁransistors have
relatively high drain~to~éouroe ON resistances compared to
that obtainable in junction field-efféct devices. For this
reason, the variation in Rgg with drain currenﬁgis larger
for MOSFET's. The variation of Ry, for the 25 ohm' JFET
kused will be shown to be only a fraction of an ohm over the
=1 ma.range of the analog current in the most significanﬁ'
bit,vwhiie similar current variation in the 250 ohm MOSFET
would cause a resistanqe variation of several ohmSe.

~ N-chennel junction FEI's have the advantage that

they are in the O state when the gate-source voltage 1s

o2

2810, ince the summing Jjunction of the operational
arpiifier is & virtual ground, the gate need_only be ground-
ed in order to insure that the gate volitage will follow the
source voltage and wlll thus minimlze varliation of Rgge

Thé ON—resistance of.a JEFET 1s therefore indépenéent of

ower supply drift and regulation. The MOSFET's, however,
P Pr
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nust be blased at some positive value of gate volbtage to
be in the ON state. - dny change.in.this positive gate blas
due . to power supply drift'or pdwer_supply regulation leads
.tO'addiﬁional'variaﬁion in Ry for the MOSFET ..

. Vhile the temperature coefficient of ON resistance
igs lower: for MOS transistors than for JFET's, the fact that
the overall drain-source resistance of the'JFET 1s nmuch
lower still leads to a smaller variation of Rgg with temper-
.ature than for the_MOSFET;

From the above comparison, it is obvious that the
JFET would make a much more accurate series switch than
would the MOSFET. Low resistance JFEI's, on the other
hend, are more expensive than MOéFET‘sé and low JFET ON
:resistance negessitates a large jﬁnction with-associated'
nigh junction capacitance (Fig. 4). 4s a comparison; the
TLS41 JFET has a gate-to-draln capacitance in the OFF state

of more than 8 picofarads, while the 832012 MOSFET has a

maximum gate-to-~drain capacitance of only 1 picofarad.

Because the JFET capacitance 1s caused by a reverse-blased

p-n junction, the capacltance increases still further when

o

the switch is in-the ) sﬁaﬁeo The high capaclitance between
the gaté and drain causes a large surge of iﬁjected current
into or out of the summing junction of the operational
amplifier when the gate drive is switched-between its two

states. The current surge creates outpul voltage switching
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spikes. Ordinarily, sldw operational amplifiers could not
follow such short, highmmagnitude'outbut splkes, _Thé use
of 30 Mhaz amplifiers'in-the LOCU3T system, however; causes
these spikes 1o be a major problem. The swiltching épikes
can be partlially cancelled by’feeding an inverted spike to'
the sumging Junction, but complete cancellation is not
éossibleo_

A tradeoff between accuracy and switching splltes
indicatés,the,use.of'MOSFET switches in the 1eas£ signifl-
cant bits for mlnlmum switcaing spilkes, with JFIT switchés
in tbe most significent bits for static accuracy. 4n
examination of the error variatioﬁs fqr the two gswitcnes in-
dicates that the‘current and temperatufe variations of Rds
in MQSFET switches dan'be‘tolerated in bit 5 and lovsr,
while‘their use in bit 4 and higher would increase the out-

put error significantlye

The JFET Switch

The HMDAC switches were designed to operate Irom
the 0 and -3 volt lozic levels of the PDP-9/LOCUST inter-

t is OFF (passes no analog signal) when

(=3

face. Each MDAC b
the inter*aoerutput flip~flop corresponding to that bit
is zeﬁo‘volts; and 0¥ when the flipfflop outpﬁt is below
~3% volta..

A'n=channel Junctlon Tield-effect transistor has

£

lower Oif resistance .than & p-channel device of coaparable



geometpy, and thefefore;n~ohannel FET*!s are usually used
when low registance with ﬂinimumioapaciténce 1s désiredo
The TIS-41 symmetrical n-channel JFET has a source-drain ON
resistance of less than 25 ohms Whén'the gate-source voltl-
age Vgs_is zero. 4As Vgs'is mad.e more negative, the reslst-
.énce inc:eases to ah OFF résisﬂaﬂee of several hundred
megohms at Vyo* =10 volts. Thus the 0 and -3 volt logic
1evels must be converted to at least -10 Volhs and O volts
at ﬁhé gate to drive fhe FET into the apoprovpriaste states.
‘Because 1arge-1@gi§ slgnal swings: are requlred to drive the
JFET, stendard low-level integrated~circuit loglc cilrcults
cannot be used as drivers. Inte egr rated-circuit FET driveré
_éapable bf thege large level swings are presently quite
ex?énsivea To keep MDAC cost at a minimunm, discrete colm-=

ponent dWiver%'wewe therefore used.

, ﬁlthOUu a shunt traasistor in the most sigLificant

bits (Fig. 3c), ﬁne voWUa e at the source of the JFET would
follow the analog vmnut volt tage when the. F ﬁés in the OFF
statee since the gate must always be held at least 10 volts

neg ative with respect to.the source and draiﬁgraﬁ analog

input of -10 volts would mean that the gate OFF drive volﬁ%
aée would have to be more negauive Tthan ~20 volts.. Because
the nega i#e pover supply voltege in the analog computer Ls
only =15 %olts, the source of the FET must bé-grounded when

the FET is turned off. For this reason, shunt transistors



are provided in'the most~signifioant-bit‘JFET swibtches (if
JFET's were used in lower bits, where the T-networks reduce
the analog swing at the source to below -5 volts when the
';swiﬁch if off, the'shu ting transistor would not be necess-
ary ).
| The use of a shunt transistor has. other USGLul
é@vant ages in additlion to insuring sufficlent OFF gate volt-
age. A common problem in JFET series voltage switches 1s
that at high analog signal frequencles the gate-source and
-gate-drain capacitances (Fig. 4) provide a path for the
analog signal 4o pass into the amplifier summing junction
even when the FET is turned off. Grounding the FET sources
eliminates thebpossibility of caﬂacitive feedthrough from
~10 volt analog voltage swing at the source when the

switeh is OF?e

2n additional advantege of the shunt transistor is
the possibility of partial compensation of the FET switching
lSpikeSg If a NEN traQSLubor is used as the shunt t?ansistors
thé polarity of its base drive voltage causes switching
épikes complementary to those of the FET,

Bécause ﬁhe swltching spilkes due to the JFET and %0
“other capacitances in the circuit are nmuch larger'than the
comolement gyry spikes ofvthe H?N'transistor, some additional
spike compensation must be included. If no additional com-

[}

pensation were used, switching spikes on the érder of 3 to
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4 volts for each JFET switch and 1 volt for each MOSFET
swltch could be possibleg Tﬁese splkes would add, so'thati
actual overldading of the output amplifier would be possible -
for worst-case swltching.
| Switching-spike coapensation is accomplisned byn
feeding Jinverted splkes to the éumming Junction of the oper-
a&ional amplifier through a differentiating capacitor from
the first gate drive stage. ‘The inverter'stage d@lay'is
short‘cdmparéd to the duration of the switching spikes, so
jthat'the majér portion of'theAspikes can be elffectively
cancelled by selectlion of an appropriéte value for this:
compensating éapacitora
The c¢ircult of thé complete JFPET switch is shown inr
Fig. 5. One inverter provides the drilve for-the shunt
tr&nsiétor, and two stages provide the O znd ~-10 volt gate
drive for the FEI. Operatlon of the switch in the OFF and

ON states 1s described helow,

OFF 3State

With'the logic input at grqund, the analog signal
_current is routed to ground rather than to the summing
Junetion. Transistors Ql and QB are saturated, vroviding
approximateiy -13 voltsbat the gate of the JFET Q4 to turn
it OFF, Diode Dy is reverse biased, and dlodes Dy and Dg
are conducting. Diodes Dy, Qéy and Dz supply +0.7 volts

-,
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to the base of Qo to hold 1t in the saturated state; and
Ry provides the necessary base and diode current. Dj is

a germanlium diode, while Dy and D3 are silicon.

ON State
i L’“ﬁith»the 1ogic input at -3 volts, the analog siganal
currentris rguted to the summing juncﬁion, ahd the shunting
switoh is open. To turn the FET ON, diode D5 is placed in
SGPL@B u1oq the gate, and the collector of Q3 1s then driv-
en to anj voltage areater than zero. Th@ low 1eakage diode
Db beeomeg back biased and the gate voltage remains at '
ZEero yoltso The addition of Dg by itself would:éause turné
on swiiéhing.time to be greatly increased because the gaﬁe
woﬁld have to charge entirely through the gaﬁe»source and
gaﬁe~dfain capacitances during turn on. To correct this
»probiém, RT must_be added as a low=-impedance path from the
gate ﬁovgroundo R7 1s chosen experl mentally to glve the
desired'turnmon timee

'in the ON staﬁe9 transistors Ql and. Qj'are OFF§
The célleétor voltage of QB 18 +0.7 volt, and the gate volt-
age of QgiiS'O volts. Rg can be very large, since its only
pufpoéé'is to provide current to hold D7 slightlyvforward
biased when the FET 1s on. Resistor Ry acts as a pull down
resistor to turn Qp off, and diode Dj clamps @he Q2 base
voltage at «0.7 volt to protect the base

The values of Ry through RB are calculated using
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worst~¢ase deglgn equations, assuming resistor tolerances
of 15% and Dower supply tolerance of 1%. . Worst-case logic
inputs'are-a ggumed to be «OWB volts and ~3.2 volts. Caﬁac*
 itor C4 is a speed-up capacitor selected experimentally.

G, 1s the FET switching spike compensation capaoibor;which
is also determined experimentally. Because saturated tran-
sistor switching is used, the 15 volt powef supply leads
arevfilteredvto isolatevthe MDAC transients from the analog
supply.

Impedance 1evels in the switch are chosen 1to give
drive signal trénsition'timesvéf approximately 1 micro-
second as a tradeoff between sWitching splkes ahd settling'
time. Note that extremely fast switching times are not
deéirable beoause‘of the larger switching spikes created by
fast drive signals in FET's. Slower drive signals ,re, of
course, not tolerable in wview of the 250 Khz maximum- data
output rate of the dl‘i al computer interface.

Power dissipation in the switoh~driving circuits
is an important considerétion, gince excess dissipation in
the MDAC cean lead to temperature drift. No current is
- Qravn at the driver-circuit inputs whén the suitch is ON
(digital 1ﬂDUu at -3 volts), and approximately 3.5 mA is
required when the switch is OFF (dlgltal input at ground).
Power sunaly drain in tne O state is-only 1.05 mA from
415 volts and 2.18 mA from -15 volts, and drain in the OFF

2

state is 1.1 mA from +15 volts and 4m5 mA from =15 volts.
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Fig. 5. JFET Switch Circult Schematic Diagram
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The MOSFET Switch

lar to the JFET switche.

}.J-

The MOSFET switch is sim
The gate drive voltage, however, swings from +8 volts in
the ON state to -6 wolts in the OFF state.

The 882012 operates in both the depletion and en-
hencement modese The maximum ON resistance is 250 Qbmé
for a gate»%o~sourge,voitage of greater than +5 voltse.

Measurements of Ry, versus V85 Tor the 552012 in.the labor-

atory indicatved that the rate of change of Rds‘with VUS
. <o

~decreases as V is increaged. For this reason, it is

g9
desirable to operate the MOSFET at a gate voltage larger

then +5 volts in the ON state. A Vgs nmore negative than

-5 volts insures depletion of the channel and turns Lhe
device off.

The circult schematic of the complete MOSFET switch
is shown in Fig. 6. Modification of the JFET switch to -
.accomodate a MOSFET is accomplished by répiacing D6, RS’-

and D7 with R respectively. R.. is tied to

, R
9’ "0’ 11

-15 volts rather than to ground. Dy and R7 are eliminated.
a

oxrm

and R

10 @nd Rqq

at the gate to set the +8 volt bilas. In the OFF state, Q3

)

In the ON state, R voltage divider

saturates and thus oparallels Ry with Rll to bring Vgs to
~6 volts.

The NPN shunt transistor is necessary in the

MOSFET switeh for a different reason from that for the

JFET switch. The ON resistance of MOS devices increases
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as the square root of source-substrate voltage Vsb_(Sthid

1968). To eliminate variations in R, with Vg, the 582012

on
is constructed with the source shorted'to'the_substrateQ
While this improves ON resistance behavior, 1t also creates
a p-n junctlon between the source (substrate) and drain. |
Thus, wheﬁ'the MOSFET is turned OFF, the source voltage
nust not be allowed to become more than about 200 mv. posi-
tive with respect to the drain. It if does,}ﬁhe junction
ﬁill.bébome forward biased. -

Worst~case design was again used to calculate
registor vélues, assuming the same worst-case parameters
as for the JFET switch. Capacitors were chosen experiment-
ally. - |

Power supply drain- of the MOSFETAswitch in the ON
state is 1.95 mA from +15-volts and-3°25 mA Trom -15 volﬁsy
and~éfain in the OFF state is 4.1 md from +15 vbits and

8 md from -15 volts. GCurrent required at the switeh input -

is zero when at -3 volts and 4.1 mA when at ground.
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33



FRROR - ATALYSIS

Calibrating the MDAC whlle it is in the computer
Undef actual operaiing conditions allows essgentially com-
plete compensation of resistor tolerance and switch resis.-
'fance varlations Tor a glven set of environmental conditions
and-for a glven analog input ﬁoltage. For these particular
condlitlions, because offset voltage error islv ero, the
oﬁly-femaining static error is due to leakage currents.
A change in environmental conditions or veriations in the
anaiog input voltage can, however, cause errors. In addl-
tioh, dynamlc errors caused by the unavoidable capaci-
tances inifhe MDAC circult become very significant as the
analog signal Trequency incréases°

To insure 12-Dit resolution, the worst-case static
”feSOlUblon error for any possible switch combinatlion should
be less than or equal to one-half the least signlficant bit
(LSB)e. Worst-case errors in resolution occur near dl gltal
zero crossing, where all switches change state. For a 1l2-
bit MDAC, the . u@uaW allowable non-monotonic, static binary
error 1s thevefore % LSB = 1/(2)12 2 0.0244% of helf scale.
Dynamic errors in the analog tput VOWUQAO caused by
capacltences in the gystem must bring the total error ©o
less than Oolﬁ:at-a comwuting frequency of 10 Khz to meet
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The effect of a variation or error in the impedaﬁée
of'one4paftieular component of a.particular.bit-on overall
output error can beifbund by differentiating the expression
for MDAC output voltage with respect to the component in
guestions .Assuming the nobation for each component that is
shovn in Fig. 2, with T-networks in all but the 3 most sig-
nificant bits, thé‘éutﬁut error caused by changes in the
impedance of any glven component may be expressed as pef
cent of half scale change in output voltage for a per cenl
change in thé impedance of the given component. The result-
ing eXpressioﬁs are summarized in Teble III for each com=-
ponént_in the MDAC network. These relations will be used’
to‘relate the effect‘éf various errors o overall output

errore.

Errors Caused by Inout Voltage'Varia%ibn
The channel resistance of both junctlion and ¥MOS
typé field effect trensistors varies as a functlon of drain
currént in the device. Time-varying values of current
thro@gh the non-zero switch resistance cause the drain~-to-
source. voltage to vary. This in turn causes variations in
gatefto—SOurce voltage and chennel resistance, since FET

ON resistance is a Tunction of Vgse



Tﬂole ILL Output Error Caused By Impedaance
Error Ia Ay leoa Component

,(Component notation corresponds to Fig. 2)

Component
(nth bit)

7 eyror (of half scale) in MDAC oubpul voltage
% change in impedance of component

Ry

R .

P

7 n=l, 2

o+l
+(Rq 5/10K)
'+(Rp0/lOK)
+(Rgp/10K)
~(2)"** (R /10K)
-(2)"2 (R /10K)

T\T’)

()" Qn(hc_/loK-

' ' (Ro Ry ) .
-(2)“n~{1~ "2n’ s J

2“(10K)
_.,(2)"’1'1 F—l Plﬂ J( R2n

- 22 (10K) 2n
_”_ R. |/ R
. _5(2)“3(1' T - 1n ( ASI’l
ot (10K 2 Rgni‘n sn

' R, (R +R )
%(2)~2n In*""2n" "sn
R, (10K)

Ho) RlnRyd(Rzp'Rsx)
| | (RyFR ) (10K) |
L(2)~2n Rlann(R?%+Ron)
- I
| (Ryp#R_ )7 (10K) |
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The channel resistance of a junction FET biased
near zero gate-to-source voltage 1s given (Shipley 1964) by
e ,
» ’ .Rds ‘
fas 7T ' '

is the value of channel resistance when vgg=o

%
where Rds

and Vp is the pinchoff voltage of the JFET. Differentiation

of this expression with respect to V shows that the per

£S
cent chenge in channel resistance for a small change in Vés
is given by

LRy ;&Vés

T

Eds : Vb ..

Since the maximum Rge of the TISAL is 25 obms, the maximum
th

variation in Vgg in the n" bit for a *10 volt analog in-
put is £(2) ™™ (25a¥). Assuming e minimum pinchoff voltage

of 4 volts, the maximum per cent varliation in switch resist-
ance is L(2) ™(0.625%) of total switch resistance, or
2(2)™(0.156) ohms. From the expressions in Table III,this
‘results in a maximum output error ofA30560156% of half

scale for bit 0, ¥0.00039% for bit 1, +0.0001% for Dbit.

2, and iess than +0.00004% total for bits 4 and 5.

- MOSEFET channel resistance varies in a more compléx_
manner then does JFET resistance (Schmid 1968). Reslstance
of the S82012 varies less than 2%/mA of drain current for
gate bias voltages greaﬁer than 6 volts.. The worst-case

. A
change in Ry, for the nthipit switeh is,. therefore, given

by (2)™(4%), or (10/2%) ohms. Output error is less than



70.000031% of. half scale, because the MOSFET is used only
in the 1ov~0fder bitse -

Assuming that all bit re°1st@nco are’calibrated_at
oﬁe'analog voltage extreme (+lO‘voltS'or =10.volts), the
worst-case outpult error occurs when the analog input X is
at the opposi%e extreme. Blt O is driven by X, aﬁd all
'other'bifs are driven by -X. The error due to bit O is
therefore twice as great, and the error due to all bther
bits-isfzsroo, Haximum worst;oase putput error in the MDAC
‘due to analog input variations is .00312% of half scales.

| In addition to input~currént variation; the S52012 -
MOSFET OF resistence varies with the drive voltage ng, 
and tnereiore with power—sqpply arifts vVariation in RdSA

is‘1ess>than'20%-per<volt chenge in V., for v 6 volilse

€8 gs
Assuming vower supply regulation of 1%, worst»case.change
in Vgg 1s less than 100 mV, and hence Ry4 changes by less

than 2% (of 5 ohms). Total output error for bits 5 through

I_J

1 18 1less than .00074% of helf scale. Because the gate
drives'of the junction FET's used in the most significant

o

:round when they are in the 0N state, povwer-

Lok

bits are &
supply variations have no effect on the switch resistance

of the first five bits. The large reslistance variatlions in

the MOSFET switches

s although they have little effect on.
output - error when used in the lower bits, are another
significant reason why the HOSFET was not used for the

most significant bits of the HDAC.



The preclsion resistors employed in the MDAC de=-
coder network have a maximum voltage coefficlent of 5
ppn/volt. Worst-case output error occurs when bit O is

at one analog voltage extreme, and all other bits are at

)

the other, Transfer impedances of th
constructed from two resistors per bit ratner than one,
and the maxlaun voltage across ahy precision resistor in
the MDAC is thus 5 volts. Worst-case output error. is,
therefore, io;005% of half scale,

Total worat-case output error in thne MDAZ due to
analog input variations and power=supply drift for both
the switch resistances and the blt network resistors is

0,00886%, or 0.182 LSB,

Leskape~Current Arror

~ Output-voltage error due to leakage curreat is

equal to the feedback resistance (10K ohms) . times the sunm

of all lsaxsgce currents. In the O state, output error is

q

caused by collector lea

I

first 3 bits were

Rage In tne snunt transistor and by

39

gate leakaze .in the FET., In the OFF state, error is caused

4

by I

b
&3

T zate cutoff current. Because the collector-to-

enltter voltage of the cutoff NPN transistor is never more

than 25 @V, collector leakage of the 283904 was less than

0]

40 picoamperes at 25°C in all cases measured. Specified

v, . -—O .
maxlmum gate leakage at 25°C 18 0.2 nanoanperes for the

JFET and 1 picoampere for the HO3FET., Léalkase currents of
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both the JFET and the shunt traanslistor double with every
10°¢ of tunporature increase, Because the drain 1s grounded -
in ‘the OFF stabe,_drain—tomgoufoe cutoff current of the FET
is negligiblé coﬁpared to géte cutoff current. Assuming &
maximum.operating temxperature of 4000, worst~caée total out-
put voltage error due to'leak-ge currents in all bits 1is
iess than 50 pV.

Soecisl care must be taken to remove all excess
older flux Tron prlntodm"ircult boards when constructing
accurﬁte'analog oirouits_such.&s a MDAC, If excess flux
is not‘properlj removed,_it.can produce leakage current
errbrs ldﬁ"or than those due to the transistor leakage
current éh

. EBrrors Caused by Temperature Drift
ol Hetworx Impedances '

A significant error in the MDAC is'that caused by
variations'in switch resistances, potentiometer resis-
tances, and‘precision reslistor values as a function of
temperature., Although precision resistors with small
t;mperature coefficients =2re used, the small varlatlion
can be quiﬁe signiflcant., “hile sﬁitch and trimmerv
‘resistances have §maller absolute Values; they have much
larger te ature coeflicients than the Pixed resistors, -

Fortunately, because most of the error is due to the first

o

-

few bita,'tempérabure error can be minlmized by careful

silgn- of ta° cnannelo Tor these bits



Because the effect .on output error of the ntl-bit

(2)~2n

switch resistunce varles as s, the error caused by.

the switch in bit O exceeds the sum of the errors in all
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othef bits. Torminimize output error, therefore, the JFET

in bit O 1is sal cted for an ON resistance of less than
-20 ohms,. |

Since temmer“turOeri¢t effects 1in the switches of

bits 1 to 11 tend to partlally cancel the drift of the

switch of bit 0 (WﬂLCh has an analog input of opposite
polarity), ﬁﬁe worst-case output switcnh-drift srror occurs
'when Oﬁlj bit O is ON and has maximum drift.

The TIZ41 has a temperature coefficient of +O°653/
to 0.7%/°C. As a conservuative estimate, the 352012 HMO3FET
is assuged,Afor purpdses of worst-case anulysis, to have
a minlimum teaperature coefficient of_Oolﬁ 90, Using the
relations of Table III, the maximum output voltage drift
(in per cent ofihalf scale) due to bit O switech drift is
+090014£/OC; and the minigum outout drift due to bits 1
through 11 is =0.000375%/°C. The worst-case output drift
ié theréfore +0.029 L53/°C, At diglital zero croésing (whe
all switéhes.chanée state), waere ﬁemper&ture drift is mos
likely to effect MDAC monotoniéity, worst-cage drift is
+0,0212 L33/°¢, - |
| Over.the temperature range under conslderation, th

carpon trimmers have o negative temperature coefficlent of

°g

n

L

e
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-600 ppm/oc,maximum; and the wirewound trimmers have a
negative coefficient of =50 ppm/°C maximum, The worst-
cése triamer drift corresponding to Qorst»ouse FPET drift -
oceurs when blts 1 and 2 have maximun drift and all other
'trimmers are at zero. utput drift causedvby.the trimmers
for this éase 18 +0.0000947%/°C, bringing the total worst- .
‘cése output temperature drift due to trimmers and switches
to +0,031 LS53/°C and the total meximuam drift in resolution
at digitgl zero crossing to +0.023 L3B/CC.

The_dtner extreﬁe case exlsts when FE ldrift.is
mimimum in bit 0 and maximua in all other bits, and when
trimmef drift is zero in bits 1 and 2 and zaxlianum in all
other blts.  For this case, worst-case output drift due té
all switches 2nd trilmmers is -0.029 L33/°9C; but maximun
drift in résolution at digital zero crossing 13 less than
;OQOlFLSB/OCQ -Most of the‘error for this case comnes from
trimmer drift rather than from FET resistance drift.

Nbrét;case output errorbdue to the temperature
cosefficients of the fixed metalwfilm_resisbors occurs wnsan
blt zero has maximum variation in one dlrection, and-allA
other bits>haﬁe maxliaunm variation in the opposite direc-
tion.. For 250 ppmn/OC resistors, this could cause an out-
put voltage drift error of ¥0.01%/°C, or approximately
1/5 L33/9G, Thls would mean that, even with zero switch
error; 12-bit resolution could be guaranteed over less than

“a *2,5°C teaperature ranze,
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In actuai fact, most of the error in MDAC's occurs
In the first few bits, so that good'temperature tracking
of impedences in thése bits would eliminabe most of the
tempepature error. A measured sample of the particular
type of metal-film resistors used was found to have posgi-
tive temperature coefficlents in all cases over the range
of 25°C to éOOC,vthereby reducing the range §f<possiﬁie
ﬁémperature coefficiénts by a factor of two and reduclng
the worst~case out@ut drift to 1/10 18B/°C.  Purthermore,
resistorslof values differing by less than an order'oﬁ
magnitude had simllar tempersature coefficients in most
oasés9 For this reason, the first 3 bits were constrgcﬁed
from resistors of values»ﬁarying by less than one order of
magnitude in order +to minimize drift in these.bitso Be~
cause,of the temperatﬁre-traoking propervies jusﬁ de=
. scribed, the normal expected error due to fixed resistors
should be on the order of 1/20 LSB/°C.

The temperature drifts of the precision resistors
are thergfeatest_potential source of error in a high-
resolutr"ioﬁ“MDAGc Deslgn under worst-case goﬁditions would
. requiré temperature tracking of oniy a féﬁ ppﬁ/oﬂ» for good
temperétufe s£abi11ty; If & MDAC is to be used where tem-
peratu?e conditions are nof closely controiléd, a slngle-
package metal-filn resistahce netvork, and préferably a

ladder network, should probably be used.
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Total worst-case temperature drift due to all

temperature coefficients is ¥0.133 LSB/°C. Normal temper-

ature drift.is much lower than that indicated by worst-case:
analysise. Results of tempernture testing of the MDAC. = . .
showed a drift of less than 10,02 LSB/OC with all

svit caes OW

\

- High-Frequency Errors and Egualization

“Unavoidable capacitances in the MDAC resisﬁof_net—
work can lead to phase-~shiftl errors at»the output for high
'frequenoy:analog imputs. Fortunately, combensatlnr tech~
ﬁiques;aré évailable to reduce this errore.

‘Fixed precislion reslsvors have capacitanéesiassocia~
.ted,with them.. For this réason,'the impedance level was
1nm'*ed to' 10K ohms, and the maximum reSLSuow used was
limiteﬁ_to 40.2K ohms.

;’FETante—to~source-and gate-to-drain capacitances

s °

also presént problems. Whenva FET is in the ON state?’the
equivaienﬁ capacitance from source to drai@ and from éoucre
to ground'caﬁse reduction in freqguency resoonse ol the de~
vice. Th*s error is worse for JFE T's than for MODFE”S

because Qf ihe larger junction capacitances iﬁ‘JFET’SQ

»‘Another source of capacltance (and ﬁndbcténce) is

thé'wiréQOund t“1mmers us ed in the ffrot Laree b’bSe  This
-capacitahoe-and induotance varies with the trimmer settinge

Because of thelr poor freguency response, the trimmers are
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limited to a maximum of 2% of the total transfer impedance.
in bit O and 2.5% in bits 1 and 2.

Simple'freguency~regponse equalization technidgues
may be used to minimize output phase-shift error if desireds
" The feedbackvresistanée.of the operationél-amplifier is.
split into two 5X resistors. Phase~shift errop may be min-
imized by inserting a capacitor from the center of the feed-
back resistance to ground (Fig° 2). This caﬁaoitor is
chosen experimentally and has a value of 10pF.to 20 pF.-
When equalization is used, the total MDAC dynamic erfor is
less than O, 1ﬁ of half scale at computln" frequencies of

10 Khz (rl . 12a),

Errorsg Caused by Switching Svikes

The gate-to-drain junction capa cltences of field.
effect transistors cause current solkes at the summing
Junetion wheq the FET 1s switched. The resulting output
volzagé spikes are not importent in many high-speed hybrid

computations, where MDAC's are most commonly used to change

g

arameters in the RESET perliod betwesn analog=-computer runs.
Swilitching-spike error would only .come into consideration
when switching is to occur many times during a computer run
and when splke errors might integrate into cumulative:errorso
Even when used in these %DDll ions, the errbrsﬂoauséd by

gwitching snlkes are usually ne~71gible because of the.

excremely short duration of the splkes. ' S
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Capacltors used to reduce switching spikes are
inserted at the sumalng Junction rather than at the source
of each FET to minimize thelir effect on frequency response,
Because thé maxiaum voltage swing at the summing Junction
is ¥100 uV, the frequencymresponse'error caused by the 55 pF
equivalent capacitance of splke-compensating capacitors at

the sumnming jﬁnction is less than 3.5 pv at 10 Knz,



CONSTRUCTION, TESTING, AND RESULTS

Each MDAC is mounted on two 2 7/8 in. by 9 in.
pr1ated ciroult cafds, with the power-supply filters and
five most significant bits on one card, and with the seven
least significant bits on the othefe Separate digital and
analog ground planes are utilized to prevent digltal noise
on the analog'-ground9 to prevent high current flow in thé
analog ground, and to minimize resistance in the analog
ground. Too much resistance In the analog ground couid
cause potential variation along the ground plane which
would lead %o errors in binary weighti of the transfer
impedances in tne bits using P-networks. Both power sup-
p11es re filtered with DL~netwook filters to keep the
switch-transients avay from the LOCUST power supply.

Tae two MDAC cords mount in a 3"x10"x1" shielded
can uﬁich plugs directly into the LOCUST analog patchbaye.
This eliminates all analog wiring between. the paltchbay and
the ﬁDA . The can is a modified version of the 2"x10"x1"

" can used for~0ther LOCUST computing‘eleménts (Conant 1967),
with analo gnal and power supply-inputs at one end of the
can, and a 12+pin connector for the 12 digltal-signal lines
at thé other end. Trimmer potentiometeré are mounted so
that they may be adjusted externsally for calibrabtion .of bié
nary weignlting after the MDAC is in place in the computers

4

_\'l
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The fully sssembled MDAC ig shown in Fig. T. The
operational aﬁplifier 18 not included in the MDAC can, but
1t is patched externally'on the analoé patbtchbay and is thus
avallable for other uses when MDAC's are not in operation.
The feedback netvork, however, is included in the MDAQ carde
'A fuse is placed in the amplifier input lead (G*P) to:proteét
the switches in the event of erroneous pauchlng; Bécause
the fuse is lnsxde the amplifier 1eodback 1001)9 its re81stu
ance causes negligiole error. &nalog pa thg on the LOCUnT
patchbéy 1s shown in Fig. 8. Two analo gvin?gtsg TKA-and
-XA, aré required, and an uncommitted amglifiér 1s patched
externélly“w th its summing Jjunction at G' aﬁd its output
at 0. Four MDAC chennels are 1ncluded in the LOGUST

system.

Calibration

CaWLoraulon of the MDAC is done Aith the device
installed in the~computero Either a #10 volt or a -10 volt
input is applied to both the X and -X inputs on the analog
patchbay. Calibratlion of binary welghlting Droceeds_from ,
theileast significent blt to the most significant bit. |
To calibrate a glven bit, the.digitel input is switched
repeatedly from a digital "1" in the bit to be calibrated
to digital "1"'s in all less significant bits. A11 other
bits are at digital "0%. The difference in EDAG output

ol

<

age for the two digitsal numbers should be 1 LSB, or

ok

4,9 mv., in all cases. The calibrating procedure thus
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consisﬁs of adjusting the trimmer in that bit untlil the
correct voltage difference ls obtained. :
| After-binary wéighting has been calibrated, the
Teedback resistor is matched to the resistance of the first
bite The feedback resistor is chosen by vatching the feed-
back resistance which is to.be teste@ Trom the amplifier
output'0~to'the summing Jjunction G, with O' open circulted.
The digital state of the MDAC is set to octal 4000, The |
feédbadk~resistance is then selected or padded to.obltain
~exactly #10 volts at tﬁe emplifier output for -10 volts at
the +X analog inputs |

When static weighting and accufaoy nave been'oaliw
brated, dynamic error can be minimized by using one of the
summing amplifiers in the analog computer as in Fige 9.

For an input of 10 sin wt, the summing amplifier output
yields a convenlent measure of dynamlc error. Dynamlc error
1s_minihized by selecting the capacltor C; from ground to
the center of the feedback registance (Flg. 2) so that the
oﬁtpu% of the sumnming amplifier at 10 Xhz has minimum magnl-
tude variation from the output megnitude at 10 hz. Digital
input to the MDAC is octal 3777. Because the output fre-
quéncy response abt octal 4000 is similar to that at 3777,
this procedure also provides frequency response compensatlon

for it O.
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Fig. 8. MDAC Terminals On LOCUST Analog Péatchbay

| X
(MDAC | Xout |

10sin wt X ,J3777) | error

Fig. 9. Circuit For Measuring MDAC Dynamic Error



51

Digital Switching Characteristics

Switching delay for both the JFET and MOSFET Switch
is less than 40’ﬂseéo Settling time (to within 0.025% of
half scale) at the MDAC output is lesgs than 5 psec with
all switcheé'changing staﬁe, and worst-case rise and fall
times when sﬁitched Between +10 volts and ~10 volts are
‘lesé then 1.5 Jisece |

' Figure 10 shows the MDAG output for a 10 volt dece
“gnalog input with digital states switching between octal
AOOO and 3777 as an illustration of worst-case rise and
fall time. Outputb voltége’plus transient splkes remain
less than 21005 volts, so that the operational amplifier
oanhot.qverload_because of switching spikes.

Figure Llla shows the switching spiles at the MDAC
output for a typlcal JFET switch. The upper trace ;s the
output voltage with XAIO, and the lower trace 1s the digli-
tal drive signal at the switch input. The transient at
the left is the turn-on-splke, while the @urn»off Spiké
appéars_at the right. Figure 1llb shows swi?ghihg splkes
for a ﬁypical MOBFLT gwitch, and Fig. 1lc_shéﬁs Worst-case
switehing spikes Qccuring when all 12 switches change states.

. . . s b o
The vorst~case switching spike isg =2.8 volts.

“Dimamic Characteristics

T Figure l1l2a shows MDAC dynamic error as a functlion

of.frequency for digital states 4000, 3777, and 0000 with



Vertical scale: 5 volts/cm
Horizontal scale: 5 paec/cm

10. Digital Switching Characteristics



Vertical scale: 0.5 wvolts/an
Horizantal scale: 1 nsec/an

Vertical scale: 0.5 volts/cm
Horizontal scale: 1 “sec/cm

(b)

Fig. 11, MAC Switching Spikes
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Vertical scale: 2 volts/cm
Horizontal scale: 1 /jsec/cm

(c)

Fig. 11, Continued. MDAC Switching Spikes
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frequency response equallzation of the feedback lmpedance.
Total error is within the LOCUST gpecification of 0.1% at
10 Xhz. Error is shown in per cent of half-scale for an
analog input of 10 sin wi. Error at 0000 1s ceused by
feedthrough in capacitence of the MDAC circuit card.

_Figﬁre 12b shows MDAC dynamic efror for.digital
states AOQO and 3777 when the frequency response equalizing
'capaoitor is not used. Error is 0.4% at 10 Khz.for. the
uncompensated case. In compariSOn; the phaseéshift error
of the LOCUST operational amplifier when used as a uniﬁy;
gain phase inverter with 10K ohm impedances is 0.15% at
10 Khz (Conant 1967). |

Small signal frequency response of the MDAC is
shovn in Fig. 13 for digital stabtes 4000 emc’l.????a Meas~
urements were made using an analog input of 0.1 sin Who.
Frequency resmoqse is 3 db, down abt 1.5 thy.yﬁilé.fre;
duency response of the LOCUST operational amplifier in a
10K unity gain inverter is 3 db. down at 4.5 Mhz (Conant
1967 ) o

Temperature drift of binary resolution was measured

Tom . 2500 to 45°C for the worst-case state of octal 7777,
(a1l switches OF ) with sn analog reference of +10 volise
Drift was less than 0.02 LSB/OC over the 20°C temperature

renge. | SR S e
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MDAC analog output response to a fast-rise-time %10

volt sguare wave applied to the gnalog input from a low

impedance source, with the MDAC in digital state 3777, had
a rise ﬁime of less then 2 microseconds, an overshoot of 7%,
and a settling time (within 0.1%) of approximately 4 micro-
seconds.

The upper trace of Fig. 14 shows the MDAC output
for & 10 volt, 10 Khz. sine wave at the analog input multi-
:pliéd by. a digitally-generated famp,operating at maximum
PDP-9 output speed. The lower trace shows MDAC output for
the same 10 Khz. analog inpubt with slowly-stepped digltal
attenuation. A “

Figure 16 shows MDAG output for a 10 volt d.c.
analog inout with.digital steps from 7773 to 0005, illus-.
Ctrating MDAC monotonicity as the digital input oﬁanges sign

and all switches change state.



érror, percent of half scale

error, percent of half scale
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Fig, 12. (&) MDAC Dynamic Error With Frequency

Egualization and () Dynamic Error
Without Frequency Equalization
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Flg. 13, MDAC Small-signal Frequency Response



Vertical scale: 10 volta/an
Horizantal scale: 2 msec/an

Fig, 14. M2AC Cperation at Carpubter Speed

rT

Vertical scale: 20 nV/an
Horizantal scale: 10 msec/an

Fig. 1S M¥PC Resolution Near Digital Zero
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