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ABSTRACT

vThis' paper describes the design and fesf‘ing of a high;speed, 12-bit

mulﬁplvyingrdigifu[-—i‘o—analog converter intended for uée in wirdeband hybrid com=- -
~putation. The circuit features a calibration~free bit switch employing an opera=
tional amplifier feedback loop to reduce switch ferard resistance . Widgband
operaf_ion&l amplifiers and low network impedances enhance operation at high
'Frequencries, The multiplying digital-to-analog converter is capable of rﬁ_ulfipl'ying
an analog siénql by a digital number wi‘fh a static orccumcy'omc 0.025 per cent of |
‘half scale and a dynamic accuracy of 0.1 per cent of half scale for a £10 volt

- .qnc:log input sinewave at 20 kiloHertz . Settling time for digffd[uinpuf changes is

5 microseconds to within 0.025 per cent.

vii



INTRODUCTION

~ This paper. deﬁcribes the deYel?}ameni' of Cl‘ \N‘Edebdnd 12-bit multiplying

digital=to~analog converter (MDAC) with a minimufn <_$'F caiibrﬁzﬁén r’equJErermérrwso |

An MDAC produces an output vé!fdge proportional to the pro'dUci“roF a -
(possibly time variable) analog input voltage and a digital numbéro The digimlr
-nunr:!.ber determines -fhe settings ‘of‘n' bit switches and thus the attenuation of?:; »
decoder network. To obtain good analog=input bandwidth, it is des»irdbrle to
‘employ low resistances in the decoder network; but this makes the forward resis=
fances of the electronic bit switches comparable fo the network resistances and.
thus produces errors and /or the need for frequent reca!?bmﬁon‘,

The approach to this problem faken here is that of Korn, 1972, viz.
to place each Bii"swifch inside ‘i'h.e feedback loop of an operational amplifier to
réduce the sw'ifc:h_ forward resis‘mnce-e. This Techniqué requires one qmpliffer per
bit plus an output summing amplifier, If four-quadrant mulﬁp!icaﬁon is desired,

one more amplifier is required to invert the input signal.



Table 1. 12-Bit MDAC Specifications -

'Ana‘log‘ input voltage " 10 volts
Digital logic input levels

~ON state - o +2.4 volts minimum

OFF state o +0.6 volts maximum
Sfaﬁé accuracy (% of half scale) ~0,025% *1/4 LSB
Dynamic accuracy (% of half scale) | 0.1% at 20 kHz

Switching speed ..

| delay 20 ns

rise time 140 ns

settling time (within 0.025%) 7 - 1000 ns

Ovutput error temperature drift

worst case A i0.572_ LSB/°c
typical (measured) 0.25 LSB/°C
Worst case sw'ifching spikes _ +3.0 volts (no output amplifier

overloads are caused by worst=.
case switching spikes)

Power supply requirements - o £15 volts
Power supply regulation - _ 1%
Worst case power supply drain ‘ - 356 mA from +15 volts

310 mA from -15 volts .
Maximum MDAC power dissipation 10.0 watts

Current drain from digital logic o i 0 mA at +3 volis
: ' 1.65 mA at Ovol’rs_

Analog inpui"ir.npedance | 1 kohms minimum



MDAC DESIGN PRINCIPLE |

.Figu‘!‘e 1 shows ‘t‘hé p‘rivn‘ciple of a weighted-resistor MDAC. The nm’Ei’r
decoder i%efwork consists of n b?ndry Weighfed fransfer _impédqnc¢s~.(Korn and. Korn,
- 1972), R, 2R, . . ., an]R as ;hown in Figure' la. Since the high gainand
negative feedback of the: ouf'puf'.drn'pli'fier mdin'rcxin a virtual ground at its input,
the bit currents ﬂowingim‘p the éumming il;tn;fion are binary weighted, with-
| ;XIN/R in the MSB and X]N/Zn—]R in-the LSB. AThe individual bit currents 'clre
switched on or off. depending on whether a digital T or 0 is present at its Iog'iic
input. A digital 2's complement number, Xp = X, '. . Xqr then allows an
' omcslog voltage, Xgoyt, af the dn’ipliﬁer output where
XoUT = X1y Re [Xg/2R - X1/2'R= =X /2" Ry
Figufe 2 shows one of the bit networks of an MDAC employing shunt-

switched T-networks to produce each binary-weighted bit current, This type of .

network permits reasonable resistance values even for the smallest bit currents and

can use a simple single~throw electronic switch grounded at one end.

The é;:eroxfionai amplifier switch designe‘d for this MDAC acts as this
swifchv., In the ON mode, the amplifier is éwifche_d out éf the T-network and the
grounded element of the "T" uses the amplifier input as a virtual ground. In the
OFF mode, the grounded element of the "T" becomes the feedback resistor for the
amplifier, Since there are no summing resistors, the amplifier output is zero thus

effectively grounding the center of the T-network.,

3‘.



Switch ON = 1
Switch OFF =0

X’n-1

Fig. 1. n-Bit Decoder

6 /SHUNT
/ SWITCH

Fig. 2. n— Bit Decoder



THE DECODER NETWORK

In Figure 2, C, is the equivalent capgcitance to ground of the shunt _'_’ o

~ switch when opened. Note that when the switch is closed, the input impedance .

is equal to Rl and the impedance seen by the output amplifiefis RZ . The

'rhinimum input Impedance of the entire decoder network at d.c. is given by |

1

11 T ]

— YA
> wITR
n=1

ZIN =

@

where Ry is the input impedance of the inverter used to drive Bit 0. The minimum

impedance seen by the operational amplifier at d.c. is given byv
. .

—
> ()
n=_0

Zy=

®

Both of these imped‘dnces are minimized when the digital input is equal to
(0 ==+ 0). Since Zjn presents a load on fhé preceding smée or source, the erfor is
nﬁnimized when ZjN is kept as I_drge as possib[eo |

If the operational amplffiér.used for the summing amplifier has a unifymv
gain fre'quency of fs_,l has an open loop gain response in the région around fg of
| ~20 dB per decade, and if stray cépqcifance is neglected, the worst case -3 dB -
“bandwidth of the stming'cmpliﬂér'is given in terms of the feedlyadcrk ratio,
Zgq/(Zs + Za); (Korn and Korn, 1972) as -

- 7 |
Fer =k (m)_ | @)
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b s apparent from Equation 4 that the bandwidth is maximized when the feedback
ratio, Za/(Zf +Z4), is maximized. Since the vaiue of Zg is dictated by fbe _
| MDAC gain, 'Za‘mUSf bé maximized.

The n»f-b- bit curreﬁi’ injected ‘into fh_é surﬁming iuncf,ion is-d‘irecﬂy propor—
tional fo'i*he short circuit transfer impedance of the nib- b-i’rvs'umming .nefwork.
When the switch in Figure 2 is opened, the circuit (without 'Cl‘n) becomes a.

T~network having a transfer impedance given by

RI R2

n

R3

Zy ) = Rl, +RZ_ -+ +Rl, R2, Cp's - (5)

n
The ideal-value for an‘(s) can be found by setting s = 0 yielding
= + + A
an(O) Rln RZn Rln R2n/R3n _ (5a)
Since the output voltage due to the nib- bit is inversely proportional to an(s) as
shown. in E_qudﬁ_on 1, the =3 dB bandwidth of the n:r-h— bit, F,, is the frequency
where s = |21 Forice.

| Zp (120F0) |= 22,00 o (5b)

or where
Rl +R2, +RI, R2,/R3, = | Rl R2, €, i2Fn |-

Dividing by .Rln R2n Cn,27rcmd finding the absolute value results in

o ] 1
Rt et ) e o
RZ_, and R3, as well as C,, should be small. If C, is |

(5¢)
To maximize Fy; Rl,,
- constant -with frequency, its effects can be compensated by capacitor, Cln, in

parallel with Rl of value R3,, C_ /Rl . This forms a "compensated attenuator”

similar to ‘oscilloscope probes. However, due to slight peaking in the response of



the output amplifier, the required value for Cl,, was found to be smaller than

R3 Cn/RL, . For the six less significant bits, Thervqlue.qu negligible i(gess i‘hdr?’ el

4 pF). Because of the small size of Cl_, it was neglected in calculating values -

for the T=networks. The requirements indicated by the preceding equations are .~ .

conflicting; therefore, a compromise must be reached between Equations 2 and 4

on the one hand and Equation 5c on the other.,



OPTIMIZATION OF T-NETWORK IMPEDANCES

Two limitations were placed en the impedance values used in the decoder

néfWQrk, The worst~case input impedance, Z|N, must be 1 kilohm orgreqfer,: and’

the smallest value of resistor used must be 10.1 ohms or greater. The first restric= -

tion pfevenfs excess loading of the preceding stage and restricts the use of Cl,.

The second restriction allows the use of commonly available metal=film resistors

throughout the decoder. This resfricfidh_could be modified if wire~wound resistors. .

or thin film networks were used in the decoder.
A compromise betw_éen reduced output-amplifier feedback (Equation 4)
and reduced MDAC input impedance is achieved by setting Rl = R2,. Neglecting

the inversion of bit 0, the required gain of the n-,r—}l bit is 2 . Therefore,
Rf ~
RT, ¥ R2, + Rl R2,, /%3,

2" | (6)
If RI, ahd R2, are set equal to R (Zn/z) and Ry is set equal to RG (scale factor G

to be determined by the choice of output summing omplifier), Equation 6 is reduced

o | | | |
2R@7%) + 2 @M /R3_=RG (2")

or _ , . . A .
R3 =R/(G - 2]'*“/2) | | @)

Substituting for Rl,, RZ,, -and R3,, in Equation 5¢ yields
FH“WZWRCn - - | (8).



. Choosing a scale factor for Rl and R2, greater than Zn/z-wiil cause d reduci'ion__-if"’

in the bandwidth of the less significant bits, I the scale factor is less than

2n/2

. the value of Z is lowered resulﬂng in a reduction in the bandwidth of the =

summing amphfler as se'en in Equanon 4, |

The value of R is determined by subsfnuhng R(2 / ) for RI“in Equqﬂon:
2, arbifrc&rlly setting Ry equcll to 10 kilohms, cmd sefting ZEN = ] kilohm. This
| y,'i_efds a value of 2.613 l%iiohms for R, |

Using the Burr-—BroWh Modéi. 3400B wideband -operq_fional amplifier and o
the operational amplifier switch described in .succeeding sections of this thesis,
1-her value of G was determined by seﬁ"i_'nngCL in EqUCJHon 4 equal to F in Equ_‘c:i‘"io‘n‘:
8. C, wos me&sured and found to be 19 pic’ofar&ds, and i’he"unify'-gc:in bdndwi‘dfh,‘; |
for is specifie;j by the Qmpliﬁér manufacfurer qs'TOO'mequerfz . This yie[ds o

value of 2.90 for G. Setting Re = RG yields a vclue of 7,582 kilohms For the
R (")

feedback resistor. Using Equation 7 and setting Rl = R2,, = fhe values

for Rln, R2,,; and R3j, were determined and are l.is’red in Table 11.
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Tablé 11, Decoder Network Resistance Values

Rlp (Nka)  R2, (INKka) RS, (N ko)

2,

3

- 10.
14,
. 20,

29.

41

59.

83

118

613

69534
226

.39068 -

452
7814
904

5627

808

1254

616

251

2,613
3.69534
5.226
7.39068

10.452

14.7814
20,904
29.5627
41.808
59.1254
83.616

118.251

2.89829

1.75681
1.37413
1.19073
1.08804

1.02551

- 0.985456

0.958973

0.941091

0.928843

0.920373

0.914477

10



THE OPERATIONAL AMPLIFIER SWITCH

Basic Switch Design

The basic cfrcui’r‘of the operational=amplifier switch is shown in 'Figubk'ef:-:
'3_.,' For ;rhe bit to be ON, ST is opened and S2 is ;:!osed. The e:-qﬁivc:len"r |
Impedqncé to ground, R3' (ON) is found by assuming a voltage, E, at the iunc‘i‘io"n-
of R1, RZ, and R3 calculating the éurrenf I, caused by the presence'.’omC E in fé‘rhs |

of ’rhe amplifier output voltage, V, and gain, -=A RS (ON) is the ratio of E to [

E-V/(A) E-V oa)

1" r3 ROFF

E-V/(-A) |V =V/(A)

et e - (9b)

0=

Equation 9b is found by assuming that the amplifier input current is zero and there~
‘fore the current in R3 is equal to the current in RoN. By solving for V in Equonn :

9b,. substituting it info 9a, and then dividing E by I, R3' (ON) is found to be

R3' (ON) = ] ] (%c)
If the amplifier gain, A, is large compared r‘o'RS/RQN and 1, Equation 9c
reduces to _
R3' (ON) ] T RQ[ 3 — ] _ (10)
B~ TR * 7
| OFF ~A R3" /RN

11



-A
Fig. 3.
Q1
3400B

Q2
Ql,2 TIS41
(33,4,5,6 2N3906
Cl,2 100 pF
C3,4 22 PF
RI,2 18 k-n.

r ON

Basic Operational Amplifier Switch

C3
D3
Q5
Q6|
ca D4
R3,4
R5,6
R7.,8
DI1,2,3,4
L

10 kW
1.5 KA.
8.2 k*
IN4154
(1/6) SN7404

Fig. 4. Complete Operational Amplifier Switch
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K Rio R2a

TO BITS 3 THROUGH 11

Fig. 5. MDAC Circuit
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14 |

Thxs is equxvqlem‘ to three purallel resistors of vczlues R3, ROFF/U + RON/RS),
cmd —A R3 /RON‘ The negdhve value of the third reSis’ror tends to increase
R3' (ON) cis‘compc!red_fo ;R3°' Typical Yq']ues for RoNn: ROFE, c:'nd A are 30 ohm‘s,
- 100 rﬁegohms and 100,000 volis per volt at d.c. These are '}ypical of the Texas |

| lnsf‘rumeﬁfs Model TlS4] cﬁd the Burr=Brown Model 34OOB, Wf‘rh'fhese values and.
a worst case of 2.9 kilohms for R3, the second cmc;| thi'rd ferms in Equation 10 are
99 meéohms and -28,00C mégohms. Ai‘. d.c., bofhb of these are .'faken into account
in the i.niﬁctl_ ad]usfmeﬁf of R3. With increasing Frequency; the value of A
decreases. For the Mode! 34008, the open loop gain is Qpproxfmatgly 100 vohv“sv.'
per volt at 1 megaHertz. This allows the third term in Equation 10 to decrease to .
-28 megohms. This causes R3 to appear 0.01% larger which is negligible compared
to phase shift 'errors in %he output amplifier of over 5% at 1 megaHeriz, |

L If ST s élosed and.S2 opened, the bit is furned OFF. R3' (OFF) is -

found in the same manner as R3' (ON) and is described as

"i

R3' (OFF) = ——— ] an
% "Ron  Fon " >0 )/(A ROF (+z)

Again, assuming A is large compared to 1, Equation 11 reduces to

1

. 12)
T+R R3 _ | (12)
1, OFF/ ™7 1

 R3' (OFF) =

"3 RON, -A R?’Q/ROFF ~

This is equivalent to Three'pérallell resistors of values R3, RON/(1 + ROFF/RS),
and -A RSZ/RO'FF.. Using the fyp-ica.! values given earlier for Ry, Ropp, and A,

“and the value of 29 kilohms for R3, the second and third terms in Equation 12
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Hm"e 0.88 m-l;l!iohms cm&,m8.4 k"i!ol‘nms., .Sincer the de;'ired value for R3! (OFF) 1s o
. zero, there is no practical way fo compensate for these values. However, the |
size of the third term Vin_d'icafes that R3' (OFF)-,s.hou‘ld not increas.e'appr:eciably

with frequency within the useable spectrum. The 0.88 mi”‘i_ohms in Bit 0 causes

“an output error.of 9.8 microvolts at d.c. as.shown below:
O ) A ke o
Eour =EIN (g7 RZ+ R1RZ2/R3' ik

7.58 K
2,61 K + 2.61 K +(2.61 K)>/0.88 ma

Eour =10 (

Eouyr= 9.8 x ]0-6 volts.,

The circuit of ‘1“he complete operafiondl amplifier switch is shown in
Figure 4. Q] and Q2 are the FET's which perform the switching functions of S1

and S2. Q3 and Q4 provide the high level drive required by the FET's. A

standard TTL hex inverter is used to supply inverted logic to Q4.

The ON State

With i’héAlogic input at 2.4 volts minimum, Q4 is on and Q3 is off. ;l'he
éolle;for of Q4 is saturated near the 5 volt suppl;/ Whi‘Ch reverse~biases D2 and
allows R2 to hold Q2 on with Vg5 0. With Q2 on, the amplifier output is within
millivolts of zero, enabling R2 to-maintain Vg at zero. W‘i’rh Q3 turned off, its .
- collector voltage is approximately -415 volts, The current through R1 is absorbed by
‘i"he emitter follower, Q5, thus maintaining approximately -15 v'olfs on the gate Q";

Q1. This results in the Idrgesf possible off resistance of Q1,
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The OFF State

With the logic .inpU’r at 0.4 volts maximum, QSVV xs on and Q4 is oﬂ’ |
‘Since the switch drive circuitry is symmetric, Q1 will be turned or; aﬁd QZ turned
off. With Q2 off, no current flows in the ampl i—fie;r‘feedbdck r_e-esisfor'and fhe>brif
current is shunted to ground by Q1 . Sin;:e no current flows in ’rh‘e feredbdcrk‘ .
resistor, the Qolfcge at the center node of the T-nei'work:equcrils the input offset

‘voltage of the amplifier,

' Tr.c:xnsie‘nvxL Considerations

. The switching=transistor dr'iye ‘circui’rry. was desighed around a 5°Q vglf
supply using silicon PNP fran-sisi'orsa This insured Thci"fhe OFF to ON fransition
6f,i"he FET gate Vglfdge was faster than the ON to OFF %ratwéifion, 50 flnof»fﬁe
cﬁpliﬂ'er always has feedback; this reduces swifchfﬁg_fransienfso Base drive
capacitors, C1 and C2, were added to neutralize the effects of stored chon’gé in
Q3 and Q4. Switching time was also reduced by the addition of Q5 and Q6.
They isolate the cvollecfors of Q3'cm‘d Q4 from the FET gate capacitance. C3 and
C4 reduce the turn on time caused by fﬁe charging of the FE"I.' gates through R1 and 7
R2. FET switching is accomplished within 100 nanoseconds turning on and within
306 nqhoseconQIs furnihg off. The overq.ll' transient resF;onse -oF a given bit is then
determined by the vchéice of amplifier, by the FET gate capqﬁi‘tance, and by fﬁe,

amplifier feedback resistor.



SELECTION OF AMPLIFIERS

The requirements placed on "rhev qmpliﬁér used ijr_l the ix;xdivfdﬁcz[ bit -
switches are quite simple. The frequency response needs to be cié; high as poséibi_e
dnd‘fhe offset and drift of the input voltage and current need fo be as small cz:s”
possible. therWise, an inverting amplifier having an open lobp gain of 60 dB
and a rated output of £1 volt at £3 milliamperes will gufficea'

- The good input ;:hqracfel"isfics of FET~input amplifiers is desi’mb!e;
However, the high frequency response requirement eliminates the use of ;'nc.anomh'ic '
and hybrid integrated circuit amplifiers. The Burr-Brown Model 3400B a?screfe '

A operational amplifier was chosen because of its fast seftling ’rirﬁe and high frgquency
reépbnse "combihed with an FET~input. Using this amplifiér, switching is accom=
plished in less than 1.0 microseconds for ahy»combiﬁaﬁ,on o? bits,

The inverter for b‘h‘ 0 and the output summing amplifier require high -siew

rates and wide bandwidths. These requirements were also metf by the Model! 34008

17



ERROR ANALYSIS

To insure iZ—bif resoluﬁ@n, ‘the worst-case static error for any possible
digital n;meer should be less fhén or equal to one~half the feasfs‘igniﬂ’canf bit
(LSB). | Wo?_sxL cdse: érrors in resolution occur nea;' di’éifcl zero Créssihé, whére all
bits change state. For a 12-bit MDAC, the fofél allowable, n'on-mono’ronic;
static binary error is therefore 1/2 LSB = .]/(2)]2 =0.0244% of half scale.

The ef‘fecrv_.of a variation in a given T-network compdhenf on the -output
voltage was found by differentiating the expression for MDAC gain with respecf fo
that component. The expression is‘ converted to a percentage by multiplying by'
the component and divicﬁng By the gain expression.

| The output, Qp, corresponding to any one bit=input is

“Re VIN Re ViIN

nTRT F RZ F RIRZ/RE T TZny

Q

- where Re =RG, R1 =R2 = R2“/2, R3 = R/(G-Z]_n/z), and Z_ =R G 2". Now

dR1 Zn2 » R3 - dR2

Worst errors occur if Vi = 10 volts = half-scale voltage. Therefore,

R

% output error (% of half-scale) _  RI (a +_2_)
. >

% resistance. error in R1 or R2
: : , Zn 2

n

1

-n ] ,
L

18



e

8 Similarly

@@ _ _ ReViny o oriR2, L
drz =~ ( 5 ) ( 2') and therefora
Z, R |
% output errof (% of hcxifwséaie): __RTRZ2 _ wzr.;n (; 2 . .
% resistance error in R3 R3 Z on g;m S

Table [ contains a summary of these relationships.

Resistance Errors Caused by En;ﬁuf \/bémée chi‘fgz’*?@n
The precision resistors employed in fhe.MEAC T=networks have a.
maximum voltage coefficient of 5 ppm/volt. Worst case error occurs when the
analog input voltage is at either extreme and c:VH-bE%s qrel turned on.’ T.hc-znvc\ifQQéij

across Rl is given by VR;n = le (Rl + RBn/(REn + 2R3,)) and the voltage across

~ R2,, and R3,, is given by VRzn = VR3n =Vin (R3, /Rl +2 R3.)). Setting Vi = )

10 volts and using the terms in Table I, the worst case output error due to input

voltage variation is +0.00883% of half scale.

Table HI. Output Error Caused by T=network Impedance Errors

Component _ % Error in Qui'puf Voltage
(nth Bit) % Error in’ Component
Rf | I
. - 1
RI . 27" (e = 1)
" T e

: - it 1
'.~.‘ R2, 2 (W—TG 72 ~1)

, -n 2
| SR
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Errors Caused by Temperature Drift

There are three sources of e.l"ro_r requed il'o' temperature drift. The first
s gqinerl;ojrs cqukse_'d-by"c':hanées.'in'T-’_-_rj'éfv\‘fork or FET ON resistances, Because

~ bit O is oppbsife bits 1 fhrough 171- in -povlcrify, the drift effects of bikfs ] f.hroughr 11 )
" tend to cancel that of blfO The worst case occurs when only bit 0 is on and |
has maximum drift. - |

The TIS41 has aﬁ on resistance temperature coefficient of +0.7%,/°C
(EddinAgfon, 1970)9' The resistors used in the T-networks have coefficients of
+100 ppm/OC max. Using the felqﬁons in Table 111 and Equation 10, the maxi-
mum output voltage drift is —000162%/0C or 0.332 LSB/OC.

The second sourcé of error due to temperature drift is caused by the
operational amplifier input offset drift. The error due to drift of a bit switch
.qmplifier is[G (2‘-.-n/2 ) ._2(]._#]);] /Vos in the oﬁ state and is [G (an/Z)] Vs in
the off state w'here;\v/osis defih’ed as the cmpliﬂ;er'driﬁ in pV/OC, The worst
case is when all bifs are off and orl'lAam;.alifierrs drift in the same direction. The
worst case for output qmplifier:driff qlso occurs when all bits are off causing the
feedback ratio to be cn‘r its minimum. The result is [{Zf +Zq)/Zq] Vo_s due to
output amplifier drift. The manufacturer's specification for V4 for the Model
34OOB is £50 pV/.OC max. This causes a worst case output voltage drift of
1.02 mV/°C or .209 LSB/°C.

The third source of error:caused by temperature drift is the two

potentiometers used to adjust output voltage offset and gain. Carbon composition



pots having coefficients of ~600 ppm/oC were .used., The gain pot has o range ef.‘:::
+0.1 VOH out of 10 volts which coMribufes "-QA.,OOO(S%./O-C error maximum . 7

The output voltage offset control is a 500 ohm pot connected o the -
' balcmce pin of the output ampl.iﬁer,._ The ampi-iﬁer sensitivity is specified as |
50 uV/ohm referred to z‘helli-npu’r which results in 150 p\//bé ér 0.0307 LSB/OC

error at the output.

Total worst case temperature drift due to all error sources is£0.572 o

LsB/°C.  Actual temperature drift is much lower than %h&i’ indicated by worst=
case analysis. Results of femperqfure. testing of the MDAC showed a driff of !é_sé . :
than 0,25 LSB/°C ;Jsing operational amplifiers reiecx‘e‘dvc-:iue fo femperc_furé dr‘i’f?s |
of greater than 100 pV/OC; It is feli' that with the use of 0.1% T-2 mreml ‘Fiim_
resis_fors and amplifiers with yoHage drift specifications éf +25 pV/OC;; the qcfuaf
drift would be less than 0.1 LSB/OC,

High~frequency Errors

Unavoidable capacitances in the MDAC T-networks-and switch circuits
can lead to phase_-shiﬁ errors af the output with high Frequeﬁcy analog inputs.

Most of this error is contributed by the capacitance to ground of the operational

.‘ amplifier switch networks, The addition of .‘small ccnpdc.ifo_rs, Cly, (see Figure 2) S

~ in parallel with input resistor of the six most significant bit T-networks reduced

the phasé-shiff error to less than 0.1% for frequencies up to 20 kHz (Figure é).
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Fig. 6. MDAC Dynamic Error with Frequency Equalization
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Fig. 7. Dynamic Error without Equalization

22



S

| - The vdlues' for'CIn were: C}‘,“’O = 22 pF, Cl-1=15 pF, CT%Z#TC pF,
| Ci=3=Cl-4 = Cl=5=5pF, cm}dA C1=6 fhroug'h CFH weré zét;on' Without _z*h_éée 7- o

ccpucifors, the bandwidth for 0.1% operaﬁoh was 3 kHz (Figure 7). Anotheir;j_:'f

V F'v's.implie freqﬁéncy“r_esponse ec;]ualri'z.aﬁon technique was attempted. The output

amplifier.feeaiacck .resisf‘orv was splivf' .in half and -o; smcs“icc.paci.for to ground WCI-S"::

conne;:fed fo the center of fhe feedback resistor. However, ,“' ;wcs; found thf.-i-‘he,

- Model 34008 had qptaro*fmai'eiy the right peokiﬁg without this _cc:pcxcﬁor qndi n‘s

addition increased the error.

Errors Caused by Switching Spikes

The gate=to=drain junction capdci’i’&nce of the switching transistors =
injects a smol? charge into the T-network when the bit is switched. The effect
of this charge is dependent on the size of R3. The worst case switching spi'%e_ -
occurs near zer@when_ bit 0-is turned on and .b'h“'s 1 through 11 are turned off.
The short overload recovery ffmé and high frequency response of the operoﬁon‘q'{
q-mpliﬁers used limits the duration of this spike to less than 300 nanoseconds .

| In high speed hybrid computation, MDAC's are most commonly used to
change parameters duﬂng the RESET period. ‘Spike errors during this period do not
- affect compufq'ﬁoh. Switching spike error only needs considering when switching
occurs during a computer run. The shr:>r1L duration of these spikes_.mcikes fhem»
negligible unless numerous sWiféh changes occur during a run and aré integrated

by succeeding stages.



'CONSTRUCTION, TESTING, AND RESULTS

, Cons’rrucﬁo.n .-

In oraerm achieve the highesf possible' analog input fféquency response,
sfafe—of-fhe-arf disérefe encczpsulqued arﬁplifie’rsb were chose-n. over the widely Qsed
integrated circuit anﬁélifi-erso A cbnsiderable savings in size and money could: have
béeh achieved Using integrated circuits, but only-‘ _by sacrificing qndlog-inprv | :
bandwidfh;

The wideband amplifiers chosen allowed the analog i’hpui‘ and oufpufvfo
swing £10 volts on power supplies of £15 volts. An internal +5,0 volt supply was
~ derived from the +15 volt supply to power the digital drive ciréu?h‘y. This sﬁpply
con;isfs of a 5.1 volt zener diode s/P;unf regu.lc}for driving a temperature compeh— |
_ sated emitter foll;o'wer. Logic levels of 0.4 volts and 2.4 volts were chosen for the
digital inputs cxsr these levels are compatible with currently available infegra{réd'
circuit logic such as TTL, RTL, and DTL.

Reduction in the amlo.ur_i’r of calibration required was achfeved using the
followihg methods: all bits use 1.0%, low temperature coefficient, metal-film
resistors. The individual bi.fs wére trimmed using 1% metal film and 5% carbon
cémpoéiﬁon resistors. The input voltage offsets of fﬁe operational amplifiers were
trimmed to wi‘fh.in 50 microvolts of zero at 25°C using 1% metal film and 5% carbon
composition resistors. Provisiéns were made for only two adius'i‘mem‘é, output

voltage offset and gain. The gain control allows adjustment of the full scale output

24
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beiweeh +9.9 volts cmi:l +10.1 volts, "The offset control allows the output foséi" ?O S
be set to zero at any operating i"emperafuree

The repetition of the bit summing and switching networks was used to  * -+

simplify constriction. Twelve small prinfegi circuit boards, each com"dining o
single bit T=network and its switch drl;ve,' were stacked on two long rods. A
'f_hiri‘ee.n;“h board containing two hex inverters and the 5 volt péw& supply was :
p!qced on one end Vobf the stack. A fourfeénfh board with the output amplifier and :
the two frimming,pofenfiomefeﬁ was placed on the other end, - A fifteenth board .
was o{dded to hold an.inverter to dr'i'\./e the input of bit 0. Wi’fh the addition of
connectors for inqus, output, and power, the complefed\qssembly‘mec.:zsured ies; ._

than 1-3/4" x 2=3/4" x 10", The result is shown in Figure 8.

Calibration

Calibration was performed in two stages. First, the innpu’r offset VO“"OIQ@
of the operational amplifiers used in each bit switch was set to within 50 micro= -
volts of zero. This was done, prio.r to the i’nsm“a’rion of R3,,, using a temporary’ R
feedback circuit of one to one thousand. Then the individual T=networks were )
installed and R3,,-was frimmed with parallel resistors to set the nib- bit current . In
order to insure monotonicity, fhe calibrqlﬁon }Voro‘ceéded from the least to the most
significant bit. Each succeeding bit was set one LSB larger than the sum of all less

significant bits,

¢



Fig. 8. Fully Assembled MDAC
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After the static calibration was completed, the high frequency equal-
ization was performed using the circuit shown in Figure 9. The basic technique
was to turn on only the bit to be equalized and adjust the value of Cin for

minimum error at 30 kHz. For bit 0, the error amplifier was changed to a frequency

compensated differential amplifier.

» >

10 sin a't MDAC
O ERROR

10A

Fig. 9. Circuit for Measuring MDAC Dynamic Error

Digital Switching Characteristics
Switching of both FET's in any given bit is accomplished in less than
140 nanoseconds. Settling time (to within 0.025% of half scale) at the MDAC
output is less than 5 microseconds with all switches changing state, and worst-
case rise and fall times when switched between +10 volts and -10 volts are less
than 200 nanoseconds.
Figure 10 shows the MDAC output for a 10 volt d.c. analog input with

digital switching between octal 4000 and 3777 as an illustration of worst-case



Vertical Scale: 5V/cm
Horizontal Scale: 0.5 |js/cm

Fig. 10. Digital Switching Characteristics

Vertical Scale: 2 V/cm
Horizontal Scale: 0.5 p= cm

Fig. 11. MDAC Switching Spikes
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rise and fall time. The switching spikes cause the amplifier.to overload; h-o.‘we_véi_',-' - '

overload recovery is exiremely short (less than 300 nanoseconds).
Figure 11 shows the switching spikes occurring when all 12 bits change

stafe, .

Dynamic Characteristics -

VTV'he dyhor_nic c_hqracferisﬁ’:cs o'f the MDAC are shown in Figures 12, _13,.
"~ and 14, Fiéure 12 shows the MDAC output for a -VTO volt d.c. analog input‘\&fi'h“
" the digifail steps-from 007 to 7770; illustrating MDAC monotonicity as the digital
‘input changes sign dna all switches change state. |

Fiéure 13 shows the MDAC output ‘For a TOV\/‘th, 10 kHz sine wave at
the analog input multiplied by a digital rqmio with « ;:Iock frequency of 205 khiz.
Figure 14 shows the output for a 10 volt, 1 kHz sine wave at the input multiplied
koy. a digital ramp with a cl‘oékfreque‘ncy.of 1 MHz.

The aﬁodog output response to a fast=rise~time 10 volis square wave
applied to the ana.logi iﬁpuf from a low impedance source with the digital inkout
set to 3777 had « rise time of less than 200 nanoseconds, an overshoot of 40%,

and a settling time to within 0,025% of 5_microsecohds,

Discussion
-The MDAC analog=input bandWid’rh achieved is believed to be a record
for an MDAC of 0.1 per cent half-scale accuracy. Ina commercial version, only

‘the five most significant bits would need operational~amplifier switches. The



Vertical Scale: 10 mV/cm
Horizontal Scale: 50 (js/cm

Fig. 12. MDAC Resolution Near Digital Zero

Vertical Scale: 10 V/cm
Horizontal Scale: 2 ms/cm

Fig. 13. MDAC Operation at 10 kHz



Vertical Scale: 10 V/cm
Horizontal Scale: 0.5 ms/cm

Fig. 14. MDAC Operation at 1kHz
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2
remaining seven bits would use ser‘iesv or series~shunt switching (Eddington, -1970).;
The resulting decrease ‘in'.summing amplifier feedback ra.tio wéUld parﬂa”jy offset
the loss in bandwidth caused by QSihg h‘ybri’dvor integrated cix;;:uii' qmplfﬂers,
vPresenHy',avqildb[e i'nfegrafed'circ}uifamplifiers hévé-l{nity-—gcin bqndw_?dfhs of 20
’ megcsHerfz as compared to 100 me'que;'fz for the Model 3400B. It is Felrl‘ that q‘
commercial version could be- manufactured having a 10 kiloHertz bandwidth for-a :

half-scale ac‘c'uracy of 0.1 per cent.
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