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Editor’s Notes

The integrated<ircuit art has
reached the state at which the
general reaction to the introduc-
tion of a new device can scarcely
be termed “excitement,” how-
ever unique, valuable, or unpre-
cedented the circuit. We've be-
come jaded by too many break-
throughs; the miracle of the L.C.
has already joined the miracle of
cthe transistor and the miracle of che vacuum tube in the limbo
of “history.” Fortunate are we who have lived through all
three eras and can still retain the scuse of wonder!

Despite its unglamorous designation (except perhaps to a dedi-
cated numerologist), the AD7520 digital-to-analog converter is
one of the many milestones in integrated—ircuit technology.
It is the first major circuje to combine CMOS circuitry and
thin-film resistors on a single chip. It is the first commercially-
available 10-bit monolithic D/A converter to employ CMOS
processing. Above all, to the extent that we can determine
from a close watch of the markctplace, it seems to be the first
monolithjc 10-bit D/A converter that is being produced with
high yiclds, at low cost, and with ready availability to all pur-
chasers, in realistic quantities, now.

A major reason for its successful advent is that it was really
designed with the user in mind. The user is free to choose an op
amp that will produce the performance he desires (and the
500ns scttling time will challenge any op amp); he is free to
choose a reference that will have the stability he desires (and
the 10ppm/°C max specification will challenge any reference);
and he is free to use it as a 4-quadrant multiplying DAC with
response well up into the ultrasonic range. In other words,
rather than seek a technological tour de force, with all the
bells and whistles, we sought a practical device that could be
easily produced, purchased, and used -- and it turned out to be
a technological tour de force nevertheless! Phh

WHERE WE'RE GOING

We've steadfastly sought to maintain this journal as a reflec-
tion of the technical aspects of the business of Analog Devices:
our products — old and new: their design, applications, impli-
cations, and specifications, plusinterpretations of the influence
of advancing technology on the technical interests of our users.

Just as steadfastly, we've sought to avoid discussions of a less
technical nature, since our audience is presumed to be interested
principally in how we can help them use the new techniques
and products to solve their design problems.

Well, you can’t help noticing that our products continually span
a wider range, both of markets and of manufacturing technolo-
gies. 1f you’re interested in learning more about the underlying
philosophy (and some of the recent resules), we’d be delighted
to send you a copy of our 1973 Annual Report, which goes
into those matters (and justly so) in far more satisfying detail
than is within the charter of Analog Dialogue. You may use
the reply card to request it. bbb

Dan Sheingold
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A 10-BIT MONOLITHIC CMOS D/A CONVERTER
THAT CAN BE USED FOR 4-QUADRANT MULTIPLICATION

The AD7520* is a 10-bit multiplying digital-to-analog conver-
ter constructed on a single silicon chip. It consists of 10 CMOS
(complementary metal-oxide-semiconductor) switches and a
thin-film-on-CMOS R-2R ladder network. The digital input,
which responds to the wide voleage swings of CMOS logic, is
also compatible with TTL/DTL logic levels. Two complemen-
tary current outputs arc available for usc with inverting opera-
tional amplificrs.

Besides the 10-bit resolution, the AD7520 family has maxi-
mum nonlincarities as low as 0.05% of Vpgr, nonlincarity
temperatucecoefficient of 2ppm/°C, and maximum feed-
through crror of % leastsignificant bit (LSB = 0.1%) at
100kHz. Typical settling time following a full-scale digital
input change is 500ns.

In addition to a constant or variable reference (current or
voltage), of either positive or negative polarity, the AD7520
rcquires onc external operational amplifier for unipolar
digitally-sct gains (2-quadrant multiplication) or two ampli-
fiers for bipolar gains (4-quadrant multiplication).

The 74 x 96 mil (1.88 x 2.44mm) chip, normally houscd in a
16-pin hcrmetically-sealed ceramic dual in-line package, can
also be made available in a flatpack or plastic DIP. It will oper-
ate from a single +5 or +15V power supply, and it dissipates
only 20mW, including the ladder nctwork.

It can be used for D/A and A/D conversion, mulriplication and
division, programmable power supplies, digitally-programmed
filters, and digital-analog function generation. Besides uni-
polar conversion (of either polarity), offsct-binary, two’s-
complement, and sign-magnitude bipolar operation can also
be implemented.

ADVANTAGES OF CMOS D/A CONVERSION
Commercially-available manolithic D/A converters have been,
as of this writing, principally proccssed by conventional bi-
polar lincar processing by conventional bipolar lincar process-
ing technigucs. While 6- and 8-bit converters have been casily
achievable, 10-bit conversion has been more difficult to ob-
tain with good yiclds (and low cost) because of the finite § of
the switching deviees, the Vgg-matching rcquiremene, the
matching and tracking requirements on the resistance ladders,
and the tracking limitations caused by the thermal gradients
produced by high internal power dissipation.

All of thesc problems can be solved or avoided with CMOS
devices. They have nearly-infinite current gain, climinating
problems. There is no equivalent in CMOS circuitry to a bipolar
transistor’s Vpg drop; instcad, a CMOS switch in the on condi-
tion is almost purely resistive, with the resistance value con-
trollable by dcvice geometry. The temperature-tracking prob-
lems of diffuscd resistors were solved casily: they weren’t used.

*For complete information on the AD7520, usc the reply card,
Recquest L1,
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by Jim Cecil and Jerry Whitmore

The R-2R ladder is composed of 2kQ/squace silicon<chromium
resistors (a 10kS2 resistor has a very manageable length/width
of 5:1), deposited on the CMOS die. While the absolute tem-
perature coefficient of these resistors is 150ppm/°C, ctheir
tracking with temperature is better than 1ppm/°C. The fecd-
back resistor for the output amplifier is also provided on the
chip, to ensure that the DAC’s gain-temperature coefficient is
berter than 10ppm/°C by compensating for the absolute tem-
perature cocfficient of the network.

Finally, the low on-chip dissipation of only 20mW (including
the dissipation of the ladder network), in conjunction with the
excellent tracking capabilities of the thin-film resistors, mini-
mizes lincarity-deife problems caused by internally-generated
thermal gradients. It also helps to minimize the power and
cooling requirements for circuicry that the AD7520 is used in.

(continued on p. 4)
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Figure 1 shows a functiona! diagram of the D/A converter,
which employs an ioverted R-2R ladder.' Binary-weighted
currents flow continuously in the shunt arms of the necwork;
with 10V applied at the reference input, 0.5mA flows in the
first, 0.25mA in the second, 0.125mA in the third, and so on.
The louT, and IgyT, output busses are maintained at ground
potential, either by operaticnal-amplifier feedback, or by a
direct connection to common.
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Figure 1. Functional diagram of the AD7520 D/A converter,
with Vreg = 10.01V. Bits 5-9 are omitted for clarity.

The switches steer the current to the appropriate output lines
in response to the individually-applied logic levels. For exam-
ple, a “high” digital input to SW1 will cause the 0.5mA of the
most-significant bit (MSB) to flow through IouTt;. When the
digital input is “low,” the current will flow through louT,- 1f
Iour; flows through the summing point of an operational am-
plifier and Ioyt, flows to ground, then “high” logic will cause
the nominal output voltage of the op amp to be - (0.5mA) x
(10k§2) = -5V, for a positive reference voltage of 10V, while
“low” logic will make the contribution of Bit 1 zero. With all
bits on (i.e., “high”), the nominal output will be -9.99V, With
all bits off, the oucpuc will be zero.

Linearity errors, and — more important — their variation with
temperature, are affected by variations of resistance in both
the resistors and the switches, As we have seen, the resistor-
network tracking is excellent. However, it is natural to expect
that the switches, while tracking one another, will not track
the resistance network. With identical switches having realistic
resistance values (say 10082), one would expect that, as tem-
perature changed, the variation of resistance in the series legs
would transform the network into an R-nR network, with n
sufficiently different from 2 to destroy the binary character of
the network and cause the converter to become non-monotonic.

The key to the linearity of the AD7520 is that the geometries
of the switches are tapered so as to obtain on resistances that
are related in binary fashion, for the first 6 bits. Thus, the
nominal values of switch resistance range from 20Q for the
firse bit, 408 for the second bit, through 64082 for the last 5
bits. The effect is, as can be seen in Figure 1, to provide equal
voltages at the ends of the 6 most-significant arms of the ladder

!The inverted R-2R ladder is one of the structures shown (Figure 18,
page [1-38) in the Andog-Digital Conversion Handbook, cdited by
D. H. Sheingold, published by Analog Devices, Inc., 1972, 402 pp.,
$3.95. To order a copy onapproval, inittal the reply card and request 1.2,

4

(0.5mA x 2082 = 0.25mA x 4082, etc. = 10mV). Since this
drop is, in effect, in series with the reference, it causes an initial
0.1% scale-factor (“gain’) error, which is well within the speci-
fications, but does not affect the linearity. Since the switches
tend to track one another with temperature, linearity is essen-
tially unaffected by temperature changes, and the gain error is
held to within the 10ppm/°C specification.

Ten-bit linearity could, of course, have been obtained by
scaling the on resistance of all the switches to a negligible
value, say 108, but the switches would have required very
large geometries, which would result in a 30% to 50% larger
chip, at a substantial increase in cost.

Figure 2 illustrates one of the 10 current switches and its asso-
ciated internal drive circuitry. The gcometries of the input de-
vices 1 & 2 are scaled to provide a switching threshold of 1.4V,
which permits the digital inputs to be compatible with TTL,
DTL, and CMOS. The input stage drives two inverters (4, 5, 6,
& 7), which in turn drive the N-channel output switches.
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Figure 2. CMOS switch used in the AD7520. Digital input
levels may be DTL, TTL, or CMOS.

EQUIVALENT CIRCUIT

Figurc 3 shows the equivalent circuit of the AD7520 at the
two extremes of input, all inputs “high” (a) and all inputs
“low” (b). Vrer (or IRgF, if a current reference is used) sees a
nominal 10k§) resistance, regardless of the switch states. The
current source Iggp/1024, represents a 1 LSB current loss
through the 20k{2 ladder-termination resistor, shown in Figure
1. Ron, in this case, is the cquivalent resistance of all ten
switches connected to the louT; bus (a) or the loyT, bus
(b). Current-source g represents junction- and surface-
leakage to the substrace. Capacitors Cour, and CoyT, are the
output capacitics-to-ground for the on and off switches. CSD is
the open-switch capacitance.

The 1000:1 ratio between Ryyaqe and Ron provides a number
of benefits, all related to the small voltage drop across Rgn:

® VgEgF can assumc values exceeding the absolute-maximum
CMOS rating, Vpp. For cxample, VRgp could be as large as
*25V, even if the AD7520’s Vyp rating were only +17V.

® The nonlincarity temperaturecocfficient depends pri-
marily on how well the ladder resistances track. Since Ron is
only a small fraction of Rygder. any Ron tracking errors will
be felt only as 2nd- and 3rd-order cffccts.

® The same argument holds true for power-supply varia-
tions. Any change of switch on resistance, as the power supply
changes, will be swamped by the 1000:] attenuation factor.
Power-supply rejection is better than 1/3 LSB per volt.

® If VREF is a fast ac signal, the feedthrough coupling via
CSD, the open-switch capacitance, will be negligible, again be-

Analog Dialogue 8-1 (1974)



cause of the 1000:1 voltage stepdown. The parasitic capaci-
tances from VRgp to louT; and lout, comprise the major
source of ac feedthrough. Careful board layout by the user can
result in less than % LSB of ac feedthrough at 100kHz.

ARASITIC

Regeopack
———————————— ] €--- —9|——-' Wi —0
O—a q—f\,\fl\."\r—o— "N, "f : I_ O lour
—»— g 1w | 10 A lieaxac
, | £‘_?;1 Tan
P | o \1 s
02 '!\T W L7
o ? O lour,
sl I 3
LA - 8 1 e
4 Can 10pF 1 ﬁ‘ J ’|"‘ _:.r,.r-
M mafifadt 47 v
0248
a. All digital inputs high
Cramasimic
0.2pF 10k Brseis
pmmmmmmmm e e A 2
H l COLR |
Vigr O —é q—/\;'\.r'\f-p o ———— —_— e
(W4 LY T C
i —5— 5 Toare
o t0pF | 170
: 'n\' J‘a b I v eF
[BRTF2 %)
] | —AAS——e - oL
| Vv "o e B
: . 15 e
SR {e-- 7 V4

b. All digital inputs low
Figure 3. Equivalent circuits of the AD7520 D/A converter

Since the on resistance depends only on the value of Vpp,
not the current through the switch, and the resistance network
is unaffected by VREr, the full-scale output current (all bits
“high”) is nominally VR gp/10.01k2, less the “constant” cur-
rent losses shown in Figure 3. This means that IoyT is almost
perfectly proportional to Vg gr over the whole range from -10V
to +10V. Equally important, the conversion linearity error
(0.05%) is independent of the sign or magnitude of Vyge-

The extremely-low analog-linearity error at constant digital
input results in excellent fidelity to the input waveform,
which suggests some interesting possibilities for the AD7520
in the calibration and control of gain in signal generators,
high-ﬁdel.ity amplificrs, and response-testing systems.

APPLYING THE AD7520

The two most common forms of application are in unipolar
D/A conversion (2-quadrant multiplication) and bipolar offset-
binary conversion (4-quadrant multiplication), shown in Figures
4 and 5. Where high specd is not desired, the output amplifier
may bc an AD741. For faster response, the AD518, AD505, or
AD509* may bc used, with appropriate compensation and a
10-20pF fecdback capacitor.

Unipolar conversion. The response cquation for Figure 4 is
nominally

Nbinary

Ep=-

1024
Responscs to typical codes are tabulated. Since VRgr may be
positive or negative, two-quadrant multiplication is inherent.
Circuit gain is easily trimmed by adjusting Vpefp, inserting
adjustable resistance in serics with VREp or Rigedbacks or by
tweaking scale factors elsewhere in the system. As noted elsc-
where, once set, using Jow-TC trim resistors, gain stability with
temperature is excellene.

VREF

*For data on these amplificr types, request L3.
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Figure 4. The AD7520 as a umpolar blnary digital to voltage
converter (2-quadrant multiplier)

Bipolar conversion. The offset binary response equation for
Figure 5 is nominally

Nbim:y ]
B, = - -11 Vper
° [ 512

Responses to typical codes are tabulated. 1f the MSB is comple-
mented, the conversion relationship will be recognized as ap-
propriate for a 2’s-complement input, but with a negative scale
factor. The MSB determines the sign, and the last 9 bits decer-
mine the magnitude in 2’s complement notation, Since Vpgp
may be either positive or negative, 4-quadrant multiplication
is inhecent,

In this configuration, Ioyr,, which is the complement of
IouT,, is inverted and added to Igur,, halving the resolution
(of cach polarity) and doubling the gain. The 10M&2 resistor
corrects for a 1/1024 difference (inherent in this technique)
between Ioyrt, and Ioyr, at zero (10000 00000). A2 is
shown as a curtent inverter, but it might also be a voltage in-
verter, if the ADS05 is used.

DIGITAL INPUT

DIGITAL INPYT NOMINAL ANALOG OUTPUT

r 511
LARSERRTAFE! Vagpll —2°%) =2y,
> g1z F
.
: 3 1
10000 DOO0T Vappl2-¥) — Vrer
512
10000 CX000 [+] [+]
Ea 2 §ile:
o1 anm Vaeel2?) * —Vpgy
ANALDG 512 7
QUTPUT s
PRECISION i
CURRENT Vaes (1 ¥ = Vagy
INVERTER 512
Ve 1= Vagy
"ARSOLUTE ACCURACY UNNECESSARY
— MATCH AND TRACKING ARE ESSENTIAL

Figure 5. The AD7520 as a bipolar offset-binary digital-to-
voltage converter (4-quadrant multiplier)

If sign-magnitude coding is desired, to obtain bipolar conver-
sion with the full 10-bit-plus sign resolution, the output of the
unipolar conversion circuit may be fed into a sign-magnitude

converter, such as Figure 6. An AD7510 quad switch (see page

17) will handle two such circuits. bhp

5 JPEN
" ¥
~o Yin | 5WE (lfmu

Figure 6. Sign-magnitude to bipolar converter.



HIGH-PRECISION THIN-FILM RESISTANCE NETWORKS
A USEFUL AND IMPORTANT TECHNOLOGY FOR THE
CIRCUIT, INSTRUMENT, APPARATUS, AND SYSTEMS DESIGNER

by Lavar Clegg

High-precision thin-film resistor networks make it possible to
design high-performance function circuits employing opera-
tional amplifiers and/or switches. Examples include sum-and-
difference circuits, D/A converters, precision attenuators, and
diode function-generators. At Analog Devices’ Resistor Pro-
duces Division*, the manufacture of standard and made-to-
order networks at reasonable cost is a high art. In this article,
we will discuss the natuce of these networks, their properties,
the materials and processes used in their manufacture, and the
kind of design information that the circuit designer must con-
sider to specify such networks for best results.

WHAT ARE THEY?

Resistance networks have come into increasing use as their
cost comes down and their properties arc better understood.
There are two classes of resistor networks on the market:

a. The well-known low-cost networks that replace discrete
resistors at savings in space, labor, and overall cost; they are
now being sold in very large volume.

b. The less well-known thin-film high-precision networks
that, besides providing savings in space and cost over assem-
blies of precision resistors, also provide the benefits of iso-
thermal tracking, low capacitance and inductance, and im-
proved reliability for eritical applications.

The networks to be discussed here are of the latter class. They
are characterized by high accuracy, high stability, low resis-
tance-temperature coefficient (TCR), low noise, high reliabil-
ity, low voltage-coefficient, and high speed.

THE NETWORK AS A COMPONENT

These important qualities of the network are most relevant
when the precision resistance network is used as such, rather
than as a group of independently-functioning resistors. In this
sense, if the network is performing a function that depends on
the location of all the resistors on a single substrate, with
values that track, and with nearly-identical intrinsic properties,
it can be considered as a circuit component, with properties
specified in terms of its overall behavior. A general set of speci-
fications that a typical network can be made to meet is listed
in Table 1.

WHERE THEY ARE USED

Precision networks are likely to be found wherever attenua-
tion, summing, division of voltage or current, sctting of gains
and ratios takes place. Perhaps the highest volume of usage
of precision networks today is in ladder (or “bit weighting”)
networks for A/D and D/A converters, Examples of 12-bit
ladder networks, which require tracking to beeter than 0.01%,
inclade the AD850 modified-binary, and the AD855 R-2R.*

*For further information on the capabilitics of ADI/RPD, usc the repty
card. Request L4,

6

TABLE 1. Properties of typical thin-film precision resistance
networks.

0.050 to 3.5in (1.27 to 89mm)

10Q 1o 1OMQ

50 to 50092 /squarc

+0.001% to +20%

Temperature cocfficient (TCR) 20 to 100ppm/°C

TCR tacking 1ppm/CC

Noise —50dB per MIL-STD-202, Mcthod 308
Voltage cocfficicnt

Substrate sizc

Resistance values

Reisistivity

Resistance toleranee {absolutc)

Below measurable levels

—65°C 0 150°C

t0 60W/in2 (9.3W/cm?2)

108Q/in2 maximam (15.5M0Q/cm?)
0.02%{1000h @) 25°C
0.001%/1000h @125°C

Operating temperature range
Power dissipation
Resistance density
Long-term drife, absolute
Long-term drift, ratio

Fecdback and summing networks for amplificr circuits are a
popular application.
network. Notice that completc symmetry exists between
the two sides of this differential nctwork, in order to opti-
mize balance and minimize common-mode errors. Other
applications are in voltage regulators and voltage dividers.

Figure 1 shows an cxample of such a

Precision function fitters,' employing op amps, diodes, and
resistanice networks, become mare practical in this day of pre-
cision resistance networks and infra-low-cost op amps.

®O 0060 O 006
N O I
am f wes mzs wmd

i o e D 6

" [ = I S K

ACTUAL
SIZE

Figure 1. Differential-amplifier feedback and summing net-
work. Actual size .4 x .4 inch. (10.2 x 10.2mm)

“For data on the AD850 and the AD855, request LS.

'Sce for exawple pp. 52-55 and 94-97 iu Nowdincar Circuits Hand-
baok, cdited by D. H. Shcingold, publislied by Analog Deviees, Inc.,
1974, 534pp., $5.95. To order a copy on approval, initial the reply
card and rcquest
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Applicatians for these networks occur in every conceivable
discipline, including space, military, industrial, consumer,
communications, instrumentation, biomedical clectronics, and
computer technology. The networks are of especial interest
for systems cxposed to the rigors of man and nature, such as
the cxtremes of temperature, pressure, moisture, corrosion,
vibration, and accelcration.

HOW THEY ARE MADE
1. MATERIALS

A thin-film ¢ircuit consists of a substrate, a layer of resis-
tive material, and a layer of a conductive matcrial, suitably
ctched into a pattern of resistors and interconnections. lts
cross-scction (not to scale) is shown in Figure 2.
GOLD CONDUCTOR
LM

Fl

NICHROM ZZZWMZZZZ/&ZQ
Fi

SISTOR

CUBSTRATE-T"™ J

Figure 2. Cross section (not to scale)

Substrate. The most widely-used substrate material is alumina
ceramic. It is the best compromise, given the choice among
glass, silicon, and alomina. The idcal substrate would be
perfectly smooth, flat, hard, non-porous, high in thermal con-
ductivity, low in diclectric constant, durable, stable, and casy
to ““‘dicc.” No material rates high in all thesc conflicting pro-
pertics.  Glass is oﬂat and smooth, with surface roughness of
about 1gin (254A); it is casily diced and has generally good
clectrical propertics. However, it is susceptible to scratching,
is generally fragile, and has very low thermal conductivity, a
shortcoming scrious cnough to climinate glass as an acceptable
substrate for most precision networks. The passivated silicon
wafer, while having excellent surface propertics and high ther-
mal conductivity, has excessive capacitive coupling because of
the thin oxide layer and conductive bulk.

Alumina is durable, hard, rcasonably flat, and is almost as
thermally-canductive as silicon. Its mr?jor disadvantage, sur-
face roughness (about 10uin, or 2500A) can be overcome by
glazing the top surface with about 2 mils (50um) of glass.
Alumina is also available in “fine-finish”’ form, with about 1/3
the surface rougkness of ordinary alumina; not being polished,
its cost is rcasonable. Though other types of substrate exist,
they arc not usually used, cither because of high cost or for
technical reasons,

The mosc-commonly-used substrates are, therefore, glazed
alumina, finc-finish alumina, or rcgular alumina (depending
on the application), in thicknesses from 10-25 mils (0.25.
0.64mm).

Thin-film resistors.  The most widcly-used materials arc
nichrome, tantalum, and various ccrmets. Our choice for pre-
cision nctworks is nichrome. 1t has a convenicnt range of sheet
resistivitics, docs not require anodization, has a well-bchaved

TCR, and is inhcrently stable.

Conductor. Gold is uscd as the canducting film. Nearly idcal,
it has low resistivity. low contact resistance, and good adhesion
to the underlayer; it does not corrode or oxidize. 1t is suitable
for all commonly-used interconnccting techniques:  gold
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thermocompression  bonding, aluminum- or gold-ultrasonic
wire-bonding, and soldering. Aluminum is a viable alternative;
it may be used more widely in the future if gold is priced out
of the market.

2. PROCESSING

Table 2 is a flow diagram, outlining the major processing steps
in simplified form. The actual process has many more steps
with more-detailed designations and specialized purposes.

TABLE 2. Major Processing steps — Flow Diagram

Deposition
Electroplating
Photolithography

Heat Stabilization

Y

Resistor Trimming

¥

Dicing

Encapsulation

¥

Test

Deposition. The thin films are deposited on the substrates in
a specially-designed vacuum chamber by electron-beam e-
vaporation. Thec cvaporation paramecters are carefully con-
trolled for consistent and uniform films. Because dirt is the
#1 encmy of thin-film processing, all deposition processes
(including pre-deposition cleaning and preparation of raw
substrates) arc performed in clean-room arcas, an important
key to success. The capacity of this system is quite large: the
32 (0.91m?) chamber can process 20 3% x 3%" (89 x
89mm) substrates, cach of which may be fabricated into as
many as 300 conventional-size resistor networks.

Electroplating.  Only about 15uin {0.38um) of gold are de-
posited in the vacuum chamber: greater thickness is built up
by clectroplating. To achieve good bonding propertics and a
conductor resistivity of less than 10mS2/square, a nominal gold
thickness of 150uin (3.8um) is commonly uscd. The plating
bath and plating processes arc of course carcfully controlled to
provide a plating of the highest purity and uniformity.

Photolithography. The resistor-conductor pattern is crcated
by sclectively etching away portions of the originally-continu-
ous films. Two complete photographic processes are required,
onc for the conductor pattern and one for the resistor pattern.
In cach, the surface is coated with lighe-sensitive photoresise,
then exposed to light through a photomask, developed, and
ctched. To obtain acceptable and repeatable work from these
pracesses with line-widths down to 1 mil (25um) or less requires
a highly-perfected and controlled process. Keys to success
inctude contro} of the photoresist purity and thickness of
application. precise exposure time, and controlled ctching
ume.

Of coursc, no pattern can be of better quality than the photo-
mask used; similar quality is required co those used in the semi-
conductor industry. Mylar is used instead of glass; while it has



the same high-resolution emulsion as glass and adequate dimen-
sional stabilicy, it has sufficient flexibility to conform to the
ceramic substrate surface. (With glass masks, there would be
areas of poor contact between surfaces, resulting in poor line
definjtion in those areas.)

Heat stabilization. After photolithography and cleaning, the
substrate is exposed to temperatures of 350° to 400°C in air
for 1-2 hours. This bake serves two functions: it oxidizes the
sucface of the resistor film, providing a passivated layer of
sorts, making the resistors less susceptible to mechanical and
chemical attack than they would be without protection; and
it renders the resistance stable in any heat-aging condition that
may be imposed on the film at temperatures below the stabili-
zation temperature. Because metal is used up by the oxida-
tion, the process causes an increase in sheet resistivity of the
film, typically about 75%. The exact duration and tempera-
ture of the bake is determined by the stability required, the
initial and final resistivities, and certain properties of the film.
Naturally, cleanliness and uniformity of temperature are
essential to success, Figure 3 shows a typical substrate at this
stage of the process.

]
“
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Figure 3. 3%" x 3% (89 x 89mm) substrate with 240
resistor networks ready for trimming and/or dicing.

Trimming, Though trimming may occur either before or after
dicing, the trend towards more automation and batch pro-
cessing results in more trimming at the whole-substrate level.
Since the resistance value of a resistor is determined by its
shape, not its size, trimming involves changing the geometry of
the resistor by cutting part of it away, under control. Cutting
increases its resistance value. The method that is evolving
towards universal application is laser-trimming, a clean, con-
venient operation that is compatible with (and conducive
towards) automation, hence lower cost. Besides being fast,
the laser is effective on all types of substrates.

Mechanical scribing, using a diamond stylus, is effective only
on glass- or glazed-substrates, Though it has a number of
limitations, including Jow speed, it can be quite accurately
controlled and has a removal path width of about 0.2 mils
(5u4m), about 20% of that for a laser.

Dicing. The individual circuits are separated by sawing with
a diamond wheel while the substrate is mounted on a holder
with a temporary adhesive. The dice are then demounted and
cleaned. A die resulting from this process is shown in Figure 4.
An alternate process is to scribe the substrate with a diamond,
then break, as is done wich glass and silicon substrates. But
alumina is quite hard, and tends to limic the diamond’s life to
just a few passes.

8

More practical is laser-score-and-break, using a laser with con-
siderably more power than that used for trimming. After
the substrate is scored to approximately 1/3 of its thickness,
it is a simple matter to break it along the score lines. With
quality close to that produced by sawing, but potentially
lower cosc (because the mecthod is easily automated), this
technique is growing in popularity.

ACTUAL
SIZE

B AL SNy o ey a0,y 3 T S U
Figure 4. Single network after dicing. Actual size is .140 x
.240 inches (3.6 x 6.1mm).

Packaging.  The simplest package is no-package-at-all. The
networks are shipped to the user after dicing and incorporated
directly into hybrid circujes. Users do not require a great deal
of micro<ircuit equipment to benefit by the use of dice; asa
result, this form of use is gaining in popularity.

However, for most uses, mecans of protcction and intercon-
nection are necessary. This requircment is satisfied by the
same techniques and materials that are used throughout the
integrated-circuit industry. Typical packages are multi-lead
flatpacks, dual in-line, or round can with ceramic or glass seals.
The resistor-nctwork die js mounted and sccured into the
cavity of the package with cpoxy, which is strong, stable, and
thermally conductive. If an all-metal system is required, the
back of the substrate will have been metallized, allowing the
die to be soldered into the cavity.

Connections from the die to thc package lcads are made by
aluminum ultrasonic wire-bonding, or by gold-wirc thermo-

Figure 5. Cavity of TO116 header with resistor network
mounted and wire-bonded.

ACTUAL
SIZE

Figure 6. Network ready to be sealed.
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compression bonding, using wire of 1 or 2-mil (25-50um) dia-
meter. Both allowable resistance and assembly considerations
affect the choice of wire. Figure 5 and 6 show the die of
Figure 4 mounted and wired. Figure 7 shows gold and alumi-
num wires on a single netwotk.

The interconnections completed, the package is then hermeg-
cally scaled, either by welding or by soldering. The same
machine is used to perform cither operation, with the package
relatively cold (i.e., below solder-melting temperature), while
the seal frame and cover are heated sufficiently to flow-solder
or weld the two surfaces. If hermeticity is not required, it is
practical to pot the cavity with high-grade silicone resin. This
method has been demonstrated to perform, over the extremes
of temperature, as reliably as hermetic scaling. Hermetically
sealed or otherwise, packages ranging in size from % to 2"
(6.4mm to 51mm) are available.

Figure 7. Example of large multiple wire bonds used in critical
lead connection to decrease lead resistance. TO116 cavity.

CONTROLS

Because of the critical nature of the work and the large num-
ber of military applications in the ecarly days of the industry,
quality control is thorough and pecvasive. A typical produc-
tion flow chart will show that almost every single operation
is followed by an inspection (mostly on a 100% basis) by a
Q.C. function that is indcpendent of Manufacturing. Visual
inspections are performed with highquality metallurgical
microscopes at 50x to 100x. Additional inspections, per-
formed on every lot of material, include: film-adhesion test,
TCR check, gold-thickness measurement, wirc-bond-strength
test, hermeticity (lcak) tests, dimensional inspections. All
incoming raw matcrials are subjected to inspection and lot
control. Manufacturing records are kept by lot, and these
documents are subject to quality review before completed
resistor neeworks are shipped to the customer.

SPECIFYING RESISTANCE NETWORKS

The most important thing to rcmember when specifying a
network is that it is itself a component and should be specified
in terms of the overall performance of its function, rather
than the propertics of its individual resistors. For example, a
tesistance-ladder network for a 12-bit D/A converter may be
specificd for accuracy, linearity, and monotonicity of its vol-
tage (current) output in a particular conversion circuic. Its
input and output impedance might also be specified. But none
of these parameters requires direct specification (or measure-
ment) of the tolerance of cach resistor in the network.

This rule applics even to simple networks. For example, in a
simple voltage divider with 2 resistors, depending on the inter-
pretation, a specification of 0.01% can mean 3 different things
(with a range of 5.3:1): resistance-ratio error, voltage-ratio
error (% of ratio), voltage-ratio error (% of full-scalc).
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For high-accuracy applications, the method of application
affects the means of specifying and testing, especially if low
resistance values {usually less than 1k£2) are involved, since
their tolerance might be comparable to the resistance of the
internal wire bond and the 1.C. package lead. 1t is important
to provide complete information on the use of the network
and to define accuracy.

It is also important to specify which leads carry current, and
which are to be connected to high-impedance amplifier inputs.
The effects of tcmperature on accuracy may be specified
either in terms of a range of resistance variation corresponding
to a range of temperature variation, or by specifying 25°C
accuracy plus TCR tracking (ppm/°C).

Power and voltage ratings are often written improperly. Power
rating is meaningful only as it relates to temperature, life, drift,
and the operating environment, in terms of the function of
the resistor network. The meaningful rating for a simple vol-
tage divider, for example, is the maximum operating level of
VIN: and any short-term overvoltage requirements, It would
not be meaningful to rate the resistors equally in power or
voltage, since the only common parameter is curcent. If a
constraint of equal power ratings for the resistors were im-
posed, it mighe well create a sacrifice in tracking accuracy,
Here ace some rules for obtaining good power ratings:

1. Specify the network as a functional component, rather
than as individual resistors.

2. Do not use separate (conflicting) power and voltage
ratings.

3. Define the ambient operating conditions.

4. Do not be constrained to round numbers. Film re-
sistors may be designed for any rating from zero on up.

Other electrical specs that are often important (if relevant)
include settling time, capacitance, stability, noise.

Also specify mechanical and packaging requirements. The
package and lead configurations normally specified are those
common in the L.C. industry, including TO-5, TO-8, TO-116
configurations, and metal, plastic, glass, and ceramic materials.

Environmental requirements must be specified as called for.
Those characterized by MIL-STD-883 are commonly used and
understood.

dd 4

EXAMPLE OF A NOVEL APPLICATION

Two resistors, equal in value, are designed for simultancous active trim
with a single trim pass. Each resistor increases by precise 5% incre-
ments to as high as 4.5x the initial value when all 31 steps are used. In
addition, each resistor is trimmable lincarly and scparately up to 50%
of initial value. This unencapsulated resistor network, which is used
as a hybrid component, is completcly compatible with automatic
trimming techniques. Actual length of the resistors is 0.3 (7.6mm).




HIGH SPEED OP AMPS REVISITED — 1
WHATDOES “HIGH SPEED” MEAN TO THE USER?

by Jerry Fishman

Because of the demand for increased speed in computers and
data-acquisition systems, the circuit engineer is designing with
higher-spced analog components than he may have used in the
past. And nowadays, there is a much wider choice available to
him, in the form of both JC's and discrete modules, each
specified in terms of whatever its scrong points happen to be,
j.c., slewing rate, settling time, bandwidth, output current,
stability, low noise.

Often the designer finds it difficult to interpret the manufac-
turers’ specs in terms of his own application to make an in-
formed choice. And when he uses the device he has chosen in
his circuit, he may find that its performance is quite different
from what he expected (or was led to believe he could obtain).
There is often a world of difference between manufacturers’
test circuits and the hurly-burly world of real applications.

There is no doubt that high-speed amplifier terminology can be
confusing. What is a high-speed amplifier to one designer
might be a medium-speed amplifier to another. A high slewing.
rate amplifier, a fast-setding amplifier, and a wide-bandwidth
araplifier - all are fast, but in quite different ways. In these
pages, we shall seek to dispel some of the confusion by pro-
viding practical definitions of the specifications, relating them
to applications, and discussing some of the factors that affect
the design of practical high-speed circuits.

Since the great majority of high-speed amplifiers considered
for use now (and increasingly in the future) are integrated-
circuit, this discussion will lay heavy emphasis on integrated
As the table on page 11 shows,* “high-spced” op
amps are characterized by small-signal unity-gain bandwidths

circuits.

of the order of 10MHz or more, slewing rates in excess of
about 20V/us, submicrosecond settling times to within 0.1%,
and settling times of the order of 1 us to within 0.01%.

SLEWING RATE

Slewing rate is the maximum available rate-of-change of out-
put voltage. If an ideal step could be applied to the input of
an op amp circuit, the output rate of change would be limited,
principally by the speed with which capacitance can be charged
by current (dV/dtmax = Imax/C), either at the output (maxi-
mum output current into the load capacitance) or at some
point inside the amplificc.

Slewing rate is affccted by the external “gain” connection of
the feedback elements; it is affected by the value of exter-
nal compensating capacitance; it is affected by whether the
configuration is inverting or non-inverting; and it very likely
differs between the leading cdge and trailing edge of the wave-
form. It is also affected by the portion of the response over
which the measurement is performed (typically from 10% to
90% of the difference between the injtial and final values).

*Ed. note: The table on page 11 provides a comparison of the

specifications of typical members of various high-speed op amp
familjes, borh [.C. and discrete-module.
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There is lictle uniformity among manufacturers on how to
measure slewing rate. The spec usually quoted is the one that
makes the amplifiec ook best. However, it should be measured
for both leading and trailing edgr  and specified for the worst
case, usually unity-gain, non-inverting. However, while there
is no one correct method or configuration, it is important that
the manufactucer and the user agree on the same criteria.

Figure 1 is a simplificd representation of an operational ampli-
fier that shows how the slewing rate is internally affected by
the current in the input stage and the compensation capacitor.
In Figure 1, the current through each collector circuit is [,
and both are furnished by a current source, 2I. In the lincar
(small input-difference) mode, the currents are I + Al and
] — Al, where the Al’s tend to be small. However, if the input
signal becomes Jarge enough to shut one of the input transis-
tors off (which happens when the amplifier is desperately
trying to follow a fast input, and can’t make jt, creating a
large difference signal), the current through Q2 can range from
0 to 21. Since the active load usually seeks to maintain its
current at the static value I, the difference current, I or -1,
flows through the input of the next stage.

Vs,
| Loan roan| |! s
L COMPENSATING
CAPACITOR
2L c
MPUT
STAGE
- o—' an s} OUTPUT
Vin
LEVEL
o - |
+ INTEGRATOR, CHANGER,
VOLTAGE GAIN BUFFER
21 REFERENCE
“GROUND"
(INTERNAL)

Figure 1. Simplified typical op amp configuration

The next stage is usually an integrator; that is, it has a constant
90° phase shift and an amplitude response that is inversely
proportional to frequency (-6dB per octave). It controls the
amplifier’s overall frequency response; with the right value of
capacitance, it will ensure stability over the whole range of
resistive fecdback ratios. (That is, a feedback amplifier must
have a tailored responsc, rather than a “flat-out” wideband
response, in order to be universally stable. More on this later.)
With a constant current (I or —1) flowing through the capaci-
tor, the output of the amplifier changes at the rate 1/C; it
cannot changc at a faster rate. This is the internally-deter-
mined slewing rate. In the AD518, for example, the value of |

Portions of this article originally appedred in ELECTRONIC PRO—
DUCTS MAGAZINE, November 19, 1973 issue, 645 Stewarl Avenue,
Garden City, N.Y. 11530, 1974 United Technical Publications, Inc.,
¢ Divisian of Cox Broadcascting Corporation.
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is 400uA, and C = 5pF, which gives a nominal slewing rate of
80V/us.

All operational amplifiers use compensation of this sort, but
the actual circuitry can differ considerably. In some, the
integrating capacitor is connected between the collectors;
in others, it is “grounded,” cither to common, ot to one side
of the supply.*
connected externally, and chosen by the user for the best
compromise between stability and bandwidth.

In many integrated-circuic op amps, it is

For a given value of signal gain, a non-inverting configuration
may require more compensation than its inverting counterpart.
Figure 2 shows twa circuits that have gains of 1. But the non-
inverting amplifier has a loop gain of A, while the inverting
amplifiecr has a loop gain of A/2, which would lead onc to
expect that the non-inverting amplifier will require more com-
pensating capacitance. Consequently, the inverting configura-
tion will slew at a faster rate, if the user has connected a
smaller value of compensating capacitance.

The rclationship usually employed to relate slewing rate to full-
power sinusoidal output is

dEo/dt[max = d(EOFS sin wc) / de= EOPS (3]
Since w = 27f, the frequency for full-power output is
dEo/dt max
2mEoFs

UNITY GAIN, UNITY GAIN,

NON-INVERTING INVERTING E,
FEEDBACK VOLTAGE = E, FEEDBACK VOLTAGE = =9
i
— LOOP GAIN = A +1= A = LOOP GAIN = & =% = 4

= it
Figure 2. Inverting circuit has tess loop gain

Thus, for a 10-volt amplifier, 6V/us of slewing rate corres-
ponds to a full-power frequency of 100kHz.

The usefulness of slewing rate as a measure of performance is
rather restricted: It provides an approximation of the fre-
quency range at which distortion becomes excessive, it
suggests the narrowest pulse-width that may be gotten through
an amplifier with reasonable fidelity, and it provides a2 measure
of the sharpness of signals that may be applied with response
predicted by the small-signal response. However, to predict the
rate at which high accuracy can be maintained, one must know
the settling time.

SETTLING TIME

Settling timet is the time elapsed from the application of an
ideal step-input to the time the closed-loop amplifier output
enters and remains within a specified error band, usually sym-
metrical about the final value (Figure 3). Settling time in-

*741-typec amplificts acc an example of this connection. For such
amplifiers, the negative supply must be extremely well-regulated, sinee
high-frequcacy noise and ripple arc aansmitted direcdy to the am-
plifier output.

t A comprehensive and useful discussion of scrtling time may be found
in Analog Dialogue, Volume 4, No. 1
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cludes a brief propagation delay, the time required for the out-
put to slew to the vicinity of the final value, the recovery from
the overload condition associated with slewing (that capacitors
must be discharged, and any thermal unbalances must be re-
solved), and the final time to settle to withip the specified
range. continued on page 12

CHOOSING A HIGH-SPEED OP AMP

The general rule for packaged circuits applies: Pick the lowest-
cost I.C. that you are sure will do the job; if you can’t find (or
adapt) one that will, it will become necessary to pick the
most suitable discrete design.

It is usually the case that L.C.’s have considerable advantages
in cost and size. However, to meet the needs of extreme per-
formance requirements, modules may still be necessary. Exam-
ples of situations that require modules are:

® Large amounts of power are involved — 20 to 100mA of
output current at *10V (the faster the circuit, the lower the
impedances, hence the greater the power and dissipation
requirements).

® Noise must be extremely low: less than 10uV rms (in a
S5MHz bandwidth).

® Settling times must be less than 500ns to within 0.01% or
100ns to within 0.1%; slewing rates must be in excess of
120V/us; and/or unity gain bandwidths must be greater than
35MHz; any or all of these on a min-max basis.

® Any or all of the above with internal compensation.

Generally, a manufacturer’s sales and applications engineers
can be of assistance in making a good choice; the broader the
product line available, the more reliable and dispassionate the
advice that will be obtained, especially if the manufacturer,
like Analog Devices, offers a wide variety of both IC and dis-
crete high-speed amplifiers. The table below lists a number
of the types available from ADI, both IC and modular, as
examples of the available specification mix.*

RELEVANT CHARACTERISTICS OF
TYPICAL HIGH-SPEED OPERATIONAL AMPLIFIERS

8t 26°C and V; = 215V, uniess noted otherwise

Type Designation Unitygein  Slewing Setding Sertling Prics
BW (MHz) Rata (V/us) Time (0.9%) Time 10.01%) 1+
Typicel i ! Maxi s,
INTEGRATED CIACUITS
ADS08S, difterential 20 100 s 25 28.00
ADSOBK, differential 20 80 s 25 1875
AOB08, differential 20 80 0.2(T) 1.0(T) 1150
ADH06, lowerting 410 10§ 120 08(T) 2.0(T) 15.00
ADS518, differential 2 &0 0.8(T) 20(T) 3.00
ADSZRJ, differantial FET 10 &0 08(T) — 18.00
ADBOYJ, differentiat k3 ] 0911} e 880
DISCRETE MODULES
504, differential FET 80 500 o1 02{0.06%) 75.00
B1A, differential FET 80 400(T) 014 038 §9.00
48], differential FET 15 125/901 028(T) 03ln 48.00
45, ditferential FET 10 7 95(T) 1.0 31.00
44, ditterential FET 10 T6/50t O5(M .0 42.00
120A, inverting 10 w 100§ 250 - 1.0{T) 78.00
47A, ditierontial FET 10 50 0.6(T) 1.0 77.00
§ Bandwidth adjustable
(T] Typical value

1 Inverting/non-rverting

*To request information on a specific type, use the blank spaces at the
head of the reply card. For catalog information on the whole product
line, request L7.

n



continued from page 11

This definition is now widely accepted. At one time, though,
some manufacturers defined settling time in terms of the final
“tail” only. When short settling times are quoted, the reader
should make sure that the above “long-form definition is the
one used.

Settling time is a closed-loop parameter determined by a com-
bination of amplifier characteristics, nonlinear as well as linear.
Thus, it cannot be predicted readily from such open-loop specs
as slewing rate and small-signal bandwidth. Ap extrerely-high
slewing rate does not insure a rapid settling time, because
slewing rate is only one of the factoxs affecting it. An amplifier
with an extremely-high slewing rate can often have a long
settling time.

Normally, the final value achjeved in the definition is not
necessarily the exactly correct value of amplifier output, since
that value is affected by amplifier open-loop gain, offset vol-
tage and drift, and common-mode error. Settling time to
within a given band cannot be defined at all if noise is exces-
sive. However, a desire for a given level of settling-time per-
formance usually implies that the amplifier must also have
satisfactorily-small levels of error due to such causes

For example, fast-settling amplifiers are used in many applica-
tions for high-accuracy conversion systems requiring fast
settling to either 10- or 12-bit accuracy, within % least-
significant bit (0.05% or 0.0125%). If an amplifier has a
rated output voltage of 10V, 0.0125% represents 1,.25mV of
error.  For such high degrees of resolution, other errors, as
well as settling time, must be minimized.

Op amps designed for optimum response at high closed-loop
gains at moderate frequencies often have transfer functions
that provide only marginal stabilicy when the closed-loop gain
is reduced to values near unity. The amplifier used for fast
settling co high accuracy should have a closed-loop response
that is (at Jeast theoretically) only slightly less than cdtically
damped, since any oscillation or ringing may prolong settling
time.

And, in practical circuits that have stray capacitance, the
added lags caused by the external loop elements will cause
a system to ring, even if it has an amplifier with sufficient
phase margin. For this reason, designers of fast-settling op
amps try to have the open-loop frequency characteristics
strongly dominated by a single time constant. This is stated
in many ways, all with the same meaning: constant 90°
phase shift, —6dB/octave (or —20dB/decade) rolloff, unit lag,
exponential time response.

The term “setding time” is also used to indicate the time
required to restore the output to its original level after it has
been disturbed by a transient associated with a step change of
load. In convession circuits, the settling time is the time re-
quired to achieve and remain within +% least-significant bic of
final value.

Because of the low final-value errors and wide-ranging slew-
ing transients, settling time is quite difficult to measure.
Measurement circuits for settling-time in analog circuits are
described in Volume 4, No. 1 of Analog Dialogue; settling-
time measurements for conversion circuits are shown in the
Awnalog-Digital Conversion Handbook, starting on page 11-116.
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Figure 3. Examples of settling time. Voltage scale greatly
magnified in vicinity of final value.

MINIMIZING SETTLING TIME

The settling time of a practical op amp circuit is determined
by the input source, the operational amplifier, and the
associated circuitry (including stray capacitances and the non-
ideal nature of circuit components, such as resistors and
diodes). While the amplifier alone is predictable, as specified
in a certain configuration, what is painstakingly gained in
amplifier design can be lost without careful circuit design.
Some of the elements of good high-specd design are:

Power supplies and grounds should be properly connected and
bypassed (typically, with 0.14F ceramic capacitors, connected
at the op amp socket) to avoid introduction of noise, stray
feedback paths, or ground loops. Load- and summing-point-
capacitances should be minimized or compensated for. All
connections should be short and direct, to minimize lead
inductance and capacitive coupling

Resistors should be metal-film types; they have less capaci-
tance and stray inductance than wirewound types, yet have
excellent accuracies, temperature coefficients, and tracking,

Capacitors in critical locations should use extended-foil con-
struction, with dielectrics of polystyrene, Teflon, or poly-
carbonate, to minimize dieleceric absorption.

Circuit impedancc levels should be aslow as is consistent with
the output capabilities of the amplifier and the signal source.
Don’t overlook sockets or the p.c. board itself as possible
sources of dielectric absorption. Avoid pole-zero mismatches
in any feedback networks used with the amplifier.

SLOW BUT ACCURATE

As noted, fast settling to an uncertain final valuc is uscless. On
the other hand, not-too-stow settling to an accurately detee-
mined final value can be quite uscful. For example, the low-
drift, high-gain, high CMR, low-noise {0.5uV/°C max, 106 &
110dB min, 0.6uVp-p max — 0.1 to 10Hz) ADS504M*
integrated—circuit op amp, connected for gain-of-100, scttles to
within 0.01% in about 1ms, quite adequate for chart recorders,
panel meters, and many measurcment circuits. >pp

To be continued. The next installment will discuss stability
and phase margin, and the use of Bode plots as an indispen-
sible tool for predicting small-signal instabilities.

*For information on the AD504 family, rcquest L2,
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LOW-COST RMS-MEASURING CIRCUIT
MODEL 440 HAS LESS THAN 2mV £0.05% ERROR, COSTS $42. IN 100'S

The Analog Devices Model 440% is a
“true-rms” to dc converter designed for
applications in instrumentadon, measure-
ment, and data acquisition, wherever sta-
tionary waveforms of unknown or arbj-
trary shape are encountered. The process
of computing the root mean-square (rms)
involves squaring the positive or negative
input signal, avcraging it to obtain the
mean-square, and square-tooting to obtain
the root mean-square. The Model 440 per-
forms these operations in a feedback con-
figuration, using logarithmic cireuitry for
squaring and rooting.

of their sum is equal to the square-root
of the sum of the squares of their indi-
vidual rms values.

RMS vs. MAD (MEAN-ABSOLUTE
DEVIATION)

Low-~ost rms meters (and, sadly, some
cxpensive meters) have, in the past, been
likely to read a calibrated version of the
average of the absolute deviation (i.e., the
full-wave rectified signal), rather than
rms.  Since the most popular ac wave-
form has been the sine-wave, the mad has
been multiplied by 1.111 to read true
rms. Unfortunately, this calibration con-
stant can differ widely from waveform to
waveform (see table); while it can be pre-

RELATIONSHIPS BETWEEN RMS AND OTHER
PARAMETERS OF SEVERAL COMMON WAVEFORMS

vaLut |I—{ !— o -l AARDE |—?—o' CREST
Sl || L = - _J ! set for known wavcforms, this is out of WAVEFORM 52?;32 :Tx%
s ST st (| T the question for unknown or variable-
L"‘ ;__i"' " duty-cycle waveforms, such as SCR’s SINE WAVE
== ¥
silicon controlled-rectifier) and variable- — ;
WHY RMS? (= _ ) e i |
Th b f solid P width pulse trains. 0
Cre aré a numbcer OI s0l1d reasons 1or 1.414 1.111
. TECHNIQUES
mecasuring rms, rather than some other : " )
property of a waveform, based on its While many techniques a.rc.avallable ;o P
physical and mathematical properties, the fomp.uccr-mmdcd expenmenter, the SQUARE WAVE
. . two in widest use are thermal converters
The rms 154 .funda.mcntal physical ™S and computing types using fecdback, such — 1§V
urcment: it is a measure of the heating . v - 440, While the former have very o 1 1.00
value of a voltage or current applied toa 4. bandwideh (at the high end) and are
H H 3 TRIANGULAR WAVE
resistor.  Over .thc averaging interval, all capable of excellent accuracy, they in- OR SAWTOOTH
waveforms h‘avm‘g .thc same rms voltage | Jy. significant dissipations and tempera- % N _2
ot cucrent will dissipate cxactly the same ture rise, cannot average slowly-varying . i NE] /3
amount of energy in the resistor, irrespee- o very well, and may require op- \53h e
tive of the variation with time. This is amp buffers that will dcgradc pcrfor-
true whether the waveform is constant . Computing types, on the other A IRRS
(dc), sinusoidal, biased-ac, random, or a hand, are quite flexible; by the use of
train of pulses. additional capacitance, for example, the i
The rms is a fundamental statistical para- 440 can accurately (1%) convert rms to C.F.>4
: HAS A
meter: for any stationary (unchang-  dc over bands from 100kHz (-3dB @ i ] PROBABILITY ‘/E_
. e OF 0.01% :
ing general shape) zero-mean (e.g., ac-  500kHz) down to 1Hz (10uF connected pae g
coupled) process, the mms is equal to  cxeernally). GREATER CREST FACTORS L
the standard deviation of that process. yup Cffeee drife of %0 2mV/°C maxi-
Whether the distribution measured by the ; v 1 o .5 T
| ceher lf nbu lon] € | rec ai’ mum and “accuracy” drift of *0.02%/ C SRR NG o
ccctnc?l wavchorrrf mvofvcs Cl cctrical ran- maximum, rcasonable accuracy is main- il L5 | IGFs
dom nelsc or the size of pPIes 012 COT i over the whole 0° t0 70°C tomp: | | TERERE
veyor belt, the rms Is a Valid measure of ) ture range. Besides low cost, wide 0 . . - :
the standard deviation, for large sample bandwidth, good accuracy, and flexibil- ~| ent 1100 | 10 10
ire. . ' o "
S ) o ity, the 440 also boasts small size (1.5" x SINE-SQUARED
The rms permits combination of uncor- {5 . 41 38x38x10 Amm) and light
: . 417, . N
rclated quantities: If orthogonal or un- weight (40g). Available from stock, it’s \:m ViR
correlated quantitics arc summed, the rms priccd at $62 (1-9), 440J, and $75, 440K = : [ —Ek
A » » > e
*Far information on the Model 440, cequest g 1.633 1.225
L8. >>p
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New Products

LOW NOISE,
NON-INVERTING
CHOPPER OP AMP

Model 261* is a 2ndgeneration non-
inverting chopper amplifier designed to
replace Analog’s winning Model 260. The
261 has higher open-loop gain (107) and
lower noise (1uVp-p max, 0.01—10Hz),
and runs at a higher chopper frequency
(3500Hz vs. 500Hz) to minimize chopper
intermodulation and external noise-coup-
ling problems. In addition, the shielding
has been improved to eliminate inter-
modulation with chopper signals from ad-
jacent amplifiers. The overall improve-
ment includes such benefits as reduced
distortion for 100Hz signals and freedom
from chopper spikes.

In addition to its low noise, the 261's
voltage drift is as low as 0.1uV/°C max,
with SpA/°C max offsetcurrent drift
(261K), and it has low initial offsets of
125uV (adjustable to zero) and 300pA
max.

Despite these improvements, size and
cost (1-9) are the same for the 260, (1.5"
x 1.5 x 0.62”, 38x38x15.8mm), $49 for
261] and $64 for 261XK.

WHY NON-INVERTING CHOPPERS?
Low-drift chopperless op amps have been
considerably improved in tecent years; ex-
amples include the 184 and 43K, and the
1.C. AD504%. Yet, for high-gain applica-
tions, choppers still provide the lowest
voltage drift and noise, combined with
low bias current.

There are excellent inverting chopper-sta-
bilized op amps available, such as the
234t. Though they are more versatile
and have wider bandwidth, low input im-
pedance makes their use impractical in
preamplification of signals from high-im-
pedance sources or unloading of poten-
tiometers in precision measurement-cir-
cuits.

The 261 is especially well suited to de
and low-frequency measurements, with its
bandwidth (—3dB) of 100Hz. Gain is ad-
justed by an external (non-loading) feed-
back divider, and input impedance is
essentially 1092, for closed-loop gains up
to 1,600. 442

14

TWO IMPROVED FUNCTION MODULES
434 WIDE-RANGE MULTIPLIER /DIVIDER
COMPUTES ZY/X WITH <0.23% ERROR

Model 4341 has 3 inputs, which ¢nable
it to perform as

a 3-variable muldplier-divider

a multiplicr with fixed, adjustable,
or variable scale factor

a divider with fixed, adjustable, or
variable scale factor

a squarer, rooter, gcometric-mean,
or root-sum-of-squares computer.

Not only does it have excellent overall
accuracy, but in addition, the use of log-
antilog circuitry gives it a wide dynamic
range. Its output error, after adjustment,
of ImV *0.15% of reading, means that
output levels of 100mV will retain an
error less than 1%4% of actual value, or
0.0125% of full scale?

All inputs accept voltages from 0 to J0V;
and the Z and X (ratio) inputs also accept
This flexibility means that input
currents may be applied direetly from
transducers (such as photodiodes). It also
means that arbitrary values of input resis-
tance may be used to allow the inputs to
be scaled to any voltage levels.

current,

= ...g LA

L '%Vv ix

O Vags =9V

PUNCTIORAL BLOCK DIAGRAM MOOLL 434

For division and square-rooting, unlike in-
verted-multiplier circuits, the 434 will
providc accuracy that js pretty much in-
dependent of denominator level, as long
as the output is within the rated range.

Besides all these features, the 434 con-
tains a reference source, which may be
uscd as a constant scale factor for 2-
variable operations, making it unneccessary
to depend on external reference sources
or the device power supply.

In sizc, it is a compact 1.5 x 1.5 x
0.62"" (38x38x15.8mm). [t is available
from stock at $75 (434A) and $87 (434B)
for (1-9). 4 d

4338 MULTIFUNCTION CIRCUIT: Z[Y/X)™
PRODUCTS, QUOTIENTS,
POWERS, ROOTS REC|PROCALS

More flexible than the 434, more accurate

than the 433], the new 433B§ will per-
form all of thc opcrations of the 434;
but in addition, the connection of a pair
of external resistors permits the ratio to
be raised to a power (integral or fraction-
al) from 0.2 to 5.0.

The 433B is uscful for obtaining arbitrary
powers and roots, which may be used in
function-fitting and -generation, trans-
ducer lincarization, idcal gas calculations,
and in developing power-scries approxi-
mations.

Likc the 434, cthe 433B will operate over
the —25°C to 85°C temperature range.
Its 25mV (F.S.) error at 25°C is 1/2 that
of the 433]; its 2mV offsct is 1/2.5 that
of the 433}. les dimensions arc the same:
1.57 x 1.5 x 0.62” (38x38x15.8mm),

OUTPUT (VOLTS)
& o

TR N

3 4 Y
INPUT (WVOLTS)

availability is from stock, and price is $87

(1-9). 444
*For complete information on the 261, request
L9.

fFor informacion on these amplificrs, request
L10.

f For information on the 434, request L11.

& For information vn Models 433 (J & 8). re-
quest L12.
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Application Briefs

TEMPERATURE MEASURING CIRCUIT
BORROWS POWER AND REFERENCE FROM DPM

The AD20061 linc-operated digital panel mcter (DPM), intro-
doceed in Analog Dialogue 7-2, was designed with some interes-
ting features that facilicate the design of measurement sys-
tems in which it might become involved. Two of its features
make it especially idcal for the design of simple instruments:

1. It has dc power outputs of ¥15V @ 10mA and 25VDC
@ 50mA. These de power outputs allow the meter to power
external circvitry associated with ic, such as op amps or an in-
strumentation amplifier, without calling for an additional
power supply. [t is obvicus that such an amplifier might be
used to scale up small-amplitude inputs for measurement by
the AD2006, in a small, sclf-containcd measurement system.

2. The meter’s reference voltage is available as the source
of excitation for a transducer, gencrally via an amplificr stage
that provides gain or attenuation (and power boost, in any
cvent). The meter’s reference-input terminal, normally vsed
with its own reference voltage, can also be connected to an ex-
ternal reference source, for example, the cxcitation voltage for
a bridge-type transducer. Either way, since the DPM’s reading
is proportianal to the ratio of the input to the reference, it will
be independent of variations of the reference with time, tem-
perature, ctc., to the degree that the transducer output is pro-
portional to the reference voleage.

It is feasible, then, to build a complete measuring system, for
some applications, making usc of the DPM and just a few ex-
ternal components. The schematic diagram illustrates a prac-
tical ad hoc instrumentation application that works.

by Jim Hayes*
DIGITAL THERMOMETER

We neceded an accurate temperature-measuring instrument for
use in our engineering labs for testing new products. It was
dccided to use a thermistor in a beidge circuit, with the ex-
citation voltage developed from the DPM’s reference, and the
output rcad differentially by the DPM.

The thermistor network chosenis a Yellow Springs YSI-44211.
[n order to supply a stable 2V of excitation, the internal refer-
ence output of the AD2006 was used, scaled and buffered by
an AD308N op amp, to ensure that the loading of the reference
would not greatly affect its stability. The AD308N is, of course,
powered by the 215V outputs of the AD2006. Trims were in-
cluded for calibrating the circuit, so that the meter would read
00.0 at 0°C and 50.0 at +50°C (i.e., a 10mV/°C calibration).
If calibration is desired in degrees Fahrenheit, the caption
describes the necessary changes, in order to obtain 10mV/°F
and 00.0 at 0°F.

The final result is a thermomecter with a resolution of 0.1°C
and accuracy error of 21°C, typically reading temperatures in
the range -55°C to +85°C to 1/10 of a degree. It has been in
use in the laboratories at Analog Devices during the past year.
Not only did it provide us with an accurate temperature-
mcasurement tool and confirm the power-output and ratio-
mctric aspects of the AD2006, but it has also given us another
(albeit small) increment of life-testing history: one year, sev-
eral such circuits built, no failures, many experiments ex-
pedited at low cost as a result of the circuit’s usefulness.

bR

AC
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W —_—
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* Jim Hayes is Product Marketing Specialist for DPM's.
{ For complete infurmation on cthe AD2006, requese L13.
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SUPPLIED WITH . T 2
THERMISTOR | g anA, |
l T2 I
| 1
e —— N

¥544211

THERMISTOR

Comptete Electrical Thermometer Circuit. Readout is in °C.
For readout in °F, R, = 54.9k), R, is 5k€2, R is 10082, and
R, is 1.05k2. For 10mV/°F scaling, set the AD308N cutput
to 3.576V. Adjust R, for zero ocutput at 0°F. The thermistor
is manufactured by Yellow Springs Instrument Co., Yellow
Springs, Ohio, 45387. It is available frorm many major
distributors.
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Application Briefs

REDUCING MULTIPLIER LINEARITY ERRORS
CROSS-FEED REDUCES 2nd HARMONIC DISTORTION AND FEEDTHROUGH

by Lewis Counts*

In many transconductance-multiplier designs, the “X» feed-
through error has a pronounced quadratic component. That is,
for Y = 0 and X swept over the range *10V, a crossplot
(Figure 1) shows that the output, instead of being zero, is
approximately equal to (A + BX + CX?). A is removed by the
conventional offset adjustment and B is removed by the lincar
feedthrough (Y,) adjustment, but the remaining term appears
to be part of the irreducible nonlinearity of the device. 1t is
one of the major manifestations of linearity error.

I 2

Xowp s [T L owiTH

Figure 1. Multiplier X" feedthrough crossplot test circuit.
Horizontal setting: 2V/cm, dc¢-coupled, zero in center of
screen. Vertical setting: 80mV/cm, dc-coupled zero on
screen centerline.

The good news is that this feedthrough can be greatly reduced,
by factors from 2 to 5, with some improvement to overall X
linearity. The slightly-bad news is that it requires an additional
“rweak.” However, considering that low-cost multipliers, such
as the 426, the AD530, and the AD532 can be helped in this
manner, an overall cost saving is possible. Figure 2 is a set of
“before and after” oscilloscope crossplots that show, rather
dramatically, what can be achieved.

X Feedthrough @ 200kHz, ADS30J
BOmV/cm vertical, 2us/cm horiz AFTER

BEFORE

[ |
X Feadthrough @ 20Hz
BEFORE Crossplot, 50mV/cm vertical, 2V/cm horiz. AFTER

li!il"il_li :!i==-

X Nonlmoamy (Eo X), 60mV/cm vert.
X =20Vp-p, Y = +10V AFTER

'Iii!I"I RpEE '!

N Il!!lll!.-

X Nonhmmv, (Eg + X), BOmV/cm vert.
X =20Vpp, Y = -10V AFTER

Figure 2. Effect of X"’ feedthrough reduction by the cross-
feed technique with a typical 1C multiplier: ADS30J

BEFORE

BEFORE
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The ‘“‘cross~coupling” compensation technique is described
rather fully in the Nonlinear Circuits Handbook (see p. 19). It
will be summarized briefly here. It is evident that the parabolic
waveshape with Y = 0 indicates that a small fraction of X, (CX),
is, in effect, being coupled into the Y portion of the circuit,
resulting in a CX? term at the output. The solution, there-
fore, is to externally feed a small fraction of X (C'X), with
opposite polarity, into the Y input, to cancel the internally-
coupled increment. This is done, in practice, by first deter-
mining from the scope picture what the polarity of the error
is (a “smile” is positive, a “frown” is negative). If the error
is positive, a small fraction of X is fed into the ncgative Y
input (labeled -Y) or resistively summed into the Y-offset
terminal (Yo or Yr). If the error is negative, a small fraction
of X is summed with Y passively, and the gain is retrimmed
to compensate for the slight attenuation of Y. In either case,
the X increment is adjusted until the parabolic shapc is
cancelled.

All normal teims should have been adjusted before this lineari-
zation adjustment is performed. The input signals should be
at low impedance, and usually are, if they’re from op amp
outputs. The scheme works for parabolic, but not 3rd order
nonlinearity. It can theoretically also be used for Y, but
returns are diminishing. Trim circuits for several susceptible
ADI multiplierst are shown in Figure 3.

_g_

244

= i F
RN
f*-"’éf wilhiB
) N Kl -y
] =3
o 5
R i

Figure 3. Linearizing circuits for Analog Devices multipliers.
“A'" connections are to correct for positive feedthrough
error. “‘B’‘ connections correct for negative error.

*Lewis Councs is Manager of Analog-Module Engincering ac ADD's

Modular Instrumentation Division and the author of chaptcrs on mulei-
pliers, dividers, and rms cireuits in the Nonlincar Circuits Handbook.

tFPor technical data on these multipliers, tequest L14,
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Application Briefs

USING CMOS SWITCHES FOR.......

by Jerry Whitmore

LOW-COST SAMPLE-HOLD

The sample-hold cireuit shown in Figure 1 uses an AD7510K
quad analog CMOS switch, two IC op amps (AD301A and
AD741K), and a handful of miscellancous components.* The
circuit consists of a capacitor-to-ground, unloaded by a unity-
gain follower (A2), in a fcecdback loop. During sample, the
outpuc of the follower is fed back to the negative input of
op amp Al, while the signal is applied to the + input. The
output of A1 must do whatever it can to force the voltage
on C2 (hence the output) to track the input. During hold,
the loop is opened, and the charge remains on the capacitor
(cxcept for leakage).

-] g |_ -
2 —= 3 |- }
o t— ~ 4ot
1 ’
| T |
ot | Ok 5k
; ! + WS
+ S— ':_7 | Pl _i
| o i 3 Sk 1
Pi— i ST I 1 e |
1 ! ik caz i
! ! ! [ 4
+ -

Figure 1. Schematic diagram of sample-hold circuit. Parts

cost {purchased in 100’s) is less than $16,
Switching jis performed by an AD7510 quad switch. S4 inverts
the logic applied to S1; it is closed when S2 & S3 are open
(hold), and open when they are closed (sample). In hold, S1
connects Al as a follower, 52 disconneets Al’s —input from
the output of A2, and S3 disconnccts Al’s output from the
capacitor. In sample, S1 opens the local loop around A1, $2
connects the output of A2 to the —input of Al, and S3
connects the output of Al to C2 (+input of A2).

In hold, the leakage rate, dV/dt = I y5/C, is dominated by
the op amp’s bias current, 7504, and is about 7.5mV/ms. This
means that for 8-bit accuracy (PALSB = 0.2%FS = 20mV),
a signal could be held for more than 2.5ms wichout cxcessive

mV (op womda
s 81
LI

APERTYAL {RAON —

o001 8.0 (1) ey 2 s
SIGNAL SLOWING RATE = Vi (Ling wade)

Figure 2. Aperture error as a function of input-signal slewing
rate {within response capability of the system).

*For information on the quad switch and op amps, request L1S. For
information on complete samplc-holds manufactured by Analog De-
vices, request L20,
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degradation. For conversion rates of 5-10kHz, the total signal
degradation due to this droop would only be about 0.02%FS.

Dynamic error {sample to hold) is determined by the switch
aperture time (~700ns} and the maximum rate-of-change of
the signal (Figure 2). For sine waves with full 20Vp-p ampli-
tude, aperture errors are less than ALSB of 8 bies for fre-
quencies up to 300Hz, and proportionally less for lower-level

inputs (slower changes).
SAMPLE

A‘l

i@ vlé-

Figure 3. Typical waveforms of sample-hold circuit. Sinewave
input is 20Vp-p, 2kHz. Vertical scale is 5V/division; horizontal
scale is 200us/division. Hold-to-sample is slew-rate limited.

During sample, small-signal bandwidth (—3dB) is 130kHz,

limited principally by C, and the R, of S3. Full-power
response is about 6kHz, limited by the slewing rates of the
amplifiers, which also reduces 20V settling time to aboue 50us
(Figure 3). CR1 and CR2 protect the quad switches from
failure if the input/output voltages exceed the power-supply.
C1 provides phase compensation for stability when the loop is
closed in sample.

DIGITALLY-CONTROLLED TIMING USING THE
AD7501 MULTIPLEXERT

The circuit of Figure 4 provides digital control for variable
time-delay generation. The 3 digital inputs, Ap through A,,
select a resistor, Ry - Rg, to provide time delays of 1~8 seconds
in ls increments. A negative transition at the 555 timer’s
trigger input starts the timing sequence. Additional intervals
can be generated by stacking multiplexers and using their
enable lines to select the appropriate AD7501.

_CODE | DELAY ?
000 | 1 T Tt -
001 2 WL | LI RESISTANCE
o s f%<§§:‘:3 VALUES 1
ar 43 'l’ | il I 8 N - S
100 53 — RZ
101 Bs ' _|,_| | poes
110 7s L, Py — | iy
m | iy S—
o O 41t | RS
N— B = 1 A6
-3 1 8 R7
b 1! of J

:4]

NEains

Figure 4. 8-Step digitally-controlled timer: circuit and timing
diagram.

tFor information on the AD7501 Multiplexer, request L16.
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Application Briefs

LOCK-IN AMPLIFIER USES SINGLE IC

by David R. Williams and William T. Lum*

The circuit of Figure 1, which combines a syncheonous filter
with a phase detector, will detect a modulated signal buried
in noisc. The dc output is proportional to the modulated sig-
nal, while the underlying component of noise is smoothed by
the RC filter. Although the technique has been used before,
the circuit described here uses a single IC instrumentation
amplifier (in this case, the AD520t). The circuit was devel-
oped for multi-channel radiometry, where economical circuitry
and high performance are a desirable combination, but jt should
find application in many fields where signal-in-noise detection
is required.

wl L g >
o e L
o

Figure 1. Synchronous demodulator

The operation of the circuit is illustrated in Figure 2. During
the first half-cycle, FET Q1 is on and grounds the capacitor at
A; at the same time, Q2 is off and presents a high impedance
to the capacitor at B. The capacitor starts to charge up posi-
tively on the time constant R;C. In the next half-cycle, the
situation is reversed — Q2 is grounded and Q1 is open, the
capacitor retains its previous charge and continues to charge
negatively at B on the time constant T = R,C, (R; = R;).
In this way, the capacitor charges up to average value TAS/4,

[ el Welly ——

L
B "V A P B Sy

Figure 2. Waveforms at the input

*Radio Astronomy Lzboratory, University of California, Beckeley,

Calif. 94720.
{ For information on the AD520, request L17.
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which is diffecentially amplified to give G4AS/2 at the output.
Only a signal which is coherent with the refcrence frequency
will be amplified, and the random noise components will be
smoothed by the RC network.

In operation, the circuit is found to have excellent zero level
stability. When operating with T = 1s and G, =100, the long-
term instability, noise plus drift at the output, is = 1mV
peak-to-peak.

The effective noise at the output can be calculated from the
usual radiometer equation. For a modulated signal AS,
masked in underlying noise N, the signal/noise ratio at the

output is given by

(EL-#
N out N

where f is the bandwidth of the band-limited noisc at the input
and T = RC. For example, if 4§ = 10mV, Ny = 1V, § =
10kHz, T = 1s, and Go = 100,

S _10
<§ZM_ L (104" D)

and Sgyy = GoVs = 1V. Thus, a 10mV signal masked by 1V ¢
noise would just be decectable as a 1V signal at the output.

A

(1)

Besides its economy, there are a number of other advantages
of the circuit. For example,

The dec component of the signal-plus-noise is rejected
by the amplifier’s common-mode rejection (up to 120dB here).

The usc of a single capacitor across the high-impedance
input of the amplifier (instead of two capacitors to common)
provides improved common-mode rejection for the unwanted
noise components.

The use of a classic instrumentation amplifier provides
all of its expected benefits, including symmetrical (and high)
input impedance, and stable gain, determined by a single gain
resistor (once the scale resistor has been selected).

The smoothing time constant, T = RC, is dctermined by
a single high-quality (polystyrene or polycarbonate) capacitor,
given R, R,. The circuit performs with reference frequencies
beyond 10kHz.

In practice, in order to balance the system, a large dc signal is
applied at the input, and R,g; is adjusted for zero de output.
This, at the same time, balances the circuit for ac symmetry

(Ry = Ry). NSNS

Still Available
ANALOG-DIGITAL CONVERSION HANDBOOK

Published by Analog Devices, Inc., 402pp. Edited by Dan
Sheingold. Only $3.95. Use the reply card to order your
copy on a pay-after-you‘ve-looked-at-it basis.

Analog Dialogue 8-1 (1974)



CURRENT CONTROLLER

USES ADJUSTABLE EXPONENT

by Galen W. Ewing*

In connection with electrochemical studies (variable-current
chronopotentiometry), an instrument was required that would
control the current i through a cell as a power of time

i(t)=kem
in which the exponent, m, can assume a wide range of values
of either sign and ranging from perhaps 1/4 to 3.0.

The 433Jt has proved to be a highly convenjent component
for accomplishing this design, using the circuit of Figure 1.

Figure 1. Power-of-time programmable galvanostat. Offset
trimming and power-supply circuitry are conventional.

Two DPDT panel switches determine the sign of the exponent
(S5) and whether it is greater or less than 1 (36). The 200Q
10-turn pot connected to S6 fixes the numerical value of the
exponent, 1000 X dial sctting for m < 1, and 1000 + dial
setting for m > 1. Switched fixed resistors could be used for
a limited set of specific m values.

Two of the inputs to the 433] are fixed: the Y input, and
cither X or Z, as sclected by S5. They are connccted to the
9-volt reference output at pin 11. The active input is supplied
from a conventional ramp gencrator utilizing 2 Model 40J
FET-input amplifier as the integrator (A1). The integrator
output is clamped to ground by diodes D1 and D2, to avoid
applying negative inputs to 433 (while not harmful, negative
inputs drive the output into saturation). The SPDT panel
switch (S3) controls the integrator: initial conditions and run;
hold is not needed. The switch is synchronized with the
recorder’s remote start control.

The 433] output (direct or inverted) is taken to a control
amplifier (A3), the galvanostat proper, the feedback for
which is the electrochemical cell.  With the programmed
current flowing through the cell, the voltage between the
reference clectrode and the “working” clectrode is unloaded
by the follower (A4) and plotted op an X-Y recorder with
its X-axis driven by the lincar time base. Figure 2 (adjacent
column) shows the programmed current, compared with
computed points for m = 3/4 and 4/3, using a 200k§? dummy
load to replace the cell for this measurement. b

“Professor of Chemisay, Scton Hall University, South Orange, New
Jerscy 07079

{Sec page 14,
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Worth Reading

LAST ISSUE OF ANALOG DIALOGUE
Vol. 7 (1973), No. 2

[f you haven’t seen the last issue of Dialogue, you can get a
copy by requesting L18. Here’s what you’ve missed:

“SERDEX" SERial Data EXchange Modules for “No Soft-
ware” Interfacing in Data Communication and Control
Systems

CMOS Quad Switches and Multiplexers — Low-Leakage,
Low-Dissipation Analog 1.C.’s (See also p. 17 this issue]

Internally-Trimmed Monolithic Multiplier (AD532) — No
External Components Required for <1% Maximum Error

Linc-Operated 3%-Digit DPM (AD2006) [See also p. 15 here]

Model 50: Widcband Fast-Settling 100mA Op Amp

Model 171: High-Voltage Op Amp — Supplies to £150V,
PSR, CMR 100dB

Log-Ratio Modules (Model 756) — 0.5% Log Conformity

Applications Quickie: Bootstrapped AC Coupling

Erratum for Vol. 7, No. 1 — Important if You’ve Considered
Using the AGC Circuit on p. 13 of 7—1

Editorials: On New Advances in ADI's Technology:
Controlled Interfacing, Analog CMOS, Dynamically-
Trimmed Monolithic IC’s

Advertisements: Conversion Products, Low-Leakage Dual
FET’s, Fasc IC Op Amps That Are Basy to Use, Three-
Variable 1C Multiplier-Divider (333

ANNOUNCEMENT OF NEW HANDBOOK
NONLINEAR CIRCUITS HANDBOOK

DESIGNING WITH ANALOG FUNCTION MODULES
AND INTEGRATED CIRCUITS

502 pages of information on Muld-
pliers, Dividers, Log, Antilog,
Power and Root, RMS, and other
non-linear circuits and their appli-
cations, incJuding some unusual
new applications. Includes
principles, circuiery, performance,
specifications, and testing. By the
engincering staff of Analog Devices,
edited by Dan Sheingold. Price $5.95.

To obtain your copy on a “bill me later” basis, use the
reply card.
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Figure 2. Power of time curves. Output voltage proportional
to the 4/3 and 3/4 powers of time. Both scales normalized
about the point of intersection. Circled points are calculated.
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The AD528.

Where high accuracy joins high speed
in a FETop amp.

I's all here in the AD528. First take the speed: a
slew rate of 70V/usec and a bandwidth of 10MHz
—with no external compensation —that gives

you a clean response, minimal ringing and no
oscillation. Even with a 300pF load.

Then combine it with an input bias current of
10pA, an offset voltage of 1mV, a V,, drift of
151 V/°C and a peak to peak noise of less than
SuV.

Put them all together and you've got a FET
op amp that's perfect for high speed integration,
sample and hold, and current to voltage conver-
sion for D to A applications.

And you can't beat that for only $12 in hundreds
for the AD528J.

The AD528 is the FET input version of our
60° phase margin bipolar AD518. That one
has the bandwidth and the speed but a little
less accuracy. And a little lower cost. The
AD518K. $4.95 in hundreds.

The AD528 and the AD518. Just two more
ways to keep you —and us —a step ahead
of everyone else. From the high perform-
ance linear IC people at Analog Devices |
Semiconductor, Norwood, Massachusetts 02062. ||
(617) 329-4700. _' "

R ————
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For information on the AD528, request L19.
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