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LTC1272: Single-Supply,
Sampling 12-Bit ADC
Guarantees 3-microsecond

Conversions

LTC'snew 3us, 12-bit sampling ADC
converts 2.5 times faster than any
sampling converter offered in the
AD7572 pinout. In fact, the LTC1272
converts as fast as the fastest non-
sampling AD7572-type ADCs, while
providing an on-chip sample-and-hold,
single 5V supply operation, and lower
power consumption. This article de-
scribes the converter’'s technology, a
typical application, some design ad-
vantages, and some breadboarding
and design techniques.

Technology: High-Speed
Design on a Low-Cost Process

The LTC1272 is a high-speed, ca-
pacitor-based, sampling A/D con-
verter, designed on alow-cost BICMOS
process. It achieves a 250kHz sample
rate and eliminates the need for a fast,
external sample-and-hold. The design
of the voltage reference and other cir-
cuitry allows single 5V supply opera-
tion.

A fast-settling DAC design and a
new, patented comparator takes the
sampling successive approximation
(SAR) conversion architecture to new
heights in speed. The LTC1272 does
so well that it converts faster than
many ADCs which use supposedly
faster architectures (for example, the
4ps subranging AD678 and AD1678).

In Figure 1, the sample-and-hold
function is provided when the input
signal is stored on the sample-and-

ANALOG —o/o—|

by William Rempfer

hold capacitor, Cgample- The acquisi-
tion time to 12 bits is typically 450ns
(1ps maximum). Sample-and-hold er-
rorsareincluded in the accuracy speci-
fication of the ADC, reducing system
errors and cost.

The DAC is a binary-weighted ca-
pacitor array that is wafer trimmed to
within 1/2 LSB maximum linearity
error, using a fusible-link ROM. 1t is
designed to switch and settle extremely
quickly. As a result of our attention to
process, layout, and design, only the
three most-significant bits require
trimming.

The comparator is optimized for
speed. At a s conversion rate, only
250ns are available for each bit test. To
achieve a 3ys spec over temperature

continued on page 8
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Figure 1. Block Diagram Shows Fast Settling
DAC and Patented Comparator: The Heart of
the 3us Sampling ADC
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Linear Technology Continues
Analog Excellence

The second issue of Linear Technol-
ogy from the corporation of the same
name, continues to present new prod-
ucts, applications, innovations, and
product highlights from the designers
at Linear.

Reader response to the first issue of
Linear Technology has been excellent.
Both the overall concept and the tech-
nical level of the magazine were favor-

ably received. LT will continue to offer
both application articles that focus on
circuit theory and system design, and
articles on the inside details of new
products conceived by the designers at
LTC.

We would like, in a future issue, to
begin a question and answer column
driven by reader involvement. If you
have a question on a specific circuit

by Richard Markell

problem or an issue that you would like
toseeaddressed in the magazine, please
write a note or send a FAX detailing
your question to: Richard Markell, c/o
LTC World Headquarters (see page 20
for our address and FAX number). In
addition, do not hesitate to send us
ideas and/or suggestions for new prod-
ucts that you would like to see LTC
manufacture. We are always listening!

Issue Highlights

The second issue of Linear Technol-
ogy features five “Design Feature”
articles. These articles highlight the
features and performance characteris-
tics of new LTC products.

William Rempfer, in the first article,
introduces the LTC1272, a 12-bit, 3
microsecond, 250kHz sampled-data A
to D converter. Willie discusses the
technological innovations which allow
LTC’s first 12-bit parallel A/D con-
verter (with sample-and-hold) to con-
vert faster than any AD7572 type
converter. The LTC1272 was first in-
troduced at LTC’s popular “For De-
signers by Designers” seminar series.

John Wright presents the LT1190
series of high-speed, low-cost, video
amplifiers in his article. These amplifi-
ers are a significant addition to the LTC
product line and are aimed at a wide
variety of video as well as general-
purpose high-speed amplifier applica-
tions. John has been designing
integrated circuits for almost fifteen
years and high-speed op amps for five
of those years. His discussion of the

challenges involved in crafting high-
speed amplifiers for the bipolar pro-
cess is quite fascinating, but John is
equally capable of discussing fly fish-
ing on Hat Creek with zest.

In his Design Feature, George Erdi
discusses the new family of Instru-
mentation Amplifiers (IAs) recently in-
troduced by LTC. George is the father
of the precision low-noise operational
amplifiers, having designed such parts
as the OP07, the OP27, the LT1028,
the LT1013, and the LT1078. George
has been with LTC since the company
was founded. In his article, George gets
right to the heart of the IA issue by
offering detailed specifications and se-
lection criteria for each new IA offered
by LTC.

Tim Skovmand writes about the
LTC1155, a new, low-quiescent-cur-
rent MOSFET driver designed specifi-
cally for low-voltage, high-efficiency
switching applications, such as those
found in power supplies for notebook
and laptop computers. Tim has been
designing power control and automo-
tive IC’s for almost twelve years and he

is a member of the new Power Control
Group of designers at LTC.

In our final Design Feature, Rich
Markell discusses a filter for data trans-
mission that grew from a customer
building the same filter using 29 op
amps, 30 adjustments and, in the
customer’s words, “no cigar.” The
LTC1264-7 is a linear-phase filter with
cut-off frequencies to 200kHz. Rich, in
his article, explains the eye-diagram
method of filter characterization for
data transmission and the uses for
this new filter technology.

The “Design Ideas” section presents
circuit ideas from Jim Williams on the
ultimate in chopper amplifiers as well
as an AGC circuit. Steve Pietkiewicz
provides a surface-mountable circuit
to program Intel memory devices.

The “New Device Cameos” section is
presented by LTC Marketing to intro-
duce many new families of devices
from LTC. In fact, so many new devices
are included in this issue that the “New
Device Cameos” page has been ex-
panded to two pages. «7

HAPPY BIRTHDAY I.TC ... and a big thank you to all those who helped establish and run the company

during its first ten years. Thanks to all our customers, also!

Linear Technology Magazine ¢ October 1991
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The LT1190 Family, A Product of Design

Innovation

The LT1190 amplifier family is a
new series of low-cost, high-speed,
video amplifiers from LTC. These am-
plifiers are aimed at a wide variety of
video applications, as well as general-
purpose, high-speed amplification. The
family consists of three voltage-feed-
back amplifiers (op amps), and two
video-difference amplifiers (video am-
plifiers with uncommitted (+) and (-)
inputs). The performance levels at-
tained with these amplifiers have
traditionally been realized only with
more expensive processes, such as
full-complementary or dielectrically
isolated technologies. The LT1190
family is unique because of its patent-
pending circuitry, and because it is
fabricated on a low-cost bipolar pro-
cess with high-speed NPN and slow
lateral PNP transistors.

All of the LT1190 series amplifiers
drive video cables directly at 450V/ps,
they source and sink 50maA of output
current, and have gain-bandwidth
products ranging from 50 to 350MHz.
The family is optimized for +5V sup-
plies, and is guaranteed from *8V
down to a single +5V supply.

The Challenges of High Speed

The lateral PNP transistors of stan-
dard bipolar IC processes cause prob-
lems in all but general-purpose,
low-frequency amplifiers. They are
much slower than NPNs, and have f;s
less than 10MHz, greatly limiting their
usefulness in fast amplifiers. While
they are suited for level shifters at DC,
they are unacceptable for fast AC sig-
nals due to excessive phase shift.

The classic solution to this problem
is to pass AC signals around the PNPs
by means of a_feedforward capacitor,
as used in amplifiers such as the
LM118. However, this technique
causes serious settling-time problems,
with “long tails” of up to several micro-
seconds. Other response anomalies

must also be well controlled. For clean
settling dynamics, the net open-loop
response of an amplifier should closely
resemble a single-pole roll-off, a diffi-
cult goal to achieve as bandwidth in-
creases and multiple poles and zeros
contribute phase shift. The poor set-
tling time often associated with
feedforward amplifiers is due to dou-
blets, or closely-spaced pole zero/pairs
in the signal path. Indeed, examina-
tion of the 118’s rolloff shows just such
a doublet “bump.” In the design of the
LT1190 series amplifiers, several de-
sign innovations contribute to a well
controlled gain/phase response, re-
sulting in good settling characteris-
tics.

What'’s Inside?

Figure 1 is a schematic of the
LT1190/91/92 op amps, revealing how
the settling-time problem was addressed
via several design steps. The NPN input
stage has a single-ended output taken
from the collector of Q1, instead of a
differential output as in other designs.
This measure eliminates the shunt ca-
pacitor otherwise needed on the collec-
tor of Q2 (used to produce single-ended
AC level shift drive). In such shunt-
capacitor-based designs (e.g., the 118)

by John Wright

settling time is degraded by the input
stage, which generates a pole/zero pair
separated by an octave.

In the second stage of LT1190 cir-
cuit, a local DC reference voltage V. is
generated, which tracks Q1’s collector.
This feature provides the amplifier with
alow Vi, just as if a more conventional
differentially loaded Q1-Q2 stage were
used.

The second stage of the amplifier,
consisting of @3 through Q8 and their
associated components, functions as a
DC-balanced, AC-feedforward level
shifter. The transconductance of the
level shift is set by R2, R3, Q5, and Q6,
while Cr feeds AC signals around Q6.
A second doublet is formed by the f; of
PNP Q6 and feedforward capacitor Cp.
However, by enclosing the level shifter
within the Q9-Q10 integrator loop, the
effects of this doublet are reduced as a
result of Q10’s gain. Also, unlike previ-
ous designs, there is no AC signal path
through the current mirror Q7-Q8,
which could otherwise cause high-fre-
quency phase shift in the level shift.

In keeping with a single-ended de-
sign, the output stage is a class-AB

continued on page 11
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New LTC1264-7 Allows Linear Phase

Data Transmission to 200kHz

Introduction

The pace of digital communications
is increasing at a tremendous rate.
Daily, the digital data-compaction en-
gineer is expected to transmit more
data in the same channel bandwidth
with closer channel spacing. Allknown
compaction techniques involve simul-
taneous combinations of amplitude
and phase modulation to reduce the
bandwidth-to-data-rateratio. Filter de-
sign has not kept up with this “com-
pact-or-else” scenario until now.
Although filters such as the LTC1064-
3 linear-phase, switched-capacitor fil-
ter have excellent transient response,
they have poor adjacent-channel re-
jection. DSP is a help if the designer is
working with telephone bandwidths,
but it is not fast enough for efficient
use of 100kHz of bandwidth, let alone
200kHz, where one can send 400-
800Kkbits/second of data.

Non-Bessel linear-phase filters and
othernon-traditionalfilter designs were
difficult to implement before the devel-
opment of the FilterCAD design soft-
ware, and, as a result, such designs
were seldom employed. Expensive test
procedures, network analyzers, and
difficult adjustments are required for
the successfulimplementation of these
filters. With the aid of FilterCAD, LTC
has created the LTC1264-7 linear-

phase filter, thus sparing digital com-
munications engineers from the chal-
lenges of non-traditional filter design.

Although its group delay is equal to
that of the Besselin the pass band, the
LTC1264-7 has stopband rejection at
the second harmonic of the cut-off
frequency of-30dB, versus the Bessel's
-12dB. Even the most conservative
data-compaction engineer will agree
that the LTC1264-7 is “better than
Bessel.” Enough hoopla—let’s get into
the details.

For the first time in history, Linear
Technology hasincorporated two com-
plex poles and two complex zeros of
phase compensation and sixreal poles
plus two real zeros of low-pass elliptic
filtering into a single 14-pin package.
This is the LTC1264-7 filter. Just de-
cide on a cutoff frequency and specify
the appropriate clock frequency. No
external resistors are required. The
LTC1264-7 is the first member of the
linear phase filter family: the “-7s.”
This group will include, in addition to
the LTC1264-7, the low power (4mA)
LTC1164-7, with cutoff frequencies to
20kHz, and the originator of the fam-
ily, the LTC1064-7, which will provide
cutoff frequencies to 100kHz.

The eye diagram shown in Figure 1
illustrates 100 kHz phase performance.
Notice the lack of overshoot or under-

Figure 1. LTC1264-7: fcytorr = 100kHz, fg = 200kb/s. ISI Degradiation = -1.2dB,
Peak Jitter = 600ns (Not Measured in This View)

by Richard Markell

shoot at the transitions. The real ad-
vantage of the LTC1264-7, however, is
in its stopband rejection. Figure 2
shows an amplitude comparison of
the responses of the LTC1264-7, the
8-pole Butterworth (the LTC1064-2),
and the 8-pole Bessel filter (the
LTC1064-3). The difference is dramatic.
The LTC1264-7 attains 30dB attenua-
tion at two times cutoff, while the
LTC1064-3 attains only 12dB. The
phase responses of both filters remain
linear through their passbands, al-
though the LTC1064-3 extends this
response to almost two times cutoff.
We will explore the effect this has on
digital transmission later in this ar-
ticle, but to make this comparison, a
short explanation of some principles
of digital transmission is first needed.

-10 SN
NLTC1064-3

20

tretzsar X N[\
g ¥ RN
= 40 o
= LTC1064-2 \
-50 \
60 \
70
,80 \\

10 40 100 200
FREQUENCY (kHz)
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Figure 2. Filter Roll-Off Comparison, fcytorr
= 40kHz, for Butterworth 8th Order Lowpass
Filter (LPF), LTC1064-2, Bessel 8th Order
LPF, LTC1064-3, and LTC1264-7 Linear
Phase Filter

Some Principles of Data
Transmission

Transmission of data in a channel
with a given bandwidth is most effi-
cient when as many bits-per-second
aspossible can be transmitted through
said channel. Nyquist theorems show
that the theoretical data-rate limit is

continued on page 13
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The LTC1100, LT1101 and LT1102:
A Trio of Effective Instrumentation

Amplifiers

Next to the universally used op
amp, perhaps the most useful linear-
IC building block is the instrumenta-
tion amp, or “IA.” Using IA’s effectively
can in some ways be more challenging
than selecting op amps, because IA’s
have different specs, and can also use
different topologies. However, the ba-
sic task is a fixed-gain, differential-
input, single-ended output amplifier,
the definition of an IA. The differential
signal typically rides on top of a com-
mon-mode signal; the differential in-
putisamplified and the common-mode
voltage is rejected by the IA.

The instrumentation amplifier can
be implemented with dedicated IA de-
signs, or with one to three op amps to
realize the gain function, and a mini-
mum of four ratio-matched precision
resistors, configured as two like-ratio
pairs.

The most familiar IA type is the
single-op-amp variety, usually called
a difference amplifier, and shown in
Figure 1a. Usingjust two parts (one op
amp and one resistor network), this IA
is the height of simplicity and utility.
For modest requirements, it is built
with just a general-purpose op amp
and four precision resistors. A draw-
back to this type of IA is that the
resistor bridge loads the source. The
three-op-amp configuration uses
seven resistors and has high input
impedance. It is obviously more diffi-
cult to implement than the single-op-
amp version. A nice compromise
between these two approaches is il-
lustrated in Figure 1b. This IA design
uses two op amps to buffer the signal
inputs and requires only four resis-
tors. The use of two op amps with
modern dual devices causes no pen-
alty, and in fact this arrangement has
real virtues over the more basic setup
of Figure 1a.

This IA architecture presents mini-
mum loading to the differential source,
namely the bias current of the op amp
used, which is balanced between the
twoinputs. Theresistor network needs

R1 R2
- —A\—— AN\

INPUT A —
+
OUTPUT
R3 R4 REF
+ —wv——vw—o—l—
_GANZR2 =
G =GAIN =R =
R2 _ R4
R1 R3

Figurela. Basic Single Op Amp Instrumen-
tation Amplifier

INPUT

+

_GAIN=1+ B4 R4 _R1
G=GAIN=1+ = WHEN oo = o

Figure 1b. Buffered Dual Op Amp Instrumentation Amplifier

LTC1100

GROUND _1]

8
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99R 99R
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5

INVERTING 3]
INPUT

4

v v+

by George Erdi

very precise trimming for high com-
mon-mode rejection (CMRR) and gain
accuracy. The trimming is non-inter-
active; first the R4 /R3 ratiois trimmed
for gain accuracy, then the R1/R2
ratiois trimmed for high CMRR. Trim-
ming compensates not only for resis-
tor inaccuracies, but also for the finite
gain and CMRR of the op amps. The
amplified difference appears between
the output terminal and the voltage
applied to the REF terminal (normally
grounded).

As a basic building block, this 1A
canbe performance optimized for vari-
ous applications by a choice of op
amps. LTC has taken this step with
the LTC1100, LT1101, and LT1102,
an instrumentation-amplifier series

offered in an 8-pin

R4 footprintwith connec-
oUTPUT tions as shown in Fig-

ure 2. As illustrated,
J__ the gain of these IA’s
= is user programmed
by taps on the resis-
tor array, for pre-
trimmed precision
gains of either 10 or
100 for the LT1101

continued on page 14

LT1101 AND LT1102
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G
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R
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Figure 2. Instrumentation Amplifiers in 8-Pin Packages
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The LTC1155 Dual, High-Side
MOSFET Driver

The LTC1155 is a new, micropower
MOSFET driver, specifically designed
forlow-voltage, high-efficiency switch-
ing applications, such as those found
inlap-top or notebook computers. The
LTC1155 facilitates the use of low
cost, N-channel MOSFETs in place of
the larger and more expensive P-chan-
nel devices used in many applications.

The LTC1155 does this by produc-
ing a gate voltage higher than the
power supply rail. This higher voltage
is produced by on-chip capacitors
which successively deliver charge to
the gate of the power MOSFET. This
so-called “charge pump” has been de-
signed to be very efficient, requiring
only 8pA in standby mode and 85pA in
operation from a 5 volt rail while pro-
ducing 7 volts of gate drive (12 volts
above ground). This efficiency is due in
large part to the capabilities afforded
by the proprietary LTC CMOS process,
which yields low-leakage, compact ca-
pacitor structures and efficient CMOS
switches.

The LTC1155 also includes two in-
dependently operating protection cir-
cuits. These circuits are designed to
detect a drop of 100mV across a sense
resistor in series with the drain of the
power MOSFET. If this limit is ex-
ceeded, the gate of the MOSFET is
quickly discharged (pulled to ground)
and the MOSFET protected against
destructive over-current conditions. A
delay can be inserted between the
sense resistor and the drain sense
input in order to prevent false trigger-
ing while driving high inrush loads,
such as large capacitors, DC motors,
or lamp loads.

The LTC1155 is a true, mixed
analog and digital system, as evidenced
by the block diagram shown in Figure
1. The block diagram reveals the care-
ful segregation of analog and digital
functions.

The analog section, containing the
100mV reference, comparator, and an
internal 10ps delay, is powered from a
separate voltage regulator to eliminate
the possibility of interference or false
triggering by the densely packed CMOS
logic section. The analog reference and
comparator devices are relatively large
compared to their digital counterparts,
so as to reduce offsets and increase
gain.

by Tim Skovmand

APPLICATIONS

Lap-top Computer Power
Management

Lap-top computer power must be
managed very carefully because the
battery pack is a finite energy source.
Low loss (efficient) switching is re-
quired to gain the maximum operating
time from the discharging batteries.

VsuppLy

ANALOG SECTION

DRAIN

SENSE

CURRENT
REGULATOR

100mV
REFERENCE

GATE CHARGE

1
1
1
1
1
1
LOW STANDBY | |
1
1
1
1
1
1
1,

AND
DISCHARGE GATE
CONTROL LOGIC

[ ANALOG
PUT —| TTL-TO-CMOS VOLTAGE

OSCILLATOR FAST/SLOW
AND CHARGE GATE CHARGE
PUMP LOGIC

CONVERTER REGULATORS ONE SHOT
— piama

GND

Figure 1. LTC1155 Block Diagram

The digital portions of the LTC1155
are designed for maximum packing
density and are therefore powered from
a low-voltage regulator. The inputs
and outputs to these sections are in-
terfaced by level-shift circuitry, which
translates the input TTLlevels to CMOS
levels and converts the low-voltage
CMOS levels back to the rail-to-rail
levels used by the gate charge and
protection circuitry.

The ultra-low standby current, typi-
cally 8pA, is achieved by removing
power from all the analog and digital
circuitblocks when the input is turned
off. Only the two TTL-to-CMOS con-
verters are continuously powered. The
gate of the MOSFET is held low via a
high-voltage, N-channel CMOS switch
that is voltage driven and therefore
requires no power.

The LTC1155 facilitates the use of
extremely lowloss, N-channel MOSFET
switches to control the flow of energy
to the variety of loads found in a
computer system.

Figure 2 is a schematic diagram
that demonstrates the use of the
LTC1155 for switching the power buses
in a lap-top computer system. The
disk drive, display, printer and the
microprocessor system itself are se-
lectively engaged via high-side switch-
ing with minimum loss and are
shutdown completely when notin use.

The quiescent current of the
LTC1155 is designed to be extremely
low in both the OFF and ON states, so
that efficiency is preserved even when
driving loads which require very little

continued on page 7
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LTC1155 continued from page 6
_ Vg=45VT0 18V
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LRSEN
0.1uF < 20mQ

input again. The drain sense resistor,
Ren, is selected to trip the LTC1155
protection circuitry when the MOSFET
current exceeds 1A. This current limit
protects both the LT1117 and any

ST V% D W peripheral system powered by the SCSI
- i termination power line.
MOSFET g o e = MOSFET p'
The delay time afforded by Ry, and
TTL, CMos Nt oD ingf— [IL OMOS Cqy is chosen to be considerably
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— svbTeu ook | [piseuav| | PRITER: dition persists, i.e., the LTC1155 will
—|— deliver small pulses of current during
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Figure 2. Laptop Computer Power Bus Switching circuit condition is removed.
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The circuit shown in Figure 3 dem-
onstrates how the LTC1155 provides
protected power to SCSI terminators.
The LTC1155 is initially triggered by
the free-running 1Hz oscillator (it could
also be triggered by a pulse from the
microprocessor) and latches ON via
the positive feedback provided by R ..

Vg =4.75T0 5.25V

is shorted to ground, or if
the output of LT1117 is
shorted, the delay will be
exceeded and the MOSFET
will be held OFF until the
pulse from the free-run-
ning oscillator resets the

| 1A MAX
CpLy

0.4pF

5V/3A
LT1431

0.1uF 6 |__+_5 470pF*
L T

+
3

*CAPACITOR ESR SHOULD BE < 0.5Q.

Figure 4. 5V/3A Extremely Low Voltage Drop Regulator
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I , 10 47F
1
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! T W 1/6 7414 !
____________ ' GND

Figure 3. SCSI Termination Power with Short Circuit Protection

The LTC1155 and the LT1117, as
well as the power MOSFET shown, are
available in surface mount packaging
and therefore consume verylittle board
space.

Extremely Low Voltage Drop
Regulator

An extremely low voltage drop regu-
lator can be built around the LTC1155
and a low-resistance power MOSFET,
as shown in Figure 4. The LTC1155
charge pump boosts the gate voltage
above the supply rail and continuously
charges a 0.1pF reservoir capacitor.
The LT1431 works against this capaci-
tor and the 100k series resistor to

continued on page 15
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LTC1272 continued from page 1

and process extremes, the typical con-
version time must be about 2ys, or
170ns per bittest. In that time, the DAC
must settle, the comparator must make
a bit decision, and the successive ap-
proximation register (SAR) must latch
the bit value and update the DAC. The
SAR consumes roughly 30ns, which
leaves 140ns for the DAC and the com-
parator. The speed was achieved by
means ofa DAC which settles to 0.002%
in 80ns and a high-gain, wide-band-
width comparator, which responds in
60ns to an overdrive of 30pV. The com-
parator is oscillation free, in spite of its
gain-bandwidth product of 60GHz (2k ®
30MHz bandwidth). The comparator is
also designed to cause minimum dis-
turbance to the power supply and
ground lines. This makes the ADC re-
markably easy to use, considering its
speed.

The curvature-corrected bandgap
reference provides 25ppm/°C maxi-
mum full-scale drift on a single 5V
supply. (We chose a bandgap reference
because 5V is not enough to power a
buried-zener reference.) The reference-
outputvoltageisnominally 2.42V. (This
differs from the -5.25V reference volt-
age of the AD7572, but the LTC1272
design provides the same OV to 5V
input range as the AD7572. It is plug-
compatible with the AD7572 if the po-
larity of the bypass cap is reversed.)

A Typical

LTC1272 5V
Applicatign: 112 oG T " -
Bits on a Single 242V °
5V S 1 g OUT‘{,RUE{ 0wfF]_ +[1o0pF Veer lcj 10uF+ iR T
upply —|AanD  BUSY[ }— L
The typical hook- :E= e fj_l KR oL
up in Figure 2 shows :E E;O HBzz :'j: J LINES
a single 5V system I N
that can convert 0- 1w CL?(T;]J_
to_g\é(l)rll{pI}IJtSIgrialsa:At SF(’)ARRTL\2|_PE|[ ——E D6 D0/8 I—
a Z rate. BUs | —11]0s o191
single-point “star” —{ o4 02110}
ground is formed to ¢ fosno b3
the analog ground
plane at the LTC1272
analog ground pin.
The power-supply and

reference-output pins
are each bypassed to
the analog ground plane with a 10pF
tantalum in parallel with a 0.1pF disk
ceramic. Pin 23 is not internally con-
nected and can accommodate the -15V
supply of the AD7572 and its copies.
The digital ground pinis also tied to the
analog ground plane.

The analog input range is OV to 5V.
The conversion time is set by the fre-
quency of the clock applied to the clock-
input pin, CLKy, (4MHz for 3ps
conversion time). The conversion is
started and read with the chip select
(CS), read (RD), and high-byte-enable
(HBEN) inputs and the end of the con-
version is detected with the BUSY out-

1o BB
T
HH

Figure 2. 12-Bit, Single 5V System Converts AC or DC Inputs

put. Data can be read as either a 12-bit
word or two 8-bit bytes on the data
outputs (D0O/8-D11).

Design Advantages: System
Performance and Cost

Both DC and AC signals can be
digitized. DC performance is shown by
Figure 3, a curve of typical integral non-
linearity (INL) and differential non-lin-
earity (DNL). DC specs include +1/2
LSB INL over temperature. 12-bit, no-
missing-code resolution is assured by
+] LSB DNL. The conversion time is
3us, which is faster than the non-
sampling 5us AD7572 and equal to the

continued on page 9

ML ERF:DA {L5 85

DML ERAOR {LE&s)

T
QUTPUT CODE

1536

Figure 3a.

aa
RRERE

BETE 3504

Figure 3b.

Figure 3. DC Performance is Typically Much Better Than the Specifications of a) +0.5 LSB Maximum INL, and b) +1.0 LSB Maximum DNL
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ALY DESIGN FEATURES

LTC1272 continued from page 8

fastest AD7572 copy. Full-scale
error is +10 LSBs, with a maximum
temperature drift of 25ppm/°C.
Maximum power consumption is
100mW, 45% less than that of the
AD7572.

Time-domain AC performance is
characterized by the 1us maximum
0.01% acquisition time of the
sample-and-hold. In SAR ADCs
without sample-and-holds (e.g., the
AD7572), signal bandwidths must
be restricted to avoid conversion
errors, often to frequencies below
10Hz. Also, the buffer driving the ana-
log input must have extremely low
output impedance at high frequencies
in order to hold the analog input stable
in the presence of large input-current
transients that occur during the con-

ANALOG INPUT

0V T0 5V LTc1272

RD

foaMPLE = 250kH24T

Figure 5a.

O.1uFJ_ L

_I:éir 10uF

ANALOG
INPUT AW\
-2.5V 70 +2.5V

<

AMPLITUDE (dB)

Cost-effective system design re-

sults from the LTC1272’s features.

Providing the sample-and-hold at

the same conversion speed saves

cost and board space, reduces

-80

power consumption, and improves

-100

accuracy (see Figure 5). Single-
supply operation can also save

-120 T . l {

-140

power and eliminates the need fora

0 20 40 60 80 100

FREQUENCY (kHz)

Figure 4. AC Performance is Characterized by the
FFT of the Output Spectrum. S/(N + D) = 71.6dB,

Effective Number of Bits (ENOBs) = 11.6

version. In contrast, the sampling
LTC1272 can handle rapidly changing
inputs and does not require the com-
plex input buffer.

Figure 4 shows an FFT plot taken at
a sample rate of 250kHz and an input
signal of 10kHz. Signal to noise plus
distortion (S/(N+D)) is 71.6dB.

CONTROL
INPUTS

DGND
AD7572

Figure 5b.

Figure 5. For Sampling Systems, the Sampling LTC1272 a) Offers Cost, Power, Speed,
Accuracy and Board Space Advantages over the Non-Sampling AD7572 with an
External Sample-and-Hold, b). The LTC1272 Sample-and-Hold is Invisible to Users

Who do not Require It

120

negative supply (see Figure 6).

Breadboarding and Design:
Four “Inputs” to any ADC

To breadboard and design with
ADCs it helps to recognize that any
ADC has at least four inputs (see Fig-
ure 7):

1. The analog ground pin, AGND
2. The analog input, Ay
3. The reference, Vggrp

4. The power supplies (in this case
only one supply: Vpp)

To achieve high accuracy and low
noise, system design should concen-
trate on eliminating noise on these
four “input” pins.

I[fawell-designed and correctly func-
tioning ADC gives erroneous output
codes, it is doing so for a reason. These
erroneous outputs can be DC errors,
noisy codes, or tones and harmonics in
the frequency domain. If you're not
getting the answer you expect, it is
probably because some unexpected

continued on page 10

5V
SUPPLY

ooy A|N—<LTC1272 MPU

INPUTS
3

Figure 6. The -15V Supply of the AD7572 is
not Required for the LTC1272 Converter
Making Single 5V Supply Applications
Possible. Because the LTC1272 has an
Unconnected Pin Where the AD7572’s -15V
Supply is, It can Upgrade AD7572 Designs
without Board Changes

AA
LA

NOT REQUIRED
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LT DESIGN FEATURES

LTC1272 continued from page 9

condition exists on one of the four
inputs. If you know the pin conditions,
then the answer the ADC is giving will
make sense.

The task in troubleshooting ADC
systems is to find out which of the four
inputs has something unexpected on
it. Then make circuit changes to re-
store that pin to the desired condition.
It's that simple.

The task in designing ADC systems
is similar: take steps ahead of time in
the design and layout to
ensure that pin condi-
tions will be as desired.

The steps shown in Fig-
ure 7 help ensure proper
conditions on the four N

. ANALOG
pms: INPUT

CIRCUITRY
A single-point ground
should be formed by
constructing an analog
ground plane around pin
3(AGND) of the LTC1272.
This becomes the zero
reference for all analog
circuitry. Noise on this ground adds
directly to the analog input. Pin 12
(DGND) of the LTC1272 should also be
connected to the ground plane. This
ground plane should have only one
connection to the rest of the system
ground. This prevents system-ground
currents from taking a short cut
through the analog ground. This single
connection should be made to a point
on the ground plane near the DGND
pin.

The circuitry driving the analog in-
put, Ay, must be referenced to the
single-point ground near pin 3 of the
ADC. The analog signals should be
routed away from all digital circuitry. It
is also a good idea to shield the analog

signal lines with analog ground wher-
ever possible. Shielding digital signal
lines with digital ground also helps
reduce the magnetic radiation of the
digital currents by keeping the loop
area of the digital return currents small
(see Figure 8). For best analog perfor-
mance, the input clock (CLKy) should
be synchronous with the CS and RD-
conversion start signals (for example,
derive the CLKy signal from the pro-
cessor clock). This keeps digital-clock
noise from coupling into the input

when the sample-and-hold goes into
hold mode.

Noise on the voltage reference has a
unique signature: it contributes no
noise at zero-scale inputs but adds to
the converter noise increasingly as the
ADC output moves from zero scale to
full scale. To minimize reference noise,
bypass the reference directly to the
analog ground plane with a 10pF tan-
talum paralleled by a 0.1uF ceramic
with short leads (C1 and C2 of Figure 7).

Noise on the power
supply can also cause
ADC errors. At low fre-

LAZ

LTC1272 OR OTHER ADC <

A

AGND Vier Vpp DGND

quencies, the converter
hasvery good power-sup-
ply rejection, but as the

DIGITAL
SYSTEM

« P\

TC1 TCZ TCS _1_ ]

\ANALOG GROUND PLANE

Figure 7. Noise on All Four of the Potential “Inputs” of an ADC Must be
Minimized by Referencing Them to a Single Point Ground Plane

ANALOG
INPUT
SIGNAL

Figure 8. Digital Signals can Couple
Magnetically to Analog Sections Through
What is Effectively an Air Transformer. To
Reduce This: 1) Separate Digital and Analog
Sections as Much as Possible, and 2) Reduce
the Area of Both Loops by Putting Analog
Ground Plane Under Analog Signals and
Digital Ground Under Digital Lines

GROUND CONNECTION
TO DIGITAL CIRCUITRY

frequency increases, all
converters lose the abil-
ity to reject power supply
noise. Unfrotunately
most power-supply noise
is high frequency noise,
so bypassing to eliminate
it is critical. To eliminate
power-supply noise, the
Vpp pin should be bypassed directly to
the analog ground plane with a 10pF
tantalum in parallel with a 0.1uF ce-
ramic with short leads (C3 and C4 of
Figure 7).

Conclusion

With the LTC1272, you can geta 2.5
times speed increase in designs which
use other companies sampling AD7572
clones. You can also upgrade your
standard, non-sampling AD7572 de-
signs or get 3psec, single supply, sam-
pling 12-bit conversion in your new
designs.

For further information refer to
the LTC1272 data sheet and upcom-
ing Application Notes and Design
Notes. 47
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LT1190 Family continued from page 3

emitter follower, with a 10mA quies-
cent current and the ability to slew a
20pF load at over 450V/ps. The stage
also has an intrinsically low output
impedance, about 2.5Q open-loop at
low frequencies. For sinking more than
10mA in the output stage, extra drive
current is supplied to Q11, from R4
and Q10.

In addition, the LT1190/91/92/93
include an optional logic-controlled
shutdown feature. With pin 5 open,
these devices operate in their normal
mode. However, when this pinis pulled
to the V- potential, the supply current
drops to 1.3mA, and the output is
forced into a high impedance state.
The outputs of these amplifiers can
then be WIRE-OR connected, and se-
lected with low cost logic for multiplex-
ing video signals to a cable.

Aswithall amplifiers, LT1190 series
power supply rejection degrades athigh
frequency. To achieve minimum set-
tling time, multiple low ESR/low in-
ductance bypass capacitors should be
used, such as O.1pF ceramic discs
paralleled by 4.7uF tantalums. In ad-
dition, compact layout and ground-
plane construction with appropriate
high-frequency techniques should be
used for best results. When pushing
for maximum bandwidth with the op
amps, it also helps to use low feedback
impedances for R; and Ry, say, 300Q,
which reduces the effects of stray ca-
pacitance on the (-) input.

Vout (1V/DIV)
(N@/Awp) FTLL3S)

Figure 2: LT1191 settling from a 3V step.
Av = -1

The single-ended output design and
the overall attention to open-loop dou-
blets results in very clean settling, as
shown in Figure 2. For this test, an

LT1191 is operated in a gain of -1, the
input step is from +3V to 0V, and
settling time to 0.1% is within 110ns.
The observed output settling is not a
false sum node, but rather the true
output.

LT1190 Family Members

A specification summary of the en-
tire LT1190 family is detailed in Table
1. Of the three op amps, the 50MHz
unity-gain-stable LT1190 is most tol-
erant of power-supply bypassing and
capacitive loading, but has slightly
less gain and more DC offset than the
LT1191. The higher gain and lower
offset 90MHz LT1191 is also unity-
gain stable, and produces only 0.1%
differential gain and 0.06 degrees of
differential phase shift in 3.58MHz
NTSC video use. For applications with
a minimum gain of +5, the 350MHz
LT1192 operates with even lower er-
rors, and is well suited for high-gain
applications such as photo-diode am-
plifiers.

Comparison of the LT1193 and
LT1194 video difference amplifiers is
notadequately covered by the table, as
they have a unique functional topol-
ogy that is unlike that of the op amps.
TheseICs have two uncommitted, high-

input-impedance differential inputs,
both (+) and (-), and a CMRR in excess
of 40dB at 10MHz. They function in
either single-ended or differential con-
figurations, making themideal for video
loop-through connections. The LT1193
has adjustable gain set via two exter-
nal resistors for Ay = 2, whereas the
LT1194 has an internally fixed gain of
+10.

Although the LT1193/94 video am-
plifiers are similar in some respects to
the op amp family members, there are
some clear differences, as shown in
Figure 3. To make a video difference
amplifier, another differential input
stage, consisting of Q3 and Q4, was
added tothe LT1190 op amp, as shown
in the figure. This differential amplifier
acts as a reference and feedback con-
nection, freeing Q1 and Q2 to serve as
the uncommitted differential inputs.

In the LT1193, the feedback resis-
tors are external, giving two sets of (+)
and (-) inputs for signal input and gain
adjustment/DC control, pin pairs 2-3
and 1-8, respectively (plus the afore-
mentioned shutdown option, at pin 5).

In the LT1194, the feedback resis-
tors are internal, for a fixed gain of 10,

continued on page 12

Table 1. Typical LT1190 Family Performance

Op Amps Video Difference Amps

LT1190 LT1191 LT1192 LT1193 LT1194
Input Vs (MV) 2.0 1.0 0.2 2.0 1.0
Input Iz (MA) 0.5 0.5 0.5 0.5 0.5
CMRR (dB) 70 75 90 80 90
Ayl (VImV, RL=1KQ) 22 45 225 25 NA
Vout (V) +4 4 +4 4 +4
lout (MA, min) +50 +50 +50 +50 +50
Slew Rate (V/us) +450 +450 +450 +450 +450
GBW (MHz) 50 90 350 70 35 (-3dB)
Min Stable Gain (V/V) +1 +1 +5 12 +10
Settling Time (ns, to 0.1%) 140 110 90 180 200
Shutdown Time (ns) 400 400 400 400 NA
Supply Current (mA) 32 32 32 37 37
Gain Error (%) NA NA NA 0.1 0.5

Linear Technology Magazine ® October 1991
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LT1190 continued from page 11

0 v
;: ;: VRer
LEVEL SHIFT —1c] v
8 +OUTPUT {&] vour
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—VW\—e W\
500 4.5k
LT1194 LT1194
l'cs l lc6 (AVAVA‘ ) ( N )
ras ras rar I o
v S
$ . . % % 2] v-
] 1|

BAL/LIM BAL/LIM  S/D (LT1193)
(LT1194) REF (LT1194)

+REF —FB
(LT1193)

Figure 3. The LT1194 has Adjustable Input Limiting Through the Balance Pins and Fixed
Gain. The LT1193 has Shutdown Capability and User-Defined Gain

and the balance pins are externally
available at pins 1-8. Pins 1 and 8 can
optionally be used for either conven-
tional DC-offset balancing, or for input
limiting to prevent overload.

For use as a current mode limiter,
the LT1194 input stage operates as
follows: The maximum allowable in-
put signal is determined by the maxi-
mum available current swing in R1.
Thisis set for an input condition which
tilts the differential input stage com-
pletely to one side, allowing either Ic5
or Ic6 to develop voltage across R1. By
externally shorting the balance pins
together and raising them above the

6 T T
Vg =5V _]
4
— N +LIMITING
s, N,
w
& AN
5 I~~~
g 0 7
s
2
5 -2 v
© /|
/ -LIMITING
i /

-6 -5 -4 -3 -2 - 0
VOLTAGE ON BALANGE PINS (V)

Figure 4. LT1194 Maximum Output Voltage
vs Voltage on Balance Pins

V-rail, the currents in @5 and Q6 are
reduced, lowering the maximum drop
across R1, and thereby lowering the
maximum input signal. Figure 4 dem-
onstrates the effect of the limiting volt-
age on the maximum output voltage.

Since no devices saturate in this
limiting process, the result is very fast
and clean limiting, with the exact level
user controllable. When Q1, Q2, Q5,
and Q6 are completely turned off, the
output-level, DC-loop integrity is main-
tained through the feedback path of
Q3-Q4.

Applications

The video loop-through connection
is a popular method of connecting
different pieces of equipment.
Prior to its widespread use, the
usual method of connection
was the video distribution box,
a “fan-out” method of signal
distribution. Although limited
in flexibility, this method did
provide proper cable termina-
tion. In contrast, the loop-
through connection distributes
signals by a daisy chain ap-
proach, passing the signal
continuously to each subse-

quent piece of equipment, with the
last site providing cable termination.
Ateach tapalong theloop, the signalis
locally replicated by an amplifier, with
minimal disturbance to the line.

Each tap location requires a video
differential amplifier with good CMRR
at high frequency. This is necessary
because there are ground loops be-
tween pieces of equipment, and high
frequency common mode noise is of-
ten induced in the cable.

While a fast op amp and a well-
matched resistor network can make
such a differential amplifier, perfor-
mance suffers with all but video-rated
op amps, such as the LT1191/92/93.
A pair of current-feedback amplifiers,
such as LT1223s! can also be used to
make a differential amplifier, but at a
cost of two ICs plus the resistor net-
work. In studio NTSC applications,
where the high voltage swings of the
LT1223 are not absolutely required, a
single video-difference IC is more effi-
cient, as well as more cost-effective.

Figure 5 shows the LT1193 used in
a unity-gain, loop-through connec-
tion, with a-3dB bandwidth of SOMHz.
The signal is distributed to each sub-
sequent site, and the LT1193 is con-
figured by Rp and Rg, for a gain of 2,
since back termination of the cable
attenuates the signal by 6 dB. Rris the
termination resistor, with the output

continued on page 15

CABLE

CABLE

75Q

Figure 5. Video Loop Through Connection with DC
Control, -3dB Bandwidth is SOMHz
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LTC1264-7 continued from page 4

transmission of f; symbols in a
bandwidth (bw=B) of only f;/2
Hertz. For a binary transmis-
sion, where one symbol con-

DATA

RANDOM
DATA
SOURCE

BANDLIMITED
CHANNEL

CLOCK (FILTERS)

0SCILLOSCOPE

WITH
PERSISTANCE
Q

With this background,
let's look at some “eye
opening” diagrams to see
how we have optimized

tains one bit, f;,, the number of
bits-per-second is equal to the
symbolrate, f. For “M-ary” sys-
tems, such as four-level pulse
amplitude modulation (PAM),
each transmitted symbol con-
tains ninformation bits, where
n = logy, M. In this case, the
symbol rate is f;= f,/n. Con-
sider the example where it is
required to transmit a 100Kb/
sec. source (=fy). Theoretically, this
could be accomplished with a channel
bandwidth B = f;/2 = f;,/2 = 50kHz.
With the above mentioned four-level
PAM scheme the channel bandwidth
isreduced to 25kHz = /2 =1,,/4.

SAMPLE
POINT

The Eye Diagram

Since the perfect, low-passed trans-
mission channel does not exist, a
means must be found to evaluate chan-
nel quality. The means is the so called
“eye” diagram. The eye dia-
gramis generated by the set-
up shown in Figure 3.

Symbols transmitted
through a theoretical chan-
nel (Nyquist) have no degra-
dation in amplitude
response, and hence the
measured eye diagram open-

BIT RATE CLOCK, f

the LTC1264-7 filter for

TRIGGER
INPUT

applications in data com-
munications.

e XX X X XX X X

Figures 4 and 5 show

(A AR R A B

Figure 3. Eye Diagram Generation Circuitry and Data Timing

ing of a real channel shows graphi-
cally the “quality” of the transmission
channel, which includes the low-pass
filter inserted in the transmission path.
[t can be shown that the degradation
in the eye opening is directly related to
inter-symbol interference (the inter-
ference in the detection of one symbol
in the presence of another), and there-
fore is a measure of the system’s bit-
error rate. (see Feher)!

the eye diagrams of the
LTC1064-2 (eighth-order
Butterworth LPF) and the
t new LTC1264-7 linear-
phase filter (sixth-order
elliptic LPF plus second-
order, phase correction
network). It can be seen that if a digital
system switches at the midpoint in the
eye diagrams, the bit-error rate (BER)
will be higher for the eye diagram with
the smaller “eye opening.” The calcu-
lation of inter-symbol interference deg-
radation due to channel or filter
imperfections is a measure of degra-
dation in BER and is calculated:

ISI degradation = 20 log (actual eye
opening/100% eye opening)

Thus, it can be seen that
the LTC1264-7 is a far supe-
rior filterwhen used to maxi-
mize channel efficiency in a
digital system. However, we
still need to look at the
LTC1064-3 (eighth-order
Bessel LPF) for comparison.

e EuEIDIVL

Figure 6 is the eye dia-
gramofthe LTC1064-3. This

continued on page 15

Figure 4. LTC1064-2: fcyropr = 13.7kHz, f = 27.5kb/s. ISI
Degradiation = 20 Log (0.75) = -2.5dB. A = 75% Opening,
B = 100% Opening.

."“' l"""'"_-"‘—': ;.{.i- ’ - _

-6.88 V,

| ‘ N N E|IS|'P"JI' e

Figure 5. LTC1264-7: fcyrorr = 13.7kHz, fg = 27.5kb/s.
ISI Degradiation = -0.46dB, Peak Jitter = ~5.6ys.

. L. . SusiDIv

Figure 6. LTC1064-3: fcyrorr = 13.7kHz, fg = 27.5kb/s.
ISI Degradiation = -0.94dB, Peak Jitter = ~1.2ps.
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LTC1100 continued from page 5

andLT1102.The 8-pinLTC1100hasa
fixed gain of 100, but makes the sum-
ming points available for user connec-
tions. The key specifications of these
three devices are summarized in
Table 1.

It is apparent from Table 1 that for
these three IA’s, there are no output
contributions to input errors. With
dedicated [A’s or with the three-op-
amp configuration, there are separate
specifications for input and output
offset voltage, input and output drift
andnoise, and inputand output power-
supply rejection ratio. To calculate
system errors, these input and output
terms must be combined. With the
1100/01/02, these error calculations
are simple.

With these three IA choices, the user
can optimize performance for a variety
of factors. The LTC1100 operates with
dual or single supplies ranging from 4V
to 18V, whereas the LTC1101 acceptsa
supply range of from 1.8V to 40V. In

addition, the LT1101 consumes only
100pA standby current. For applica-
tions that require very low offset voltage
and drift, the LTC1100 excels, with 1uV
of offset and 5nV/°C drift. Where both
high speed and low bias current are
important, the LT1102 is the IA of
choice, albeit at a cost of slightly higher
power consumption and dual supplies.
As can be seen from the table, all of
these devices are outstanding with re-
gard to gain accuracy, linearity and
stability. The LTC1100, which is based
on a dual-chopper amplifier prototype
(the LTC1051), is by far the best in
terms of offset and drift. Either the
LTC1100 or the LT1102 could be the
unit of choice in terms of lowest bias
current, with the LT1102 gaining an
edge at higher temperatures.

Application Considerations

While this IA type is generally out-
standing in terms of performance and
simplicity, independent of the op amps,

Table 1. LTC Instrumentation Amplifier Specifications!’

LTC1100C

Available gains 1002

Gain error (%) 0.01

Gain non-linearity (ppm) 3

Gain drift (ppm/°C) 2

Vs (UV) 1

Vs drift(uV/°C) 0.005

Iy (pA) 25

los (PA) 10

e, 1.9uVp-p
(DC-10Hz)

CMRR (dB) 110

PSRR (dB) 130

Vs (total, mode) 4-18V
(single/dual)

Is (mA) 2.4

Gain-bandwidth (MHz) 2

SR (V/us) 4

LT1101M/l/IC LT1102M/l/IC
10/100 10/100

0.01 0.01

3 7

2 10

60 200

0.5 3

6000 4

150 4

0.9uVp-p 20nV/(Hz)Y2
(0.1-10Hz) (@1kHz)
112 98

114 102
1.8-44V 10-44V
(single/dual) (dual)

0.09 3.4

0.37 35

0.1 30

tUnless otherwise stated, all specs are typical at Ta=25°C. Vs=+15V for LT1101/LT1102, and +5V for

LTC1100.

2A gain option of 10/100 is available in LTC1100CS (16-pin SOL).

some caveats apply to using it most
effectively. One concern is AC CMRR.
Asnoted in Figure 2, the first opamp (A)
is configured for unity gain, while the
second op amp (B) provides all of the
voltage gain. This has the effect of mak-
ing the respective CMRR’s frequency
mismatched, since the CMRR of the
higher-gain, “B” side corners at amuch
lower frequency. The resulting differen-
tial CMRR will therefore degrade more
quickly with frequency than that of a
topology with better AC balance. On the
LT1102 this problem is resolved by
decompensating amplifier B to gain-of-
ten stability. This increases slew rate
and bandwidth, and also matches the
CMRR roll-off with the frequencies of
the two op amps when G = 10. Ata gain
of 100, this roll-off match no longer
holds. However, connecting an 18pF
capacitorbetween pins 1 and 2 matches
the CMRRs of the two sides and im-
proves CMRR by an order of magnitude
in the 300Hz-30kHz range (Figure 3).
As shown on the LTC1100 and 1101
data sheets, similar improvements can
be obtained from those devices by con-
necting external capacitors.

120 |
g G=100
S 100 ~N
2 ol oo
S @ G=10 1\ \
S NP\
£ N \
2 o =100\
& 18pF PIN 1 TO PIN 2 \
a \
g 4 N\
3 \
=
S 2 X
8
0
0 10 100 1k 10K 100K 1M

FREQUENCY (Hz)

Figure 3. LT1102 Common-Mode Rejection
Ratio vs Frequency

The LTC1100 and LT1101 also
present some important usage consid-
erations because of their single-sup-
ply abilities, i.e., when operating with
the V- terminal tied to ground. In this
configuration, these devices handle
CM inputs near ground and voltage

continued on page 15
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LTC1155

continued from page 7

control the MOSFET gate voltage and
maintain a constant 5V at the output.

The regulator is switched ON and
OFF by the control logic or the micro-
processor to conserve power in the
standby mode. The LTC1155 standby
current drops to about 10pA when the
input is switched OFF. The total ON
current, including the LT1431, is less
than ImA. &7

LT1190
continued from page 12

appearing across load resistor R;.. Use
of the shutdown pin is optional, and
the output DC level can be adjusted if
desired, by a voltage applied to the Vi,
input. When this pin is grounded, the
outputis centered at O volts.

The low-cost LT1190 family of op
amps and video difference amps will
find its way into many applications,
including [/V converters, fast integra-
tors, active filters, and photo-diode
amplifiers, in addition to tape and disc
drive products and instrumentation.

L

! See Bill Gross' “The LT1223, a New High
Speed Current Feedback Amplifier,” Linear Tech-
nology, Volume 1, Number 1, June 1991.

LTC1264-7
continued from page 13

diagram shows ISI degradation simi-
lar to that of the LTC1264-7, with
better jitter specifications. Although
the Bessel filter appears to be superior
from the viewpoint of the eye diagram,
the reader should remember that the
LTC1264-7 has far superior stopband
attenuation, meaning better attenua-
tion of the carrier (at 27.5kHz in this
example). This translates to better bit-
error rates. The system user must
trade off ISI degradation, jitter, and
stopband attenuation to ensure the
best channel performance. In addi-
tion, remember that the eye diagrams
shown here are for two-level systems

(0 and 5 volts). For M-level systems,
the increasedspectrum efficiency
means greatersignal-to-noiseratios are
required,necessitating the rolloff char-
acteristics offilterslike the LTC1264-7.

To conclude, the LTC1264-7 is a
linear-phase, “better than Bessel,”
switched-capacitor filter, optimized for
data communications applications.
The filter will operate to a cutoff fre-
quency of 200kHz while providing lin-
ear phase through its passband. The
filter can be used in satellite commu-
nications, cellular phones, microwave
links, ISDN networks and many other
types of digital systems. «r

References:

1. Feher, Kamilo. Digital Communications:
Microwave Applications. Englewood Cliffs,
New Jersey: Prentice-Hall Inc., 1981

2. Feher, Kamilo, and Engineers of Hewlett
Packard Ltd. Telecommunications, Measure-
ments, Analysis and Instrumentation.
Englewood Cliffs, New Jersey: Prentice-Hall,
Inc., 1987

3. Feher, Kamilo. Digital Communications:
Satellite/ Earth Station Engineering.
Englewood Cliffs, New Jersey: Prentice-Hall,
Inc., 1981

LT1100, LT1101 and LT1102
continued from page 14

swings to ground, and their reference
terminals can be tied to ground. One of
the most common uses of these two
[A’s is as bridge amplifiers, in conjunc-
tion with single-supply-powered DC
strain gauges. As such, these [A’s have
a unique ability to deliver high gain
with precision, while operating with a
1/2-supply-voltage CM input. At first
glance, it appears that a dual-supply
IA could operate, for example, on a 9V
battery supply, with 4.5V common-
mode input, but its output will not
swing to ground, and its reference
terminal cannot be tied to ground.

For SPICE simulation purposes, a
model for the LT1101 is included in the
LTC macromodel library. The model is
configured as the resistor network
shown for the LT1101, combined with a
model for the LT1078. A similar model

for the LTC1100 can be made by scal-
ing the four resistors appropriately,
and using an LTC1051 model from the
same library. A close model approxi-
mation for the LT1102 can be made
with the LT1102 resistor values, com-
bined with an LT1057 model for the “A”
side, and a LT1022 model for the “B”
side (both also in the library). £r

High Frequency Op
Amp Design Hints

High speed operational amplifier
design is a non-trivial task which
requires careful layout, attention to
stray capacitance, separation of in-
put and output grounds and other
techniques which the casual designer
of low frequency circuits is not famil-
iar with.

Linear Technology now has two
publications which deal specifically
with the difficulties of designing with
high speed operational amplifiers.

Application Note 47, an opus by
Jim Williams entitled “High Speed
Amplifier Techniques” contains nu-
merous segments detailing problems
encountered in high speed circuit
design. In addition to a section en-
titled “Perspectives on High Speed
Design” there is a section entitled
“Mr. Murphy’s Gallery of High Speed
Amplifier Problems.” Williams also
includes a tutorial section which dis-
cusses cables, probes, ground planes
and other techniques which are es-
sential to the proper design and char-
acterization of high speed circuitry.
Applications are, of course, also in-
cluded in profusion on a variety of
topics including amplifiers, oscilla-
tors, and data conversion. Applica-
tion Note 47 is available upon request
from Linear Technology Corp.

Design Note 50 by Mitchell Lee
describes a High Frequency Ampli-
fier Evaluation Board which is avail-
able from LTC. Mitchell, in this Note,
summarizes many of the techniques
which Williams describes in detail. A
demonstration circuit layout is also
available for use in layout and/or
breadboarding of prototype circuitry.
Design Note 50 is available upon
request from LTC. 7
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LT1109 Generates V,, for Flash

Memory

Flash memory chips such as the
Intel 28F020 2Megabit device require
a Vp,, program supply of 12 volts at
30mA. A DC-DC converter may be
used to generate 12 volts from the 5
volt logic supply. The converter must
be physically small, available in sur-
face-mount packaging, and have logic-
controlled shutdown. Additionally, the
converter must have carefully con-
trolled rise time and zero overshoot.
Vpp excursions beyond 14 volts for
20ns or longer will destroy the ETOX -
process based device.

Figure 1’s circuit is well suited for
providing V,,, power for a single flash
memory chip. All associated compo-

nents, including the inductor, are sur-
face mount devices. The SHUTDOWN
input turns off the converter, reduc-
ing quiescent current to 300pA when

O
1
AT MBRL120
Sw Vour
+Viy Viy SENSE 12V
5V 50mA
LT1109CS8-12
l

SHUTDOWN* — 10uF

GND

SHUTDOWN / PROGRAM JT- ;|~—

* 8-PIN PACKAGE ONLY
U1 =1SI LCS2414 OR TDK NLC2220-470K

Figure 1. All Surface Mount Flash Memory
Vpp Generator

by Steve Pietkiewicz

pulled to a logic 0. Vy, rises in a
controlled fashion, reaching 12 volts
+5% in under 4ms. Output voltage
goes to V.. minus a diode drop when
the converter is in shutdown mode.
This is an acceptable condition for
Intel flash memories and does not
harm the memory. «r

'ETOX is a trademark of Intel Corporation.

RF Leveling Loop

Leveling loops are often a require-
ment for RF transmission systems.
More often than not, low cost is more
important than absolute accuracy.

Figure 1 shows such a circuit.
+15V

RFINPUT 10k

The RF input is applied to Al, an

LT1228 operational transconduc-

tance amplifier. A1’s output feeds A2,
the LT1228’s current-feedback am-

OUTPUT

LT1006
+

-15V

100k 47k

AMPLITUDE
ADJUST

-Mm—)w—-} : ' -15V
LS|
1N4148's |
COUPLE THERMALLY LT1004

I\ 1.2v

Figure 1. Simple RF Leveling Loop

by Jim Williams

plifier. A2’s output, the output of the
circuit, is sampled by the A3-based
gain control configuration. This ar-
rangement closes a gain-control loop
back at Al. The 4pF capacitor com-
pensates rectifier diode capacitance,
enhancing output flatness vs fre-
quency. Al’s Iggr input current con-
trols its gain, allowing overall output
level control. This approach to RF
leveling is simple and inexpensive,
and provides low output drift and
distortion. 47
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Ultra-low Noise and Low Drift
Chopped-FET Amplifier

Figure 1’s circuit combines the ex-
tremely low drift of a chopper-stabi-
lized amplifier with a pair of low noise
FETs. The result is an amplifier with
0.05uV/°C drift, offset within 5uV,
100pA bias current and 50nV noise in
a 0.1Hz-10Hz bandwidth. The noise
performance is especially noteworthy;
itis almost 35 times better than mono-
lithic chopper-stabilized amplifiers.

FETs Q1 and Q2 differentially feed
A2 to form a simple low-noise op amp.

Feedback, provided by R1 and R2, sets
closed-loop gain (in this case 10,000)
in the usual fashion. Although Q1 and
Q2 have extraordinarily low noise char-
acteristics, their offset and drift are
uncontrolled. A1, a chopper-stabilized
amplifier, corrects these deficiencies.
It does this by measuring the differ-
ence between the amplifier's inputs
and adjusting Q1's channel current
via @3 to minimize the difference. Q1’s
skewed drain values ensure that Al
will be able to capture the offset. Al

+15
10k
03
2N2907
-15 -15V

|1

11

0.02

> -
3100k 22
a1 Q- L1007 OUTPUT
2X +
25K147 5
TOSriieA OPTIONAL SHRi
» >
+ INPUT » o1 @@ TIon ook
COMPENSATION
s ~INPUT s
. S 7500" Sh2
= 1% FILM RESISTOR 100

-15 -

Figure 1. Chopper Stabilized FET Pair Combines Low Bias, Offset and Drift with 45nV Noise

A = 500pV/DIV

B =5V/DIV

|<— 10 seconps —»]

Figure 2. 45nV Noise Performance for Figure 1. Al’s Low Offset and
Drift are Retained, but Noise is Almost 35 Times Better

by Jim Williams

and Q3 supply whatever current is
required to force offset to within 5pV
into Q1's channel. Additionally, Al’s
low bias current does not appreciably
add to the overall 100pA amplifier bias
current. As shown, the amplifier is set
up for a non-inverting gain of 10,000,
although other gains and inverting
operation are possible. Figure 2 is a
plot of the measured noise perfor-
mance.

The FETs’ Vgs can vary over a 4:1
range. Because of this, they must be
selected for 10% Vgs matching. This
matching allows Al to capture the
offset without introducing any signifi-
cant noise.

Figure 3 shows the response (trace
B) to a ImV input step (trace A). The
output is clean, with no overshoots or
uncontrolled components. If A2 is re-
placed with afaster device (e.g. LT1055)
speed increases by an order of magni-
tude with similar damping. A2’s op-
tional overcompensation can be used
(capacitor to ground) to optimize re-
sponse for low closed loop gains. £

HORIZ = 100us/DIV

Figure 3. Step Response for the Low Noise +10,000
Amplifier. A 10x Speed Increase is Obtainable by Replacing

A2 with a Faster Device

Linear Technology Magazine ® October 1991

17



LY NEW DEVICE CAMEOS

New Device Cameos

LT1027 High-Accuracy 5V
Reference

The LT1027 is the industry’s most
precise 5V reference. The LT1027C
grade provides 0.05% maximum ini-
tialaccuracy and 3 ppm/°C maximum
output-voltage drift with temperature.
The LT1027D grade has 0.05% maxi-
mum initial accuracy, with 5 ppm/°C
maximum temperature drift. The
LT1027E grade provides 0.1% maxi-
mum initial accuracy, and 7.5 ppm/
C° maximum temperature drift. All
three grades improve upon the indus-
try-standard precision 5V reference,
the LT1021-5. This high level of perfor-
mance is obtained without the use of a
power-hungry heated substrate.

In addition to excellent accuracy
and drift performance, the LT1027
provides 2ps settling to 0.01%. Set-
tling time can be improved to 500ns by
connecting a 4.7pF tantalum capaci-
tor between VOUT and ground.

The LT1027 reference voltage is de-
rived from a buried-zener reference,
which provides excellent low-noise
characteristics (10Hz to 1kHz noise is
2uV RMS) and excellent long-term sta-
bility (20 ppm/month for the TO-5
package). Connecting a 1yF capacitor
between the noise reduction (NR) pin
and ground reduces 10Hz to 1kHz
noise to 1.2uVRMS. The LT1027 guar-
antees a +30mV trim range with a 10k
trimpot. Unlike previous references,
trimming doesn’t affect the tempera-
ture coefficient of the device.

LT1082 1A High-Voltage, High-
Efficiency Switching Regulator

The LT1082 is a 60kHz switching
voltage regulator, designed for high-
voltage, low-current applications such
as isolated and non-isolated -48V to
5V telecom supplies. All control cir-
cuitry and a high-efficiency 1A power
switch are included in a compact 8-pin
minidip, 5-lead TO-220, or 5-lead TO-
3 package. The LT1082 utilizes cur-

rent-mode switching techniques to ob-
tain excellent AC and DC line and load
regulation. The LT1082 operates in all
standard switching topologies. In the
isolated-flyback mode the LT1082
senses the primary-flyback voltage to
regulate output voltage, without the
need of an optoisolator.

The LT1082 can provide 5V at 800mA
from-48V, while consuming only 4.5mA
quiescent current. The LT1082 fea-
tures a high maximum-input voltage of
75V and a maximum switch voltage of
100V, making it ideal for isolated and
non-isolated -48V to +5V converters.
The LT1082 can easily be shutdown to
120pA supply current. When the out-
put is shorted, the LT1082 lowers its
operating frequency from 60kHz to
16kHz to protect the outputs, even with
70 volts at the input.

LT1124,LT1126 Dual and LT1125,
LT1127 Quad Low-Noise Op Amps

Linear Technology’s new LT1124
dualand LT1125 quadlow-noise, high-
speed, precision operational amplifi-
ers outperform the industry standard
OP27 single op amp as well as the
OP270 dual and OP470 quad op amps
they are designed to replace. The indi-
vidual amplifiers in each LT1124 and
LT1125 are 100% tested for input
voltage noise (4.2 nV/root Hz maxi-
mum), something that has not been
done with their predecessors. The
LT1124 is the first low-noise, high-
speed, precision dual op amp to be
offered in the 8-pin, small-outline sur-
face-mount package.

Usually, dualand quad performance
is inferior to that of single op amps due
to thedifficulty of designing and manu-
facturing multiple op amps. In this
case the performance is better. The
LT1124 and LT1125 have faster slew
rate and greater bandwidth, lower
bias and offset currents, and higher
gain than the OP27. The total supply
current of the dual LT1124 isless than
the supply current of the OP27 single.

by LTC Marketing

The LT1124 and LT1125 have lower
offset voltage and bias current and
higher slew rate, bandwidth, and gain
than the OP270 and OP470 devices
Comparable specifications are im-
proved by a factor of two, not just a few
percent.

Decompensated versions of these
devices are also available. The LT1126
dual and LT1127 quad are stable in
closed-loop gains of ten or more. The
slew rate of the LT1126/27 is 2.5
times faster and the gain-bandwidth
productis four times higher than those
of the LT1124/25. Thus, the LT1126/
27 can upgrade systems using the
decompensated OP37 single op amp.

LT1228 100MHz Current Feed-
back Amplifier with DC Gain
Control

The LT1228 is the first monolithic
video amplifier with electronic gain
control. The 8-pin packaged LT1228
uses a 75MHz transconductance am-
plifier and 100MHz current feedback
amplifier to realize AGC amplifiers,
tunable filters, sinewave oscillators,
audio and video mixers, audio and
video faders, and DC restore circuits.
Adifferential input, DC gain controlled
amplifier is easily made with the
LT1228 and justa fewresistors. Now it
is possible to locate gain trim pots at
the front of professional video equip-
mentwithout having toroute the video
signals all over the PC board.

Thevariable gain transconductance
amplifier is the heart of the LT1228
and it has over a 60dB of gain
control range. The output of the
transconductance amplifier is buffered
by the built in current feedback ampli-
fier for an output drive current capa-
bility of 30mA. The current feedback
amplifier is optimized for video perfor-
mance; when driving a cable, the dif-
ferential gain is only 0.04% and the
differential phaseis 0.10 degrees. When
driving an A to D converter these specs
improve to 0.01% and 0.01 degrees!
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These features and the wide supply
range of +2V (4V total) to £15V (30V
total) makeiteasy touse the LT1228in
almost any system.

In RGB and other computer video
systems, the excellent transient re-
sponse of the current feedback ampli-
fier eliminates smearing (rise time is
only 3.5ns). The DC control to the
LT1228 is a current to simplify the
interfacing of remotely located control
circuitry.

The LT1228 is available in 8-pin
dual-in-line plastic and ceramic pack-
ages as well as the 8-pin small outline
packages. Military, industrial and com-
mercial temperature range versions
are available.

LTC1046 50mA Switched-
Capacitor Voltage Converter

Our newest switched-capacitorvolt-
age converter, the LTC1046, is de-
signed for voltage inversion and
doubling in 3-6V battery-powered sys-
tems, where voltage loss and quies-
centcurrentare critical. The LTC1046’s
output resistance of only 35Q maxi-
mum translates to a 65% reduction in
voltage loss compared to the LTC1044
and ICL7660. The LTC1046 does this
while consuming only 300pA maxi-
mum supply current. The LTC1046
provides a power-conversion efficiency
of 97% and a voltage-conversion effi-
ciency of 99.9% (no load). Oscillator
frequency is nominally 30kHz when
operating on a 5V supply, and can be
increased with use of a boost pin to
optimize efficiency for a particular ap-
plication. The LTC1046 is functionally
and pin-for-pin compatible with the
LTC1044 and the ICL7660, but pro-
vides 2.5 times the drive capability for
6V and lower voltage conversion appli-
cations.

LTC1164-5 8th-Order Butterworth
or Bessel and LTC1164-6 8th-Order
Elliptic Low Pass Filters

The LTC1164-5 and LTC1164-6 of-
fer the user low supply currents (4mA
with +5V supplies), lowwide-band noise
(100pV RMS for the LTC1164-5 and
120uV RMS for the LTC1164-6), and

low THD (less than 0.02%) in a com-
pact 14-pin package. No external re-
sistors are required to realize the filter
functions. Cutoff frequencies up to
20kHz (+7.5V supplies) or up to 10kHz
(+5V supplies) can be achieved.

The LTC1164-5 can be configured
either as an 8th-order Butterworth
(100:1 or 50:1 clock to cutoff frequency
ratio), or as an 8th-order Bessel (150:1
clock ratio) low pass filter. The
LTC1164-6 is an 8th-order elliptic low
pass filter with 64dB attenuation at
1.45 times the cutoff frequency at a
100:1 clock to cutoff frequency ratio.
Both the LTC1164-5 and the -6 can
operate onasingle 5V supplywitha 1V
RMS input signal. Typical applica-
tions for the LTC1164-5and LTC1164-
6 include low-power data-acquisition
systems, battery-powered instru-
ments, and telecommunications.

CMOS RS485 Interface Family

LTC’s growing family of RS485 in-
terface devices now includes seven
members that are compatible with
industry-standard pinouts and achieve
significant power savings. The first
member, the LTC485 half-duplex
transceiver, reduces power consump-
tion by 60X when dropped into 75176
sockets, forapplications up to2.5MHz.
The LTC486 and LTC487 quad-differ-
ential line drivers draw only 200pA
maximum supply current, and directly
replace the 75172 and 75174 quad
drivers for applications up to 10MHz.
Their companion differential line re-
ceivers, the LTC488 and LTC489, drop
into 75173 and 75175 sockets to ob-
tain a 10X power reduction and data
rates up to 10MHz. For full-duplex, 4-
wire RS485 interface applications, LTC
offers the LTC490 and LTC491 full-
duplex transceivers which directly re-
place the 75179 and 75ALS180
transceivers with at least a 60X power
savings. The LTC490 and LTC491 sup-
port data rates up to 5MHz. All LTC
CMOS RS485 line drivers drive cables
of up to 4000 feet at slower data rates.

All members of the LTC CMOS
RS485 family utilize a unique fabrica-
tion process and design that places
Schotkey diodes in series with the

MOS output transistors, to maintain a
high impedance state when the out-
puts are forced up to 7V beyond the
supply rails or when the device is off.
This crucial RS485 specification al-
lows for a +7V common-mode voltage
between drivers on an interface line.
Output-current limit and full thermal-
overload protection are incorporated
on all LTC RS485 products. The full
line is offered in DIP and surface-
mount packages for use over the com-
mercial and industrial temperature
ranges.

LT1229/30 Dual and Quad
Current-Feedback Amplifiers

The LT1229 is a dual current-feed-
back amplifier that provides 100MHz
bandwidth, 1000V/us slew rate, and
30mA minimum output drive capabil-
ity, in a space-saving 8-lead DIP or 8-
lead SOIC package. The LT1229 settles
to 0.1% in 45ns and draws 6mA sup-
ply current per amplifier. The LT1229
operates on supplies ranging from +2V
to +15V with an input-voltage range
and output swing to within 1.5V of the
supply rails. The LT1230 quad offers
the same performance as the LT1229
in a 14-pin DIP or 14-pin SOIC pack-
age. Both the LT1229 and LT1230 are
optimized for video performance. The
differential gain and phase are only
0.04% and 0.1 degrees when driving a
75Q cable and drop t0 0.01% and 0.01
degrees when driving flash A to D
converters.

The LT1229’s and LT1230’s 25MQ
inputimpedance and 30mA minimum
output drive make the devices useful
as buffers and video instrumentation
amplifiers, and excellent for general
high-speed cable-driving applications.

For further information on the above
or any other devices mentioned in this
issue of Linear Technology, use the
reader service card or call the LTC
literature service number, (800) 637-
5545. Ask for the pertinent data sheets
and application notes.

Information furnished by Linear Technology Corporation
is believed to be accurate and reliable. However, no
responsibility is assumed for its use. Linear Technology
Corporation makes no representation that the
interconnection of its circuits as described herein will not
infringe on existing patent rights.
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DESIGN TOOLS
Applications on Disk

NOISE DISK

This IBM-PC (or compatible) progam allows the user to
calculate circuit noise using LTC op amps, determine the
best LTC op amp for a low noise application, display the
noise data for LTC op amps, calculate resistor noise, and
calculate noise using specs for any op amp.

SPICE MACROMODEL DISK

This IBM-PC (or compatible) high density diskette contains
the library of LTC op amp SPICE macromodels. The
models can be used with any version of SPICE for general
analog circuit simulations. The diskette also contains work-
ing circuitexamples using the models, and a demonstration
copy of PSPICE™ by MicroSim.

FILTERCAD DISK

FilterCAD is a menu-driven filter design aid program which
runs on IBM-PCs (or compatibles). This collection of design
tools will assistinthe selection, design, and implementation
ofthe right switched capacitor filter circuit for the application
at hand. Standard classical filter responses (Butterworth,
Cauer, Chebyshev, etc.) are available, along with a CUS-
TOM mode for more esoteric filter responses. SAVE and
LOAD utilities are used to allow quick performance com-
parisons of competing design solutions. GRAPH mode,
with a ZOOM function, shows overall or fine detail filter
response. Optimization routines adapt filter designs for
best noise performances or lowest distortion. A design time
clock even helps keep track of on-line hours.

Technical Books

Linear Databook — This 1,600 page collection of data
sheets covers op amps, voltage regulators, references,
comparators, filters, PWMs, data conversion and interface
products (bipolar and CMOS), in both commercial and
military grades. The catalog features well over 300 devices.
$10.00

Linear Applications Handbook ~— 928 pages chock full of
application ideas covered in-depth through 40 Application
Notes and 33 Design Notes. This catalog covers a broad
range of “real world” linear circuitry. In addition to detailed,
systems-oriented circuits, this handbook contains broad
tutorial content together with liberal use of schematics and
scope photography. A special feature in this edition in-
cludes a 22-page section on SPICE macromodels.
$20.00

Monolithic Filter Handbook — This 232 page book comes
with a disk which runs on PCs. Together, the book and disk
assist in the selection, design and implementation of the
right switched capacitor filter circuit. The disk contains
standard filter responses as well as a custom mode. The
handbook contains over 20 data sheets, Design Notes and
Application Notes. $40.00
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