£30]0uya8)] seaur] ASaN0I 0j0yd

52 epN | MaY 10, 2001



coverstory

Blindingly
fast ADGs

TO GET MEANINGFUL
INFORMATION, NOT JUST
“DATA,” YOU NEED TO
KNOW HOW YOUR
CONVERTER IS LOOKING

AT YOUR SIGNAL.

Ataglance............ 54
ACLONYMS o 54

So what is an
N-bit convertera...............54

For more information ......62

www.ednmag.com

S TUBBORN AS ZAX (Reference 1), our world insists on being ana-

log, and our best means of processing information about our

world insist, for the foreseeable future anyway, on being digital. But

our world and our means do not stand still. It, or rather all that in-

formation about it, moves faster and faster, enabled by new ADC

designs that help bridge the gap between our analog reality and our

digitized perceptions. What constitutes new, however, are not nec-

essarily wholly novel architectures, but may be new implementa-

tions of old, well-known structures
brought back to life or new twists
brought to bear on evolving applications.

HOMING IN

Successive-approximation converters
(commonly known as SAR converters af-
ter the successive-approximation register
at their core) enjoy strong acceptance in
telecommunications, spectrum-analysis,
and imaging systems—all applications
that stress dynamic performance. They
also find sockets in high-speed data-ac-
quisition and -control applications that
are often sensitive to the converter’s stat-
ic specifications. Though all converters
carry a nameplate corresponding to their
resolutions, they do not necessarily offer
commensurate performance for all spec-

ified parameters (see sidebar “So what is
an N-bit converter?”).

SAR converters use a DAC to test and
compare bit combinations in sequence
from MSB to LSB (Figure 1). At the start
of a conversion, the controller clears the
SAR bits and captures the input signal
with an S/H amplifier. If the incoming
signal is greater than half scale, the con-
troller sets the SAR’s MSB, forcing the
DAC to half-scale. The converter repeats
the comparison with the next-most-sig-
nificant bit, setting or not setting it and
the subsequent bits as determined by the
comparator. The SAR feeds back the con-
verging bit pattern to the comparator
through the DAC at each iteration.

A benefit of this structure is that it uses
one comparator and samples the input
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ACRONYMS

DNL: differential nonlinearity

INL: integral nonlinearity

PECL: positive (or pseudo) emitter cou-
pled logic

S/H amplifier: sample-and-hold amplifier
SINAD: signal-to-noise-and-distortion
ratio

T/H amplifier: track-and-hold amplifier
THD: total harmonic distortion

once per conversion, eliminating match-
ing errors found in pipelined structures
(Reference 2). Capacitive-DAC topolo-
gies make excellent use of the capacitor-
matching and -scaling capabilities and
low-charge-injection-switch characteris-
tics of modern semiconductor processes.
As a result, SAR ADCs can support reso-
lutions as fine as 16 bits with good non-
linearity numbers and conversion rates
as fast as several megasamples per sec-
ond, though not necessarily at the same
time. The dependence on capacitance ra-

tios can also lead to good behavior over
temperature. The capacitive DAC struc-
ture also simplifies integrating the S/H-
amplifier function.

SAR-converter designs differ, however,
in whether they integrate an input-buffer
amplifier. Some require you to directly
drive the sampling caps, which necessi-
tates that your application circuit provide
impulse currents at the start of each con-
version cycle. Others provide an on-chip
input-buffer amplifier with fixed charac-
teristics. Depending on your signal
source, you may not prefer the on-chip
input buffer. If your signal source has a
low dynamic output impedance and is
located near the converter, you may
choose to forgo an input buffer. If your
source signal has sufficient bandwidth,
your design may require filtering ahead
of the converter leading to an external
amplifier anyway.

The LTC1411 is a good example of the
features available on CMOS SAR con-
verters (Table 1). The input structure in-
cludes differential inputs whose com-

SO WHAT /S AN N-BIT CONVERTER?

AT A GLANCE

> Don't confuse a converter's resolution
(number of many wiggling bits) with its
performance. In the best cases, you'll lose
less than a bit of resolution to ac error
terms, but, in many cases, the loss
approaches 2 bits.

> Despite the concentration on ac param-
eters, poor static behavior can adversely
affect high-speed ADC applications.

> A preponderance of specsmanship on the
part of ADC vendors results in data sheets
deserving careful reading and comparisons.
Be aware of claims that apply at frequencies
well below your bandwidth of interest.

> Most high-speed ADCs provide inte-
grate S/H or T/H amplifier front ends and
voltage references for scaling, which mini-
mize the external “glue” you need to
design an ADC into your application.

If you come from an instrumen-
tation background, you probably
expect that an ADC will exhibit
linearity errors on the order of '/
LSB over its range. You can trust
that, at this level of performance,
the converter is not corrupted by
its own internal errors; it's as
good as perfect. However, as
your bandwidth of interest
increases, that level linearity
becomes difficult to attain and
would eventually become less
the focus of your task were it not
for the fact that static and
dynamic errors are related.

The SNR of an ideal N-bit con-
verter is 6.02N+1.76 dB owing
to the rms value of quantization
noise. (An intuitively pleasing
approximation of 6 dB per bit is
a good number to keep in
mind.) If you postulate nonzero
DNL, the SNR decays. In the
most benign case, where narrow
bits and wide bits are evenly dis-
tributed over the transfer func-
tion, the rms noise increases by
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the 3/2 power of the DNL
(Reference A). At '/-LSB DNL
with alternating long and short
codes, the SNR drops to
6.02N—0.65 dB, about 2 dB
worse than the ideal case. Con-
verters with substantial INL don't
exhibit evenly distributed code-
width errors, which further adds
to the quantization noise. As
clock rates increase, acquisition
jitter in the S/H or T/H amplifier
represent another noise source.
SINAD is the ratio, expressed
in decibels, of the rms value of
the input signal and the sum of
all the other spectral compo-
nents, usually including the first
five harmonics but not including
dc. You can calculate the ENOB
(effective number of bits) direct-
ly from SINAD: ENOB=(SI-
NAD—1.76 dB)/6.02. The noise
component is a primary reason
that high-speed converters rarely
offer ENOB figures correspon-
ding to their resolutions. As you
sweep through the converter's

bandwidth, the SINAD curve
decays, and the ENOB decays
with it. Because converter manu-
facturers usually measure SINAD
only to the Nyquist frequency,
carefully read the data sheets for
converters recommended for
undersampled applications.
Spurious-free dynamic range
is the ratio, also in decibels, of
the input signal's rms value to
the peak spurious signal. These
numbers often correlate closely
with the THD performance in cir-
cuits free of interference sources.
If your application requires a
converter with good static num-
bers, check how the manufactur-
er specifies the integral nonlin-
earity. Many manufacturers’ data
sheets report “best-straight-line”
INL, which is a measure of the
converter's second-order and
higher transfer-function errors.
Unfortunately, the best straight
line assumes that you are willing
to sacrifice offset and span accu-
racy to minimize the worst-case

error throughout the span and
that you are willing and able to
characterize the converter's
transfer function to do so. When
manufacturers specify endpoint
nonlinearity, they agree to treat
the transfer function’s zero- and
full-scale values as cardinal
points, allowing you to use a
simple two-point zero- and full-
scale calibration check. If you
use them in this way, the num-
bers given for a converter speci-
fied for best straight line can be
optimistic by as much as a factor
of two. In cases where the con-
verter's transfer function exhibits
a perfectly symmetrical S-shaped
nonlinearity curve, the two
measures converge on the same
value.
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mon-mode range extends to the supply
rails. A 2.5V bandgap reference, a scaling
network, and a reference amplifier allow
the converter to read single-ended
ground-referenced inputs and provide
means for setting the span of the conver-
sion process in 3-dB increments from 0
to —9 dB referenced to 3.6V. In addition
to the parallel data interface, the 1411
features busy and out-of-range flags and
five control inputs—two that set

the span, two that initiate the
snooze modes (nap and sleep), and one
that initiates a conversion cycle. An in-
ternal clock reduces the external compo-
nent count but disallows synchronizing
multiple channels.

The LT1411 offers dynamic specifica-
tions in line with its nameplate resolu-
tion. THD is —88 dB with a 500-kHz
fundamental. Intermodulation distor-
tion, tested with 97.7- and 104.2-kHz in-
put signals, is —86 dB. The SINAD at 80
dB is 6 dB off a theoretically perfect 14-
bit converter.

The 1411 also guarantees no missing
codes (DNL less than 1 LSB over the in-
put range), and the INL is a modest =2
LSBs. The LT1411 dissipates a maximum
of 325 mW when operational, and typi-
cally 10 mW and 5 pW in nap and sleep
modes, respectively. It is available in a 36-
pin SSOP with versions suitable for the
commercial and industrial temperature
ranges.

The AD7664 SAR converter from Ana-
log Devices offers 16-bit resolution at
conversion rates as fast as 570k sam-
ples/sec with both serial and parallel out-
puts. The company specifies the convert-
er’s dynamic performance with 10- and
100-kHz inputs. The part turns in —100-
dB THD and 100-dB spurious-free dy-
namic range with 10-kHz signals, both
falling 10 dB at 100 kHz. As a result, the
SNR figure of 90 dB at 10 kHz dominates
the SINAD calculation. The 3-dB band-
width extends to 18 MHz.

In addition to 2.5 LSB INL and no
missing codes, the span error of 0.08%
full-scale range is better than what you
could get from all but the most tightly
matched resistor pairs. The converter of-
fers three modes of operation with dif-
ferent throughput rates and power dis-
sipation levels to match. At 500k sam-
ples/sec, the part dissipates a maximum
of 115 mW, but when you use it in its
low-power “Impulse” mode, dissipation
falls with the sampling rate to a typical 21
LW at 100 samples/sec

Texas Instruments offers the ADS8322,
a 500k-sample/sec, 16-bit converter for
less than half the price of the AD7664. Its
ac performance does not match that of
the 7664 with 86-dB SINAD and —92-dB
THD, both at 10 kHz. The static charac-
teristics are essentially that of a 14-bit
converter in the standard grade. But for
a project on a tight budget that doesn’t
need 16-bit performance, the 8322 is an
attractive alternative to many competing
parts. The ADS8322 takes an external
clock signal allowing you to synchronize
multiple channels. Its maximum power
dissipation is 125 mW.

TI also makes the ADS7862, a dual
500k-sample/sec, 12-bit converter that
features simultaneous sampling from
two dual-multiplexed differential inputs

REPRESENTATIVE SUCCESSIVE-APPROXIMATION ADCs

Resolution NMC*
(bits)

Manufacturer Model
Linear Technology  LTC

(bits)
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(Figure 2). An address pin selects be-
tween the two inputs for each channel.
The conversion start and clocking signals
are common to the two converters. Two
read accesses per conversion cycle report
the A and B channel data sequentially
through the single 12-bit port.

Geared toward motor- and position-
control applications, the input range ex-
tends to 300 mV beyond the supply rails.
The static numbers suit control applica-
tions with 1- and 2-LSB DNL and INL
maximum and a 1-LSB INL match be-
tween the two channels. The 7862 holds
its offset to 3 LSB and span error to less
than 1%. The two channels have gain-
match errors of 2 LSB maximum. The
manufacturer characterizes the convert-
er’s dynamic capability with only typical
numbers, which are themselves quite at-
tractive: 1-dB SINAD and —78-dB spu-
rious-free dynamic range. The lack of
minimum and maximum values, how-
ever, raises obvious challenges for appli-
cations that depend on the converter’s
dynamics.

QUICK AS A FLASH

After decades of converter develop-
ment, the fastest conversion method yet
devised is still the flash converter (Figure
3). This architecture incorporates a string

NMC* Maximum
Speed speed power Power Full-power
(k samples/ product dissipation efficiency  bandwidth Price
sec) (kbps) (mW) (kbps/mW) (MHz) Package (1000)
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of 2N reference voltages, one for every
output code, and simultaneously meas-
ures the input against each of them
through an equal number of compara-
tors. A logic decoder converts the com-
parator outputs, often collectively likened

to a thermometer, to any of several bina-
ry codings. The obvious limiting factor
for the flash architecture is that its area
grows exponentially with the number of
bits. Even with the reduction of critical di-
mensions in semiconductor processes,

flash converters are generally impractical
at resolutions greater than 8 bits.

One weakness of flash converters cen-
ters on the comparators’ dynamics
around their thresholds. A comparator’s
settling time grows exponentially as the

SAR
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The ADS7862 from Texas Instruments features two synchronized 500k-sample/sec, 12-bit SAR-converter channels.
REPRESENTATIVE PIPELINED ADCs
NMC*  Maximum Typical
Speed speed power Power —3-dB
Resolution NMC* (M samples/ product dissipation efficiency  bandwidth Price
Manufacturer Model (bits) (bits) sec) (Mbps) (mW) (Mbps/mW) (MHz) Package (1000)
Analog Devices AD9433 12 12 125 1500 1250 12 750 PQ4-52** $80
Texas Instruments ADS809 12 1 80 880 945 0.9 1000 TQFP-48 $29.95
Maxim MAX1448 10 10 80 800 160 EST 5.0 400 TQFP-32 $8.35
Analog Devices AD6644 14 13 65 845 1500 0.6 250 LQFP-52 $39
Analog Devices AD9226 12 12 65 780 500 1.6 750 SSOP-28 $18.55
Maxim MAX1446 10 10 60 600 135 EST 4.4 400 TQFP-32 $7.35
STMicroelectronics TSA1201 12 12 50 600 158 3.8 1000 TQFP-48 $17
STMicroelectronics TSA1002 10 10 50 500 158 3.2 100 TQFP-48 $5.95
Maxim MAX1444 10 10 40 400 90 EST 4.4 400 TQFP-32 $5.85

*NMC = no missing codes; **PQ4 = "power quad 4," according to Analog Devices.
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input differential grows small
(Reference 3). Continuous in-
put signals will eventually re-
quire the structure to discrim-
inate between adjacent codes
with an instantaneous ampli-
tude that is only a small frac-
tion of an LSB from the transi-
tion point between them. In
such cases, the settling time for
one comparator may extend
beyond the conversion time.
The wunsettled comparator
leads to metastable states in the
decoding logic that of-
ten result in large sin-
gle-conversion errors, particu-
larly when the signal is near a
major carry. These occurrences
of metastability and their arti-
facts are known colloquially as
“thermometer bubbles,” after
their representation at the
comparator outputs, or “sparkle codes,”
after the visual effect they have when flash
converters capture video information.
Maxim has pressed its 27-GHz GST-2
bipolar process into service for a trio of
8-bit flash converters: the MAX106, 104,
and 108, which offer digitizing rates of
600M, 1G, and 1.5G samples/sec, respec-
tively. The Max10x converter designs go
well beyond the high-speed flash core.
The integrated T/H amplifier’s differen-
tial inputs include on-chip 50€) termi-
nation resistors, as do the differential
clock inputs. A bandgap reference sets the

Vin

Figure 3
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R
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DECODER

Quick as a blink, the flash converter requires 2" comparators, which
limits practical realizations to around 8 bits.

ADC’s scaling factor, and the part’s
pinout allows you to either scale the ref-
erence or replace it with an external
source.

The converter’s decoder is designed to
limit the occurrence of metastable states
to one in 10" clock cycles with no error
exceeding an LSB. An output demulti-
plexer feeds the 8-bit differential outputs
to two output ports that you can use in
any of three modes. A nondemultiplexed
mode feeds the result of every conversion
to the primary port, and the same data
stream, delayed by one conversion time,

N
|—><—> DATA

to the auxiliary port. You can
choose to power down the aux-
iliary port to save power and use
the converter as a straight, one-
port device. In the demulti-
plexed mode, the data-ready flag
rises once for every two conver-
sions. The demultiplexer directs
the first conversion’s results to
the auxiliary port and the sec-
ond’s to the primary port. The
third mode discards every oth-
er conversion and, like the de-
multiplexed mode, directs the
first of the retained conversion
results to the auxiliary port and
the second to the primary port.
The ports’ differential outputs
are PECL-compatible and pow-
ered by their own rails, so you
can connect them to either 5 or
3.3V data buses.

The $495 (1000) MAX108,
the fastest of the trio, offers '/2-LSB max-
imum DNL and best-straight-line INL.
The manufacturer gives dynamics spec-
ifications at 250 MHz, 750 MHz (the
Nyquist frequency), and 1.5 GHz. Worst-
case SINAD at the Nyquist frequency
with differential inputs is 44.5 dB, limit-
ed by noise. The part yields 50-dB spu-
rious-free dynamic range under the same
conditions.

PUT THAT IN YOUR PIPE

Pipeline converters lie between SAR
converters, which top out at 16 bits and

Figure 4

DECODER

Pipelined converters offer high throughput rates with low circuit complexity. The conversion latency poses difficulty, however, with closed-loop and

multiplexed applications.
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single-digit megasamples per second,
and flash converters, which have speeds
to single-digit gigasamples per second
but resolutions limited to 8 bits. Exam-
ples of pipeline ADCs operate at several
tens of megasamples per second and 10-
to 14-bit resolutions (Table 2).

SAR converters sequentially use one
comparator and DAC N times. Flash
converters use 2N comparators in a single
comparison time. Between the two, the
bit-serial pipeline ADC uses N compara-
tors to complete one conversion per cy-
cle each with an N-cycle latency (Figure
4). On the first clock phase, the first S/H
amplifier captures the input signal, which
a comparator measures with respect to a
half-full-scale reference. Inputs smaller
than the half-scale reference pass
on to the second S/H amplifier
through a gain of 2. Inputs larger than
the reference route to a differencer, which
subtracts the reference from the input be-
fore the gain of 2 and the second S/H am-
plifier. On the second clock phase, the
process repeats with an identical stage.
The converter replicates this structure
with odd-numbered stages clocked on
the first phase, and even numbered stages
clocked on the second phase. In this fash-
ion, a conversion proceeds through the
converter in N clock cycles, but a new
conversion completes on every cycle. A
variation on the basic bit-serial pipeline
architecture replaces each stage’s single
comparator with an m-bit flash convert-
er and the gain of 2 with a gain of 2™, re-
ducing the latency to N/m cycles. A fur-
ther refinement uses overlapping stages
to further reduce nonlinearity at the cost
of a somewhat longer pipe. Even with la-
tency reduction, pipeline delays can pose

Figure 5
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o

A small flash ADC, overlapping stages, and digital correction logic relieve pipeline-matching errors

and improve linearity.

stability problems for control loops and
synchronization challenges for multi-
plexed or synchronous parallel data-ac-
quisition systems. However, for single-
channel nonfeedback applications, such
as undersampled IF digitizers, pipelined
converters offer a combination of speed
and resolution unavailable from other ar-
chitectures.

Pipelined structures bring several chal-
lenges to converter designers. The sam-
pling process can add step errors due to
the charge injected when the MOS
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switches open at the end of the sampling
interval. The injected charge is a function
of the MOS device’s V , so fixed-level
switching can add a nonlinearity term.
Although compensated switch topolo-
gies minimize this error source, they do
not eliminate it. The sampling process
also adds kT/C noise at each stage. Fol-
lowing stages amplify the noise along
with the residual signal. Stage-to-stage
differences lead to linearity disjoints, and
multibit stages require gain cells with
proportionally greater bandwidth. The
converter must balance the advantages of
multibit stages with the process capabil-
ity and throughput requirements. Al-
though digital techniques can compen-
sate for static errors, bandwidth and
noise limitations do not yield to such
treatments and often distinguish be-
tween converter product lines.
STMicroelectronics offers a 12-bit,
50M-sample/sec pipelined ADC for
portable applications. The TSA1201 dis-
sipates 158 mW maximum from 2.5V
supplies at full speed and typically only
40 mW at 5M samples/sec. The input
bandwidth extends to 1 GHz for under-
sampled applications, however, as you
should expect of all high-speed convert-

www.ednmag.com
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ers, the 61-dB minimum SINAD meas-
ured at 15 MHz falls off at high frequen-
cies, 3 dB down at 90 MHz.

The 1201 features good static specifi-
cations: 0.6 and 1.7 LSB DNL and INL,
respectively. Noise limits the ac numbers
to the 10-to 11-bit range; 61-dB SINAD,
despite —68-dB THD, results in a 10-bit
effective number of bits, all measured at
15 MHz.

Analog Devices’ AD9226 12-bit ADC
features an eight-stage, 1.5-bit pipeline
that you can clock as fast as 65M sam-
ples/sec. It takes 500 mW to drive the
9226, resulting in 67.4-dB SINAD, —76-
dB THD and spurious-free dynamic
range, and 10.9 effective number of bits,
all measured at 15 MHz. The SNR holds
up fairly well at high input frequencies,
falling typically at 3.4 dB at 15 to 200
MHz.

Like the AD9226, the MAX1448 10-bit
converter from Maxim exemplifies the
pipelined structures built with flash-con-
verter stages (Figure 5). The 80M-sam-
ple/sec 1448 offers 55.3-dB SINAD and
61-dB SFDR at 20 MHz. Its differential-
input T/H-amplifier front end has a 400-
MHz, —3-dB bandwidth.

The ADS809 from Texas Instruments
also competes in the 12-bit arena at 80M
samples/sec. Its T/H amplifier accepts ei-
ther differential or single-ended signals.
Internal reference scaling allows you to

choose among 1, 1.5,
You can reach and 2V p-p full-scale

Technical Editor inputs. The manufac-

Joshua Israelsohn

at 1-617-558-4427, turer offers few worst-

o LEITS364470, | case specifications for
jisraelsohn@ the ADS809. Among
cafners.com. these, 1.7 and 6 LSBs

for DNL and INL, re-
spectively, suggest mid-
band dynamic results
in the 10- to 11-bit
neighborhood, as does
the worst-case 65-dB SFDR and typical
63-dB SINAD with 10-MHz inputs.O
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