BOOK LICENSED BY GRAPHIC STOCK

Pipelined Versus SAR

Y/
Behzad Razavi

mong numerous Nyquist-rate ana-

log-to-digital converter (ADC) archi-

tectures introduced throughout the

years, three have found the widest

usage: flash, pipelined, and succes-

sive-approximation register (SAR) topologies. In this

article, we focus on the last two and study their similarities
and differences.

Brief History

Pipelined and SAR ADC architectures date back to
the mid-1900s. Pipelining in ADCs was evidently first
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proposed by Severin of Texas Instruments in a patent
filed in 1967 [2]. Figure 1 shows the idea, which remark-
ably resembles today’s 1-bit/stage designs. The SAR
topology is even older and can be found in a 1947 paper
by Goodall of Bell Laboratories [1] and a patent filed
in 1957 by Bell of Consolidated Electrodynamics Corpo-
ration [3]. Shown in Figure 2, the latter uses mechani-
cal relays to drive a digital-to-analog converter (DAC),
whose output is compared to the analog input by a
“comparison amplifier” (a comparator). CMOS pipelined
ADCs began to appear in the 1980s [4], [5] and contin-
ued to flourish thereafter. However, CMOS SAR designs,
having been reported in the 1970s [7], lay virtually
dormant until the 2000s, when their potential for low
power consumption was recognized. Further historical
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FIGURE 1: A patent showing a 1-bit/stage pipelined ADC.

details can be found elsewhere in
this issue [6].

Quantization by Binary Search

Analog-to-digital conversion com-
prises two fundamental functions,
namely, sampling and quantization.
The latter can be viewed as an opera-
tion wherein an “analog estimate” is
identified and the digital equivalent
of this estimate is created. In a flash
ADC, for example, the reference lad-
der generates the analog estimates,
and the comparators identify one as
the closest lower value, producing
its digital value at the output.

In their basic form, both pipe-
lined and SAR ADCs use binary
search to compute analog estimates
that successively converge toward
the input voltage. Suppose, as shown
in Figure 3(a), that an ADC having an
input range of 0 to Vrer senses an
input Vin. Binary search begins by
nominating Vrer/2 as the best analog
estimate. Next, since Vin > Vier/2,
the search identifies 3Vkrer/4 as a
better approximation, etc. That is,
in each cycle the ADC compares Vin

with the most recent analog estimate
and directs the search according to
the polarity of their difference. We
call this difference the “residue”
and denote it by Vin—aVker, where
a=1/2,3/4,5/8 etc., in the above
example. The goal of binary search
is to reduce the residue to less than 1
least significant bit (LSB). Figure 3(b)
illustrates how the decision result in
one cycle leads to comparison with
the proper analog estimate in the
next cycle.

Pipelined ADCs

Basic Operation

To arrive at the basic pipelined archi-
tecture, we first note that the binary
search begins with a residue of
Vin — Vrer /2, which has the same polar-
ity as  2(Vin— Vrer/2) = 2Vin — Vier.
We can thus form 2Vin— Vrer as the
residue and benefit from the 2 x
amplification that it provides before
going to the next binary search cycle.
This method is attractive if the func-
tion f(Vin, Vrer) = 2Vin— Vrer can be
realized efficiently and compactly.
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Digital Output Data

Shown in Figure 4 [8] is a popular
implementation known as the “multi-
plying DAC” (MDAC) stage. In the sam-
pling (acquisition) mode, C; and C>
(= Cy) track Vin while node X is kept
at zero by the unity-gain amplifier. In
the amplification mode, Ciis “flipped”
around the operational amplifier (op-
amp), and the left plate of C> jumps
to Vrer. The output voltage thus set-
tles to 2Vin— Vrer if the op-amp gain
is high and the mismatch between C:
and C, small.

We now ponder operation in the
next cycle. If the residue, 2 Vin— Vier,
is subjected to a subsequent MDAC
stage, we have a new residue equal to
f(2 ‘/invaEF, ‘/REF):2 (2 ‘/invaEF)vaEF
= 4Vin— 3 Vrer, whose polarity allows
comparison of Vin with 3 Vzer/4. But,
according to Figure 3(b), this compari-
son is meaningful only if Vin > Vrer/2;
in the case of Vin < Vker/2, we must
compare with Vin/4. This observa-
tion points to the need for a resi-
due equal to 4 Vin— Vrer if Vin < Vier.
However, this value cannot be ob-
tained recursively from the function
f(Vin, Vrer) = 2 Vin — Vrer.

SUMMER 2015 39



Digital
| Display
14 12? 10 >
Floating N | Comparison Analog Voltage
dc > LAe Amplifier  [¢ Input
Supply N £
Y
Clampin .| Negate
00 CFlel;e\yI < Relay ¢ ”| Comparison =22
ontro K
Circuit MR T
A
Clock Pulse
Generator [ —18
FIGURE 2: A patent showing a SAR ADC.
A
VRer 1
SVeer I
S —_—
Vi I O
in ¥ — >3VREF —
I ]
Veer ¢ > Veer -~ =
2 T 2
I \ <3VREF _—
I 4 T
T Vin
VRer T s Veer
T 4
‘3 <Vrer -~ e
I 2 Ve
o T N 4 T—a
t

(a)

(b)

FIGURE 3: (a) A search for analog estimates; (b) decision-directed binary search.

To overcome this difficulty, we
modify the MDAC operation to

f( Vin, VREF) = 2Vin— Vrer

ifVW% 1)
= 2V if Vin <%. ?)

Figure 5() plots Vies = f(Vin, Vrer).
As shown in Figure 5(b), the imple-
mentation compares Vin with Vkgr/2
before residue generation, directing
the left plate of C> to Vker or 0 ac-
cordingly. In this case, the capacitors
and the comparator sample the in-
put simultaneously. Since the circuit
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does not employ a main sample-and-
hold (SHA), it is also called a “SHA-
less” front end.

The foregoing principle readily
lends itself to pipelining: while one
MDAC stage is in the amplification
mode, the next can be in the acquisi-
tion mode and vice versa [Figure 5(c)].
The concurrent operation of the
MDAC stages means that the con-
version speed is limited by only the
acquisition and amplification times of
one stage, typically the first one.

The compact implementation along
with pipelining makes this “1-bit/
stage” architecture an efficient solution,
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especially for resolutions not achiev-
able by flash topologies (approximate-
ly 8 bits and above).

This architecture entails five sourc-
es of inaccuracy: kT/C and op-amp
noise, capacitor mismatch, finite op-
amp gain, op-amp nonlinearity, and
comparator offset. Of these, noise
directly trades with power dissipa-
tion, capacitor and op-amp imperfec-
tions can be calibrated in the digital
domain, and comparator offset is
accommodated by a simple modifi-
cation described below. High-speed
designs must also cope with the mis-
match between the sampling instants
of the capacitors and the comparator
in Figure 5(b).

One may surmise that the hard-
ware and power dissipation of the
above architecture grow linearly
with the resolution; for each addi-
tional bit, we can simply add one
more MDAC stage to the end of the
pipeline. Today’s designs, however,
are noise-limited, requiring that,
for one more bit, the front-end
stage (and possibly the subsequent
stages) incorporate proportionally
larger capacitors and higher op-amp
bias currents. In other words, the
hardware and power of the overall
pipeline grow approximately expo-
nentially with the resolution.

1.5-Bit/Stage Architecture

Let us return to the sources of error.
It can be proved that capacitor mis-
match and finite op-amp gain alter
the slope of the residue plot [Figure
6(a)], whereas comparator offset,
Vos, shifts the decision point away
from Vin = Vrer/2 [Figure 6(b)]. Both
cases may exhibit a residue “over-
range,” but the former introduces an
error in Vies even outside the over-
range regions. We deal with the latter
case in this section, modifying the
architecture so as to tolerate large
comparator offsets.

Our subsequent study is more
easily followed if we consider a
fully-differential system, one wherein
the differential input voltage can
vary from — Vger to + Virer. The resi-
due plot of Figure 5(a) is redrawn
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FIGURE 5: (a) A residue plot, (b) use of a comparator to generate proper residue, and (c) two pipelined stages.

in Figure 7(a) for such a system and
expressed as Vies A C,> G, Vies

Overrange \, __| 7 Overrange

f(Vin, £ Veer) = 2Vin— Veer Vin > 0 (3) Veer

-

=2Vin+ Vrer Vin < 0.
Vos!
4) 8o
' v, Voge
REF REF
Note that the comparator now com- 2
pares Vin with zero. For example, (b)

if Vin=0 but the comparator inter-
prets it to be Vin=+2 mV, then the FIGURE 6: The effect of (a) capacitor mismatch and (b) finite op-amp gain on the residue.
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FIGURE 7: (a) The residue plot for a differential system, (b) residue behavior avoiding overrange or underrange, and (c) a 1.5-bit/stage

implementation.

decision does not occur at Vin=0,
and 2Vin+ Verer continues into the
positive Vi, territory, exceeding
+ Vrer. Our objective is to confine
2Vin+ Vrer to less than + Vier. This
means that the decision must be
made well before Vin reaches zero.
Similarly, if Vin approaches zero
from positive values, the decision
must appear for a sufficiently posi-
tive Vin so as to avoid Vies <— Vrer.

These thoughts lead us to the resi-
due behavior depicted in Figure 7(b),
where the decision at Vin=0 is
replaced with one at Vin =— Vker/4
and another at Vin =+ Vker/4 [9]. We
now have

Vres = f (Vin, + VREF)
VRer

= 2 Vin— Vrer if Vin >+T (5)

oy ife VReF o o~ Veer
=2Vinif + 4 > Vin > 4 (6)

= 2Vt VREFif—%> Vi, (7)

In essence, we avoid errors around
Vin=0 by simply amplifying the
input by a factor of 2 and not add-
ing or subtracting Vker. Depicted
in Figure 7(c), the implementation
employs two comparators and is
called the *“1.5-bit/stage” archi-
tecture. This topology can toler-
ate a comparator offset as high as
+ Vrer /4. We say half a bit of “redun-
dancy” is used in each stage so as
to accommodate the offset. The low
power consumption of comparators
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very much favors this topology over
the 1-bit/stage counterpart.

The resolution of the stages in
a pipeline need not be limited to
1.5 bits. Particularly compelling is
the use of a flash stage [more than
two comparators in Figure 7(c)] in
the front end as it eases the gain
and output swings required of the
op-amp. For example, a 4-bit flash
sub-ADC with 1-bit redundancy
allows an eightfold decrease in
the op-amp’s open-loop gain while
consuming negligible power.

Errors resulting from the capaci-
tor mismatch and finite op-amp
gain in Figure 7(b) can be removed
by digital calibration. The reader is
referred to the vast body of work
on this topic [10]-[15]. The perfor-
mance of pipelined ADCs is limited
primarily by that of their constitu-
ent op-amps, an issue that has
become more serious in low-voltage
nanometer technologies and created
a migration to SAR architectures.

Vsamp
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FIGURE 8: Basic SAR architecture.
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SARADCs

Basic Operation

The SAR ADC, too, performs a binary
search to find the closest analog esti-
mate of the input. But, in contrast
to the concurrent operation of the
MDAC stages in a pipelined archi-
tecture, the SAR topology employs a
single stage and circulates around it
over multiple clock cycles while the
analog input is frozen. Shown con-
ceptually in Figure 8, the converter
incorporates a comparator, some
logic, and a DAC in a (negative) feed-
back loop. The ADC begins by set-
ting the register’s content to 10000,
thus producing Vpac = Vrer/2. The
comparator is then clocked to deter-
mine whether Vsamp is less or greater
than this value—as previously illus-
trated in Figure 3(a). This decision
loads the proper value into the reg-
ister, directing Vpac to Vrer/4 or
3Vker/4. To resolve N bits, there-
fore, the loop takes N clock cycles.

The SAR operation can also be
viewed as the convergence of a neg-
ative-feedback loop: the high gain
of the comparator (which acts as a
bang-bang subtractor here) forces
Vbac to approach Visamp—possibly
after some “ringing.”

The SAR architecture derives its
beauty from three properties: the
ability to achieve high resolutions, the
absence of op-amps, and the ability
to operate with zero static power dis-
sipation. Moreover, the comparator



offset only shifts the overall char-
acteristic rather than distort it. This
ADC exemplifies an architecture that
is “as digital as it can get.”

SAR ADCs commonly employ
capacitor DACs, primarily because
the DAC capacitors can also sample
the input voltage before the conver-
sion begins. Another advantage of
such DACs is their zero static power
consumption. Called “charge redistri-
bution” [7], the principle can be illus-
trated with the aid of Figure 9(a). Here,
the DAC consists of binary-weighted
capacitors C1-C4 and the dummy unit
Cs. In the acquisition mode, the bot-
tom plates of all capacitors are tied to
Vin and their top plates to zero. Next,
the bottom plate of C; swings to Vrer
while the others go to ground. The
equivalent circuit in Figure 9(b) thus
yields Vx = (8/16) (Vrer — Vin) +(8/16)
(0 — Vin) = VRer/2 — Vin. We can see
that in this case the voltage at node
X is, in fact, the residue (or its nega-
tive). The comparator is subsequently
clocked and, according to its deci-
sion, one of two actions is taken: (1)
If Vin > Vker/2, then the next residue
must assume a value of 3 Vrer/4 — Vin,
which is accomplished by swinging
the bottom plate of C, to Vrer. That
is, the next most significant bit (MSB)
in the register is raised to ONE. (2) If
Vin < Vker/2, then we must create
a new residue equal to Vier/4 — Vin,
by setting the first MSB to ZERO and
the next to ONE. Figure 9(c) shows
an example of residue settling in
this architecture. The conversion con-
tinues until the residue falls below
1 LSB. We remark that this architecture
resolves 1 bit per cycle.

Viewed as a negative-feedback loop,
the charge redistribution topology
of Figure 9(a) establishes a virtual
ground at node X due to the com-
parator’s high gain. For this reason,
Vx begins at zero and ends near
zero, alleviating issues such as the
nonlinear junction capacitance of
S1 and the common-mode-depen-
dent offset of the comparator.

In the study of SAR ADCs, we
must often monitor the DAC output
as a function of time and consider
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FIGURE 9: (a) A charge redistribution SAR ADC, (b) an operation example, and (c) the virtual

ground waveform.

all of its possible trajectories. These
trajectories form a “time trellis” as
shown in Figure 10, which we will
utilize in our time-domain analyses.

SAR Issues

While simple and efficient, SAR
ADCs suffer from a number of issues
that call for additional circuit and

-
|
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architecture techniques if a high
performance is desired. We describe
these issues here and their remedies
in the next sections.

First, owing to the multiple clock
cycles necessary for each conver-
sion, the SAR architecture is slow.
The critical path around the loop in
Figure 9(a) entails the comparator

24
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FIGURE 10: A time trellis for studying SAR operation.
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FIGURE 11: Simple 2-bit/cycle SAR ADC.

response time, tcomp, the logic
delay, tiogic, and the settling of the
DAC, tpac. In the 1-bit/cycle archi-
tecture studied thus far, one con-
version period is approximately
equal to N(tcomp + tiogic + tpac). For
a given CMOS technology node,
each of these three components
has a lower bound regardless of (or
weakly dependent on) the power

dissipation, thereby limiting the
ADC’s speed.

Second, the SAR ADC imposes
on its DAC both a high accuracy
and a high resolution. For example,
a 10-bit design requires 1,024 unit
capacitors, or 2,048 if the system
is fully differential. By comparison,
the pipelined topology of Figure 5(c)
incorporates only two capacitors per

Pipelined and SAR ADC architectures
date back to the mid-1900s.

stage (with no matching required
between the capacitors in one stage
and those in the next). Thus, high-
resolution SAR ADCs tend to occupy
a large area if the DAC unit capacitor
size is dictated by matching require-
ments rather than by k7/C noise.
Third, the lack of residue ampli-
fication means that the comparator
input noise can limit the perfor-
mance, as is typical for resolutions
of 8 bits and above. A low-noise
comparator’s response time and
power dissipation can far exceed
those of a standard design.
Pipelined and SAR architectures
also share some issues: the matching
of the capacitors must be commen-
surate with the resolution unless
digital calibration is employed, and
the circuit generating Vrer must
exhibit fast settling and low noise.

SAR Speed Improvement

The conversion speed of SAR ADCs
can be improved through the use of
various techniques [16]-[24]. Three
are described here.

The first and most obvious approach
is to interleave two or more channels
and proportionally raise the conversion
rate. The generic interleaving issues
apply here as well, including area and
input capacitance penalty and the prob-
lem of interchannel mismatches. Also
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FIGURE 12: (a) SAR response with incomplete DAC settling and (b) use of redundancy to correct the error.
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FIGURE 13: (a) A compact DAC implementation using a bridge capacitor, (b) the response to a bottom-plate swing of AV, and (c) the realiza-

tion of (; for a minimal top-plate parasitic.

problematic is the undesirable coupling
of the channels through the reference
voltage if it is shared among them.

The second approach is to resolve
more than 1 bit per cycle [16]-[18].
For example, three comparators can
compare the input with three analog
estimates, providing 2 bits of informa-
tion. But how are the analog estimates
created in consecutive cycles? As illus-
trated in Figure 11, each estimate must
be generated by a DAC. In the first con-
version cycle, we set Vpaci = 3 Vrer /4,
Voacz = Vrer/2, and  Vpacs = Vrer /4.
If, for example, the comparators decide
that 3 Vker/4 < Vin < Vker, then the
next values of the DAC outputs will
be set to (15/16) Vrer, (14/16) Vrer,
and (13/16) Vrer, respectively. We
observe the considerable growth
in the complexity, area, and input
capacitance (in the case of the charge
redistribution architecture). Further-
more, the comparator random offsets
become problematic in this case. It is
possible to incorporate a single resis-
tor ladder to serve all three DACs [17],
but the switching array necessary to
route the ladder taps to the three DAC
outputs becomes complex and slow.

Recent work has demonstrated up to
3 bits of resolution per cycle [18].

The third approach relates to the
DAC speed and incorporates redun-
dancy [22] to allow incomplete DAC
settling in each conversion cycle.
To understand this concept, we
consider the 5-bit trellis depicted
in Figure 12(a), where Vpac begins
at Vker/2 =16 LSB but, after the

the design includes no margin (redun-
dancy) for the correction of this error.

Let us ponder how redundancy
can be added to accommodate the
DAC’s incomplete settling. We can
make two observations. (1) The
comparator decision at t=t, incor-
rectly and irreversibly sets 1 bit in
the register; the loop has no ability
to reset that bit and the resulting

While one MDAC stage is in the amplification
mode, the next can be in the acquisition mode

and vice versa.

comparator’s first decision (at t= t1),
does not settle to 3Vrer/4 =24 LSB
in the allotted clock cycle. As a result,
the next decision (at t= t2) incorrect-
ly infers that Vpac < Vin, directing
the DAC toward 7 Vrer/8 =28LSB.
Now that Vpac exceeds Vin, the loop
acts to reduce it in subsequent cycles
but, due to the initial error, the final
value (25 LSB) remains away from the
ideal value (23 LSB). This is because

IEEE SOLID-STATE CIRCUITS MAGAZINE

error in the DAC output persists. (2)
Any correction after t=t, requires
extra clock cycles. The redundancy
therefore entails both enough over-
range “compensation” for the DAC
and additional clock cycles. Since the
example of Figure 12(a) incorrectly
adds 4 LSB to the DAC output, the
subsequent cycles must provide at
least 4 LSB of correction [23] plus the
initial error between 24 LSB and Vix.
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High-speed designs must also cope with the
mismatch between the sampling instants of
the capacitors and the comparator.

As an example of SAR redun-
dancy, consider the trellis shown in
Figure 12(b) [23], where, for simplic-
ity, we assume the change in Vpac
from 0 to 16 LSB is slow. Here, the
trellis makes smaller jumps than
in binary search but also contains
a greater number of conversion
cycles. If Vin=12.5LSB and the DAC
output does not reach the nominal
value of 16 LSB, then at t=t;, an
error of 23 LSB—16 LSB=7 LSB is
incurred. The loop—with its high
gain—then counteracts this effect
by stepping Vpac down by 5 LSB +
3LSB+2LSB+1LSB+1LSB=12LSB.
That is, the loop can correct errors
as large as 12 LSB - 7 LSB = 5 LSB
between 16 LSB and Vin. This ability
comes at the cost of one extra cycle.
The non-binary increments 23 LSB -
16 LSB = 7 LSB etc. need no change
in the DAC design and can be real-
ized by a look-up table placed after
the register [21].

DAC Complexity Reduction
The number of unit capacitors in
the DAC can be reduced by various
circuit techniques [19], [20], [24]. A
common method entails the use of
a “bridge” capacitor to scale down
the contribution of one section of
the DAC to the output, thus creating
finer steps. Illustrated in Figure 13(a)
for an 8-bit system [24], the idea is to
attenuate the effect of the fine DAC
output swing by means of Cz. For
example, as shown in Figure 13(b), in
response to a bottom-plate swing of
AV, the 8C capacitor in the fine DAC
produces Vy=(8/255)AV whereas
the 8C in the coarse DAC yields Vy =
(16 x 8/255)AV.The array therefore
achieves 8 bits of resolution using
only 31 unit capacitors.

The bridge capacitor nonetheless
suffers from parasitics to the substrate,
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introducing grounded capacitances
at X and Y and causing errors in
the DAC output. To address this
issue, we construct the capacitor as
shown in Figure 13(c), where one
plate is realized in metal 8 and is
caged by metal-7 and metal-8 layers
and vias. This geometry ensures
negligible electric field lines going
from metal 8 to ground and hence a
very small parasitic associated with
this terminal. The other terminal of
the capacitor does exhibit a parasitic,
Cp, to ground, but if attached to
node Y as in Figure 13(a), it simply
gives rise to a DAC gain error, which
is tolerable in a SAR environment.
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