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A 2.5-V, 12-b, 5-MSample/s Pipelined CMOS ADC
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Abstract—A set of power minimization techniques is proposed Stage 1 VREs Stage 2 VRES?2 Stage 3
for pipelined ADC's. These techniques include commutating v, + o S .
feedback-capacitors, sharing of the op-amp between the adjacent _H% FE [ = ﬁ'
stages of the pipeline, reusing the first stage of the op-amp
as comparator pre-amp, and exploiting parasitic capacitors for W ,mJ{
common-mode feedback. This set of low-power design techniques 4 o

is incorporated in an experimental chip fabricated in a 1.2um, ] o )
double-poly, double-metal CMOS process. At 12-b 5-Msample/s, Fig- 1. A general pipelined architecture.
the chip dissipates 33 mW of power from a 2.5-V analog supply

while achieving a maximum differential nonlinearity (DNL) of , L . .
—0.78 and+0.63 least-significant bits (LSB) with a peak signal- (MSB’S), represented by,. This digital coded, is applied to

to-noise ratio (SNR) of 67.6 dB. the DASC to produce an analog voltage which is subtracted
from the sampled-and-held input. The difference represents
the residue and is amplified /™ to scale it back to the
full scale. This amplified residud/grgs1, is passed to Stage
INIMIZATION of power in analog-to-digital convert- 2 as an input. After performing a similar set of operations as
ers (ADC's) is a challenging task due to the strongescribed for Stage 1, Stage 2 resolves the ngxMSB’s. In
interdependent tradeoffs involved. In this paper, a 12-b, a-typical implementation, the stage gain is reduced by a factor
Msample/s ADC is used to demonstrate a set of low-powef two and the digital codedy, di, d», etc., are overlapped
design techniques for a pipelined architecture. These te@y 1 b to perform digital error correction [1].
niques include commutating feedback-capacitors (Section Ill),In this manner, as the input signal is processed by Stage 1,
sharing of the op-amp between the adjacent stages of tage 2 concurrently processes the residue sigagk; from
pipeline (Section 1V), reusing the first stage of the op-amjpe previous sample. The concurrency of operation by each
as comparator pre-amp (Section V), and exploiting parasititage in the pipeline allows the pipelined ADC to achieve
capacitors as common-mode feedback capacitors (Section Viigh throughput suitable for video applications [1], [2].
Each of these techniques is presented in terms of its motivain a pipelined architecture, the growth of the hardware is
tion, principle of operation, and relevant design considerationigear with the number of bits resolved. This linear dependence
Whenever appropriate, a comparison with similar or competing) in contrast with an exponential dependence for a flash
techniques is also given. These power minimization techniquaghitecture. However, a pipelined ADC typically needs high-
can be implemented separately, or together as is the casg@fformance analog components such as op-amps to perform
the prototype described in Section VII. the functions indicated in Fig. 1. These high-performance
Before describing this set of low-power design techniquesomponents can consume large amounts of power. In the
a description of the pipelined architecture is first given.  following sections, a set of power minimization techniques
is described for the pipelined ADC's.

I. INTRODUCTION

Il. GENERAL DESCRIPTION OF APIPELINE
IIl. THE COMMUTATED FEEDBACK-CAPACITOR

A typical pipelined architecture uses a number of similar SWITCHING (CFCS) TECHNIQUE

pipelined stages labeled Stage 1, Stage 2, etc., as shown
in Fig. 1. All of the pipelined stages are similar in con-
struction, consisting of a sample-and-hold amplifier (SHA),
a digital-to-analog-subconverter (DASC), an analog-to-digital- In & wide range of imaging applications, good differential
subconverter (ADSC), a subtractor, and a multiply 3:  nonlinearity (DNL) is required. However, integral nonlinearity
amplifier. The symbotn; denotes the number of bits thgh  (INL) is not very critical in these applications. As the INL
stage of the pipeline resolves. requirement is relaxed, the resulting distortion requirement can
The inputVyy is first sampled-and-held and then digitized!so be relaxed. Therefore, the SNR as opposed to the signal-
by the ADSC to arrive at the firstno most significan bits to-noise plus distortion (SNDR) will be the primary target.
Given the relaxed INL, the DNL still needs to be satisfied.
Manuscript received June 18, 1996; revised July 22, 1996. This work WR$ 5 conventional technique, DNL specification alone requires

supported by National Science Foundation and ARPA Contract MIP-91-17724}. . ¢ it tchi . t111. Th tated
P. C. Yu was with the Department of Electrical Engineering and Computé fngent capacitor matching requiremen [ ] € commutate

Science, Massachusetts Institute of Technology, Cambridge, MA 02139 USeedback-capacitor switching (CFCS) technique relaxes the

He is now with Texas Instruments Inc., Dallas, TX 75243 USA. capacitor matching requirement to the point that it is easy
H.-S. Lee is with the Department of Electrical Engineering and Computsgr

Science, Massachusetts Institute of Technology, Cambridge, MA 02139 USK. satisfy In most modern process technologies. Consequently,
Publisher Item Identifier S 0018-9200(96)08220-0. the technique allows the capacitors to be scaled down to the

. Motivation

0018-9200/96$05.001 1996 IEEE



YU AND LEE: A 2.5-V, 12-b, 5-MSAMPLE/s PIPELINED CMOS ADC 1855

VREs ideal 11 bit ADC Sampling Phase
Cq
stage 1 stage 2 [ stage 3 |+« —=] stage 12 )

|
w/ capacitor mismatch V 7
IN ) IL
Fig. 2. A conceptual pipelined ADC with a capacitor mismatch in the first C2 +
stage. Cy>Co

Amplification Phase

kT/C noise limit. With a reduced capacitive load, op-amp
power consumption is also reduced.

VREF
_ . d=1
B. Principle of Operation - ) —
For simplicity, we consider the case of a single-ended 1-b- d 0 ¢y
per-stage pipelined ADC, where the first stage has a capacitor VRES

mismatch while the remaining 11 stages are ideal. The overall

12-b pipeline is schematically represented in Fig. 2. cﬁc2

We now examine the effect of the capacitor mismatch with Cq VIN ' d=0
Cy > (5 in the MSB stage. For comparison purposes, the VRes ~ C1+Co Co
conventional technique [3] is drawn in Fig. 3(a). During the ( C1 )V'N _(_CT)VREF'd=1

sampling phase, both the input voltaggy and the offset (@)
voltage of the op-amp are sampled onf§ and C>. For
simplicity, Vos = 0 is assumed. The case s # 0 Sampnng Phase

will be dealt with in the next section on op-amp sharing
technique. During the amplification phagg, is selected as Y—
the feedback capacitor. Depending on the digital decisipn, VIN N
Vrer Or ground (GND) is subtracted from the sampled input. ﬁ'
The amplified residue voltagf/rgs) is shown in Fig. 4(a). C1>Co
Note that the slopes of the residue voltage are given by
(C1 + C3)/Ch, regardless of whethed = 0 or 1. This is Amplification Phase
because a dedicated capacit@r is used as the feedback
. .. Czlfd—1

capacitor. At the comparator decision boundary, as shown at c1 I,d
the bottom of Fig. 4(a), the residue dr¢pu.op), given by VREFd 1
V., — V4, depends on the matching of the capacitors. _°\,__)

The significance oVy,., becomes clear when two analog —4=0
inputs Vi = Veer/2 + 6in and Vin = Veer/2 — 6in GND ¢4 'fd‘1 VRes
on either side of the decision point are considered. The C2ifd=0
guantity 6;,, represents a very small positive voltage compared c1+c
with 1 LSB at 12-b level. Since the analog input barely Cq VIN, a=0
changes, in order for the ADC to have a 12-b DNL, the VREs = C1+C2 ;
two digital codes resulting from the two different analog ( C2 )VIN (CQ)VREF d=1

inputs must not differ by more than 1 LSB. Referring to
Fig. 4(a), whenViy = Vegr/2 — 6, d = 0 and the residue ()
V, should make the following 11-b ADC to produce arfrig. 3. Comparison between: (a) conventional and (b) CFCS techniques.
output code= {1,1,1,1,1,1,1,1,1,1, 1}. WhenVix =
mEF/2 + 6, d = 1 and the residuél, ideally should capacitor; on the other hand, whén= 1, C; is selected as the
make the following 11-b ADC to produce an output codéeedback capacitor. The corresponding residue plot is shown
=4{0,0,0,0,0,0,0,0, 0, 0, 0}. Therefore, to achieve 12-bin Fig. 4(b). SinceC; > C,, we see that whed = 0, the
DNL, the 11-b ADC must produce output codes that diffaresidue voltage will be slightly smaller than ideal, resulting
by the exact full scale. This means tHéf,,, from the first in a smaller slope. Whed = 1, the residue voltage will be
stage must be exactlyrgr. Since the percentage mismatcheslightly larger than ideal, hence a steeper slope. Focusing on
€1 and ey are random errors, the two cannot be expected tioe decision point a1y = Vrrr/2, it can be seen that, to
cancel each other. As a result, with conventional capaciteither side of this boundary, the slopes of the residue voltage
switching scheme as shown in Fig. 3(a), to satisfy the aboaee changed in the opposite direction, yielding a residue drop
condition requires 12-b capacitor matching for a 12-b DNL.Vg,.p. This residue drop is nearly exactiger, the full scale

We now examine the proposed CFCS technique as showfnthe following 11-b ADC. The error is only second-order,
in Fig. 3(b). During the sampling phase, the input is sampleohd a 12-b DNL requires only 6—7 b capacitor matching.
on bothC; andCj as in the conventional case. But during the Fig. 5(&) and (b) shows the overall 12-b transfer curves
amplifying phase, whed = 0, C; is selected as the feedbaclof the conventional and the CFCS techniques, respectively.
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Fig. 4. Residue plot comparison between (a) conventional and (b) CFCS o
techniques. v
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,/ ,/ Fig. 7. Implementation of a pipelined stage with digital error correction.
} —+
T. VN t ViN TABLE |
MSB Decision Point MSB Decision Point CAPACITOR CONNECTION DURING THE AMPLIFYING
Missing Codes at MSB No Missing Codes PHASE IN A DiGITAL CORRECTION STAGE
(a) (b) Vin digital code | Co (&] Cy Cs
Fig. 5. Transfer curve comparison between (a) conventional and (b) CFJE. _Vazae <Vin <0 1 FB | GND | GND | GND
. . . . Vi
In Fig. 5(a), the thin dashed lines extending from the actugl ¢ <Vinv < 8 0 Veer | FB | GND | GND
transfer curve show that the two segments have the saln&zee < Viy < Vegr 1 Vrer | Veer | FB | GND
slope due to the use of a dedicated feedback capacitor jig, . v, < Wgee 9 Vegr | Vrgr | Veer | GND
the conventional switching method. This results in a missing=

code error. Using CFCS with the same mismatched capacitors,

Fig. 5(b) shows that the first and the second segments of thgy these later stages, a digital error correction technique can
transfer curve have slopes that are, respectively, less than gad,sed to accommodate the residue voltage, which can rise
grea.ter.than ideal. The missing code error at the MSB decisighoye or fall below the range db, Veer]. The standard
is eliminated. . _ _ _ error correction method described in [1] requires a reduction
In the previous discussion, the mismatch is such @hals  of the stage gain by a factor of two. The gain reduction is
assumed to be slightly greater thaf. In the case whels tynically achieved by using a dedicated feedback capacitor
is greater thar(;, the CFCS technique is equally valid. Ingng reducing the number of input capacitors by a factor of
this case, the residue drdpi, is greater thaVrer in the g [1]. As a result, it cannot be used in conjunction with the

conventional case. The following stages of the pipeline Wi#cs technique. Instead, error correction which employs two
be saturated, resulting in wide codes as shown in the overgl capacitors can be used.

transfer curve in Fig. 6({:1). With a similar. m.ismatch using the_ For a 1-b-per-stage case, the circuit incorporating digital
CFCS technique, the wide codes are eliminated as showngifor correction is shown in Fig. 7. During the sampling phase,
Fig. 6(b)'_ o ) _the bottom plates of’; and C> are connected to the input
From Figs. 5(b) and 6(b), it is clear that while the INL is;q iy 4 regular pipelined stage. Two extra capacit@ysand
commensurate to the capacitor mgtching, the DNL is :signip'g3 are added with their bottom plates connectedey and
cantly enhanced from the conventional case. GND, respectively. During the amplifying phase, the feedback
Although a 1-b-per-stage case IS conydgred, the C'_:ge?‘pacitor is commutated fror®y to C3, depending on the
techmqge is general and can be applied to pipelined arCh't%‘FQital decision which can range from1 when the input is
tures with any number of bits per stage [4]. A 2-b-per-staggjer_range to 2 when the input is over-range. Table | shows
architecture is implemented in [5]. the connection of the four capacitors during the amplifying
o ) ) phase.
C. Digital Error Correction with CFCS Using charge conservation principle, it can be shown that
We have focused on the MSB stage in Fig. 2. In practice, thige two added capacitors in Fig. 7 produtg., at all the
CFCS technique can be applied to each of the following stagdscision points of GNDVrgr/2, and Vggr that match with
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the full-scale of the following stages in the pipeline. Hence, the 0dd Stage Even Stage
input voltage outside the range [@ND, Vggr] can be folded

back into the normal range and the digital codes produced in
the process can be used to correct for the over-range [4]. gﬁgse VIN_E;

D. Monte Carlo Simulation Results

The CFCS technique described above is general and can
be applied to any number of bits per stage. A 2-b-per-stagien | VRer
case was analyzed both mathematically and via a Monte carle™" :(.,_)
simulation in [4]. It can be shown that comparator offsets GND
produce only second-order errors. The result of the Monte
Carlo simulation is shown in [4] with a capacitor mismatch of 21/ a. . Low Power, High Gain. Low Swing
0.78% and a comparator offset of 1.56%Vfgr, both at the a, - High Swing ’

3-0 level. A yield of 95.2% is obtained for the 12-b 0.5-LSB
DNL. In a conventional converter, only 7-b DNL would beFig. 8. Op-amp sharing technique results in about 40% saving in power.

achievable with this degree of matching.

amp topology can be used to achieve high dc open-loop gain
IV. OP-AMP SHARING TECHNIQUE without being penalized for output voltage swing reduction.

Whereas the CFCS technique described in the previo-Uge offset ofay, thatis sampled during the odd phase is offset-

section minimizes power by minimizing the capacitive load O(%anceled during the even phase. The offset,oflthough not
P y mir gt pacitiv sampled, is divided by the high gain of, when referred to
the op-amps, the op-amp sharing technique minimizes po

[ .
by reducing the effective number of the op-amps used in %ﬁee input of the two-stage op-amp. Sineg, anda, . already

entire pipeline. This technique is described in this section. produce I_arge dc open-loop gain, the dc gainagfcan be_
small. This allowsa; to use a noncascoded topology which

o achieves high swing.
A. Motivation

In a pipelined ADC, during the odd phases, the odd stag€s Comparison with Other Techniques
are sampling while the even-stages are amplifying. During . 4 cyclic ADC, a similar op-amp sharing idea was

the even phase, the roles of the odd and the even staggg,,seq by [6]. While an excellent technique for cyclic
interchange. During the sampling phase, both the analog inpyf,erters, this technique requires an auxiliary amplifier for

and the op-amp offset are sampled. In a conventional SWitchifj, sttset cancellation. When applied to a pipelined ADC, it
scheme [3], the op-amp is in a unity-gain configuration for thg, .« imes an unnecessarily large amount of power.
offset to be sampled. The op-amp power during the sampling

phase is used solely for the purpose of offset cancellation.

If the op-amp does not need to be offset-canceled, adjacent
stages of the pipeline can share one op-amp, resulting in the ] ] ] ) .
use of half the number of op-amps. In the technique describedn the previous section, power saving is accomplished

below, a large saving in the power consumption is achieved sharing the second stage of the op-amp between the
while offset cancellation is maintained. adjacent stages of the pipeline. In this section, power saving

is accomplished by reusing the first stage of the op-amp as
a comparator pre-amp. This technique is described in this

) ) ~_ section.
The proposed op-amp sharing method is shown in Fig. 8.

During the odd phase, the op-amp labelgd, used for the A Motivation
odd stage of the pipeline, is in the sampling mode. At the same

time, the even stage is in the amplifying mode. A two—stage{_fAIthOl“'ﬁh the CFC”S technique isﬁtoleralrllt to crompar%tor
op-amp design is used, consistingeaf, which is identical to °115€tS, having small comparator offset allows the residue

a1,, andas. This second stage of the op-amp, is shared voltage to exceed the full scale by only a small amount. This

between adjacent stages of the pipeline so that when the pﬁggéiced over-range requirement a.IIows a larger full soale- for
changes to eveny, is switched from the even stage to thé 9IVen op-amp output vo'Itage swing. A careful examination
odd stage. To push out the nondominant palgjs typically of the op-amp topology yields a pre-amp that already exists
designed to consume more current tagnanda; . Assuming for free. This pre-amp is used to reduce the comparator offset
as consumes four times as much currentaas the op-amp When referred to the input of the pre-amp.
sharing technique will achieve a power saving of 40%. Lo ,

During the odd phase, the op-amp, is in a unity feedback B- Principle of Operation
configuration where the output is directly connected to the As shown in Fig. 8 in Section IV, during the sampling
inverting input of the op-amp at virtual ground. Thereforephase, the op-amp has only one stage. The circuit schematic
very little voltage swing is required. As a result, a cascode ofwr a1, is shown in Fig. 9(a). The first stage amplifiet.

V. REUSING THE FIRST STAGE OF AN
OpP-AMP AS A COMPARATOR PRE-AMP

B. Principle of Operation
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for the even stage of the pipeline is identical dg,. Since o

the op-amp is fully differential, a common-mode circuit, also ay { Common-Mode Feedback Amp for a, )
shown in Fig. 9(a), is used. Transistors M5 and M6 are used
to sense the output common-mode voltage of op-amp
while M7 is used to apply the feedback sigridl to the op-
amp so as to set the common-mode to the deskigg;g. Bias %, Dy
Used as a common-mode circuit, the drain of M5 and M6 — : %‘
are typically tied to the supply and their outpiit is wasted.
With the addition of two resistors as shown in Fig. 9(a), M5 Bias Vo

Ep

and M6 double as the second stage of a two-stage differential — (to latch) Vemp
pre-amp for the comparator. As shown in Fig. Q(b), once the V1| I\é [~/ M5 M6 —
input is sampled, the one-stage op-amp goes into open loop. |

By grounding the bottom plates @¥; and Cs, the inverted

input is offset-canceled and applied to the pre-amp. The first C)

stage of the pre-amp was previously the op-gmy ), while v

the second stage of the pre-amp was the common-mode circuit
(a1ca ). The output of this two-stage pre-anig, is applied
as the input to the latch. Since an op-amp in an open loop

(@

can be slow, a resistor at the outputayf, is switched in to N Sampling input
reduce the op-amp open-loop gain when the op-amp is reused 71 (8 1o Not shown)
as a comparator pre-amp. Because the resistor is across the ‘J——)

D,
output, the differential offset of,, is not affected. It should l'NT_H Vos h
be noted that this technique can only be used in a 1-b-per-stage \

architecture.
r—) Vosi & a., |
C. Advantages \ |—] S 10M

| ®+|-

In addition to the obvious power reduction, power is fur- ‘g‘ ) - 1}> |
ther reduced by the elimination of the first sample-and-hold ]—) \

stage. In many previously reported pipelined ADC's, e.g., [2]
the first stage of a pipeline is an explicit sample-and-hold
stage, employing a single sampling capacitor. The gain-of- (b)

one Sample'_and'hOId S_tage Conmbl"kgslc noise, req“'“”g Fig. 9. Reusing the first stage of an op-amp as a comparator pre-amp: (a)
larger capacitors both in the sample-and-hold stage and in #i€uit schematics and (b) block diagram.

following stages of the ADC. Since the configuration shown

in Fig. 9(b) performs a sample-and-hold function, the explicit 0 . .
gain-of-one sample-and-hold stage can be eliminated. stage can be 43% smaller. Hence, the widths of the transistors

0,
To see how much power can be saved when the expli(&fﬁF\’\le'lI as the cu[)rent ?int be bOt? reduged bt{q43 A).t ibuti
sample-and-hold is eliminated, consider first a 1-b-per-st or ‘arger number of LIS per stage, since the contribution

age : . e .
pipeline where all the stages are identical. &8t be the noise ﬁom the following stages is negligible, the power saving

o L : .
contribution from the first stage of the pipeline. In the Iimii?an approach 50%. The timing necessary to implement this

L L hnique requires that the digital decision be carried out
when the number of pipelined stages approaches infinity, t X : i L
total input referred noise of the ADC is given by a§er the sampling phase, while the timing for the pipeline

requires the digital decision to be ready at the onset of the
@ :ﬁ(l +14+ i + 1—16 +--) amplifying phase. Hence, a pseudophase is necessary between
1.5 1) the sampling and the amplifying phases. This added phase will
3 Tnl be referred to as the comparison phase. For a conversion rate
In contrast, when the explicit sample-and-hold is eliminatedf 5 Msample/s, each phase is 100 ns. For a comparison time

l
/1 Comparing input

Pre-amp

f‘_/_ﬂ
Vo = (8 + 840n) VIN » Vog of a,, canceled

the total input referred noise of the ADC is given by of 10 ns, the additional penalty of 10% is a small price to pay
- - L for the benefit of power saving. The pseudophase scheme has
Viotz =VUno(l+ 7+ 15 +°7) the added advantage that the follower circuit used to prevent
:% % (2) the kickback of the latch [7] can be eliminated.

Equating the noise given by (1) and (2), it can be shown that
VI. EXPLOITING PARASITIC CAPACITORS

[}

V] 4

21 =7 3) The common-mode feedback circuit @f, the second stage
n2 of the op-amp, is implemented by exploiting existing parasitic
Equation (3) implies that when an explicit sample-and-holkchpacitors which would otherwise load the amplifier. This

stage is eliminated, the sampling capacitance of each pipeliriedhnique is described in this section.

3

v
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Fig. 10. Exploiting parasitic capacitance for the common-mode feedback (L
the second stage of the op-amp. T i ==
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A. Motivation Fig. 11. Chip micrograph.

In a typical pipelined ADC, the total op-amp load capaci-
tance consists of three components: the sampling capacita@ec
the common-mode feedback capacitance, and the parasitics
from the various devices connected at the output. In a two-The sheet resistance of the well is typically on the order
stage design, a pole-splitting compensation capa¢ifo) is of 2 k_Q/EI. Since the well is mserte_d underneath a square
used as shown in Fig. 10. The bottom-plateCbfis typically ~Ccapacitor, the well presents approximately 2 lof series
connected to the output of the op-amp and therefore adg$istance when considered as a lumped resistance. Together
additional loading to the output. with a worst-case capacitance of 5 pF, the pole associated with
the RC circuit is at 16 MHz. If the unity-gain frequency of the
common-mode circuit is also at 16 MHz, the resulting phase
margin of 4% is more than sufficient for a 5-MHz ADC. When

During the comparison phase when the second stageneddeled as a distributed RC circuit, the phase shift is less than
the op-amp is not in use, the switches shown in Fig. 10 agite lumped RC circuit until a frequency that is a few times
closed. In this case, the inputs and outputs are shorted to f®MHz. So again, for 5-MHz operation, the effect of well
common-mode voltagéc,;, while the gates of the PMOS resistance on the common-mode settling is not critical.
load are shorted to the voltagép g;,,. A PMOS diode-

connected transistor is used to generai&&;,, SO that each VI

of the PMOS devices is biased at half of the tail current. In

this manner, the desired voltage difference betwiep, and

VP Bias IS Stored on the common-mode feedback capacitors.
By inserting a well underneath the capacitor and connecti

ommon-Mode Settling Consideration

B. Principle of Operation

. EXPERIMENTAL RESULTS

The power minimization techniques described in
ections 1lI-VI are incorporated in an experimental chip
ricated in a 1.2+m, double-poly, double-metal CMOS
cess. Fig. 11 shows the chip micrograph. All of the

feedback capacitor for the second stage of the op-amp.
The switches shown in Fig. 10 are open during the norm
mode of operation. When the common-mode output is t
high, the common-mode feedback capacitors act as a dc |
shifter, pulling up the gates of the PMOS devices. This, i
turn, decreases the common-mode output voltage back to
desired Ve
In this manner, the bottom-plate parasitics frary are
exploited as common-mode feedback capacitors. Power saving )
is achieved by reducing the total load capacitance and heitelistogram Code Density Test
power consumption by approximately 20% while maintaining A 9.875 60-kHz sine wave is applied to the ADC operating
the same settling time. at a 5.0-Msample/s conversion rate from a 2.5-V analog

Iépr the digital supply, although on-chip charge-pumping
chniques could be used to turn on the MOS switches [8],
i for ease of design and testing, a 4.2-V supply was used.
en a charge pumping circuit is used, the digital supply is
ut oneVr below two times the analog supply. The 4.2-V
igital supply is roughly equal to this pumped supply when
the analog supply is 2.5 V.
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the DNL and INL which are shown in Fig. 12 at 12-b level.

The INL jumps near the major carries are larger than expected

because CFCS is supposed to remove them. (dB)
One possible source of this is a parasitic coupling capac-

itance in the second MSB stage. This parasitic capacitance

can be from the top plate of a sampling capacitor to a digital

node such as the gate of a bottom-plate switch. During the

sampling phase, the parasitic capacitadgecouples to the

digital node, which is reset to a high voltage level 15f. 0 . . . e )

During the amplifying phase(, couples to eitherVy or 70 60 -50 -40 -30 -20 -10 O

V1 depending on the digital codé The effect ofC, is to Input Level (dB)

introduce a code-dependent offset to the residue voltage. As. a . )

result, the residue drop is decreased from the idgalr by Eig'zlég_oh,cﬂza;ured SNR ‘and SNDR versus input signal level at

this offset [10]. ForVg = 4.2V, V, =0, Vggr = 1 V, and

C> = 0.5 pF, aC, of 0.12 fF is sufficient to cause 81 LSB  ghows the SNR with a 2.2-MHz input frequency. The peak
DNL error at the second MSB transition. Note that the effeg\R is 67.6 dB. This is about 5.4 dB lower than the expected
of this parasitic capacitance is not a problem unique t0 tRR of 73 dB when the rmkT’/C' noise is about a factor of
CFCS technique. For a conventional switching technique, g, smaller than the rms quantization noise. For reference, the
same parasitic capacitance still gives a code-dependent offgglyretical SNR is shown. The experimental SNDR at the same
In future design, the top plates can be either shielded g, frequency of 2.2 MHz is also shown with a peak value
sandwiched between two layers of bottom plates to eliminaiggo 7 4B. At low input amplitudes, the SNDR is nearly equal

this type of parasitics capacitance. In addition(if is better  the SNR. The performance parameters are summarized in
matched between the two sides of a differential implementgspie 1.

tion, the parasitic effect is common-mode and can be rejected
by the op-amp. VIIl. CONCLUSION

A set of power minimization techniques for pipelined

B. The FFT Test ADC's is described. The first is a commutated feedback

In the fast Fourier transform (FFT) test, a 2.2-MHz sineapacitor switching scheme that saves power by relaxing the
wave is digitized by the ADC under test. A total of 16 384apacitor matching requirement. When the relaxed matching
samples of data are collected. The FFT plot is shown mequirement is relatively easy to satisfy, as is the case in
Fig. 13. most modern process technologies, the CFCS technique can

The —66.5 dB second harmonic is consistent with a 10de used to scale capacitors down to %i€/C limit. The
capacitor matching [10]. The remaining harmonics are due $econd technique is an op-amp sharing method that reduces
the discontinuities in the INL. power consumption by as much as 40%. The third technique

The signal power, the higher harmonics power, and tlsaves power by reusing the first stage of an op-amp as a
noise power can be calculated from the same data. Fig. d#-amp for the comparator. The fourth technique exploits




YU AND LEE: A 2.5-V, 12-b, 5-MSAMPLE/s PIPELINED CMOS ADC

TABLE I
EXPERIMENTAL PERFORMANCE SUMMARY

Technology 1.2-pm CMOS
Resolution 12b
Conversion Rate 5.0 Ms/s

Minimum Supply Voltage | 2.5 V (Analog)

33 mW (Analog)

1.0 pF (single-ended)
+0.63/-0.78 LSB

67.6 dB at f;;, = 2.2 MHz

4.1 x4.2 mm?

Power

Input Capacitance
DNL
Peak SNR

Active Die Area

parasitic capacitors as the common-mode feedback capacit
resulting in a reduced op-amp power consumption for tt
same settling speed. The set of techniques proposed t
for pipelined ADC’s can be investigated for applications t
other analog subsystems such as switched-capacitor filters
sigma-delta converters.
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