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Abstract—A low-power pipelined ADC topology is presented
which uses capacitive charge pumps, source-followers, and dig-
ital calibration to eliminate the need for power-hungry opamps
to achieve good linearity in a pipelined ADC. The differential
charge pump technique achieves 10-bit linearity, and does not
require an explicit common-mode-feedback circuit. The ADC was
designed to operate at 50 MS/s in a 1.8 V, 0.18 m CMOS process,
where measured results show the peak SNDR and SFDR of the
ADC to be 58.2 dB (9.4 ENOB), and 66 dB respectively. The ADC
consumes 3.9 mW for all active circuitry and 6 mW for all clocking
and digital circuits.

Index Terms—ADC, charge pump, CMOS, common-mode-feed-
back, foreground calibration, linear sampling, low-power, opamp-
less, pipelined.

I. INTRODUCTION

T
HE proliferation of mobile applications and the cost sen-

sitivity of IC packaging to heat dissipation have histori-

cally been the driving forces in the development of low-power

circuits. ADCs being no exception to this trend have seen a

flurry of development in recent years where several new and

innovative architectures have been reported. For systems which

require a medium to high resolution converter with a system

clock at the Nyquist rate, the pipelined ADC is a popular choice.

Within the scope of pipelined ADC research, the focus has been

on techniques to reduce the power consumption of the Mul-

tiplying Digital to Analog Converter (MDAC), which is typi-

cally the largest consumer of power in the ADC. In the vast ma-

jority of pipelined ADCs, the MDAC is implemented with an

opamp-based approach, where an example 1.5-bit pipeline stage

is shown in Fig. 1. Research in reducing the power consumption

of opamp-based pipelined ADCs have yielded innovations such

as: opamp sharing [1], powering off the opamp when it is idle

for half a clock cycle [2], [3], double sampling [4], and/or de-

veloping more power efficient opamp topologies (e.g., [5]–[8])

to name a few.
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In the interest of prolonging battery life in mobile systems,

recently there has been a shift to achieve even more power

savings afforded from opamp-based techniques by substituting

the opamp with alternative, more power efficient circuitry. For

example, in [9] opamps with capacitive-feedback are replaced

with open-loop resistively loaded differential-pairs, where

a digital DSP calibrates the gain nonlinearity introduced by

using an open-loop approach. Low-power is achieved as the

open-loop gain stages do not require a large DC-gain, thus sim-

plifying the MDAC circuit. Furthermore, the digital calibration

circuits only add a relatively small amount of power. Exam-

ples of other subsequent works which also digitally calibrate

nonlinear stage-gain are [10] and [11]. In [12] comparators and

integrators are used in a topology which emulates the response

of opamp-based switched capacitor circuits, but with far less

power. The comparator-based topology of [12] has shown

promising evolution where subsequent works have shown the

architecture to be applicable in high-speed [13], differential

[14], and high resolution [15] ADCs. In [16] a sampling scheme

using parasitic capacitors and dynamic source-followers are

used to approximately replicate the charge redistribution be-

havior of opamp based MDACs, but with much reduced power.

By using digital calibration in [16], the non-idealities intro-

duced by not having an opamp are corrected at approximately

the 8-bit level.

In this work [17], a low-power pipelined ADC is presented

which has a much lower power consumption than many

previous 10-bit ADCs in the mid to high speed range. Low

power is achieved as only a simple charge pump combined

with a source-follower is required to achieve stage-gain in the

pipeline stages. Thus, eliminating the need for a power-hungry

opamp-based approach. This work achieves similar power

savings as previous opamp-less ADCs, however this work has

the advantages of: differential pipelined stages which do not

require an explicit common-mode-feedback circuit, a sampling

scheme which can achieve high linearity (SFDR of 66 dB

and better than 9-bits ENOB), and a requisite of only linear

stage-gain digital calibration.

The organization of this paper is as follows. Section II reviews

classical capacitive charge pumps and outlines its advantages

and disadvantages in the context of pipelined ADCs. Section III

details the differential capacitive charge pump approach used in

this work and presents a detailed discussion of the architecture.

Section IV describes the circuit implementation of the design.

Section V presents measurement results of a prototype fabri-

cated in a 1.8 V, 0.18 m CMOS process. Section VI summa-

rizes and concludes the work.

0018-9200/$26.00 © 2010 IEEE
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Fig. 1. Opamp based MDAC with stage-gain of two in a 1.5-bit pipelined ADC stage.

Fig. 2. Gain of approximately 2 using a capacitive charge pump approach.

II. GAIN WITH CAPACITIVE CHARGE PUMPS

A. Classical Capacitive Charge Pump

In a classical capacitive charge pump, voltage-gain is

achieved by sampling an input voltage on multiple capacitors,

and subsequently connecting each capacitor in series to yield

a total voltage which is the sum of the individual voltages

sampled on each capacitor. Charge pumps are commonly

used in DC/DC boost converters (e.g., Dickson Charge pump

[18]). Fig. 2 shows a classical capacitive charge pump used

in a potential MDAC topology which implements a gain of

approximately two, and is capable of driving a capacitive load.

A unity-gain buffer is used in Fig. 2 to prevent charge sharing

between the sampling and the load capacitors , and

respectively. In Fig. 2, is a reference voltage which is

set to the DC bias of the input.

Fig. 3. Reduced noise from buffer with capacitive charge pump.

Voltage gain using a charge pump based approach has a sig-

nificant advantage in that the gain–bandwidth tradeoff which

binds opamp-based MDACs is decoupled. With a capacitive

charge pump, the gain is determined by the sampling capac-

itor arrangement, whereas the bandwidth of the output, ,

during is independently established by the unity-gain buffer

and (assuming the overall bandwidth is not limited by the

’on’ resistance of the switches). Opamp-based approaches also

suffer additional power penalties which do not affect the charge

pump approach, such as parasitics which reduce the feedback

factor , and the necessity of multiple stages to achieve a large

DC-gain.

An additional advantage of gain with capacitive charge

pumps is that in each pipeline stage since the unity-gain buffer

is preceded by the amplification of the input, the noise-power

of the buffer when referred to the input of the pipeline stage

is reduced by the square of the stage-gain, as shown in Fig. 3.

Hence, the buffer adds only a small noise contribution, enabling

the use of small sampling capacitors (thus reduced power

consumption) to meet the desired thermal noise floor.
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Fig. 4. Poor common-mode rejection in the classical capacitive charge pump.

B. Limitations of the Classical Capacitive Charge Pump for

use in Pipelined ADCs

There are limitations of the classical capacitive charge pump

topology of Fig. 2, however, which prevent it from being used

“as is” in a pipelined ADC. The main limitations are imprecise

gain, and poor common-mode rejection.

From Fig. 2, if the dominant parasitic capacitor is in-

cluded, the output of the classical charge pump based MDAC

is given by

(1)

which is a direct function of parasitic capacitors. Parasitic

capacitors vary from chip to chip and in general cannot be

predicted to a sufficiently high accuracy prior to fabrication.

In pipelined ADCs the maximum allowable stage-gain error

in each pipeline stage must be lower than an LSB when the

gain-error is referred to the ADC’s input. Since a ratio of

smaller than an LSB at the 10-bit level is highly unlikely, a

design technique to cancel the impact of parasitic capacitors

is required. For example, in [19] two opamps with large DC

gain are used to negate the effect of parasitic capacitors in an

algorithmic ADC which uses a charge pump inspired approach

to achieve stage-gain. Rather than using an analog technique as

used in [19] to account for stage-gain errors, in this work the

gain errors in each pipeline stage are measured and corrected

using a simple digital calibration scheme (the details of which

are outlined in Section III-D). Thus, in this work analog com-

plexity is traded with digital complexity—a favorable tradeoff

as technology scaling favors digital circuits more than analog

circuits.

Another limitation of the classical charge pump approach

is that there is no common-mode rejection for a differential

input signal. For example, consider the case where the clas-

sical charge pump is arranged to sample differential inputs ,

as shown in Fig. 4, where the input common-mode has an

offset from the desired input common-mode voltage by .

As shown in Fig. 4 this results in the common-mode of the

output also being doubled in addition to the analog input, i.e.,

the topology of Fig. 4 is pseudo-differential, and thus very sen-

sitive to common-mode noise. In a pipelined ADC consisting

of many stages, if each stage has no common-mode rejection a

small common-mode offset at the input of one of the pipeline

stages could rapidly multiply along the pipeline. As a result the

absolute voltage of the input to a latter pipeline stage could sat-

urate at a supply-rail rendering subsequent pipeline stages un-

usable, thus significantly limiting the resolution of the ADC. To

avoid the poor common-mode rejection problem of the classical

charge pump, a modified differential charge pump suitable for

pipelined ADCs is proposed and detailed in Section III.

III. DIFFERENTIAL CAPACITIVE CHARGE PUMP BASED

PIPELINED STAGE

A. Differential Capacitive Charge Pump

To avoid amplifying common-mode offset voltages a differ-

ential capacitive charge pump based MDAC was developed for
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Fig. 5. 1.5-bit differential capacitive charge pump based MDAC with parasitic capacitors labeled (half circuit shown, negative half is identical with appropriate
reversal of signs) .

this work as shown in Fig. 5 in a 1.5-bit pipeline stage. The sam-

pling network was arranged such that the differential input was

sampled in a fully bridged configuration across the sampling

capacitors during . Since the input common-mode voltage is

sampled on both sides of the series combination of the sampling

capacitors, common-mode variations in the differential input are

hence rejected during . From the analysis presented in the

Appendix, the stage-gain of the topology in Fig. 5 is given by

(2)

where

(3)

, and is the gain of the unity-gain

buffer which is approximately one. When the parasitic capaci-

tors are zero, and :

(4)

which is precisely the residue transfer characteristic of a 1.5-bit

pipeline stage. If , (which can be practically

achieved with good design), from (3) X becomes very small.

Hence, given a small X in (2) the input-common-mode

and input-common-mode error of are significantly atten-

uated in the MDAC’s output. Thus, multiple pipelined stages

can be cascaded using the topology of Fig. 5 without common-

mode errors growing along the pipeline. Switch S0 is included in

Fig. 5 to isolate nodes and during , and thus ensure

that switches S1 and S2 act as bottom-plate sampling switches

[20] so as achieve a high linearity by minimizing charge-injec-

tion effects.

During a voltage divider is formed between the sam-

pling capacitors and the parasitic capacitor . Assuming

, the common-mode voltage of the buffer’s

input is approximately given by the common-mode voltage

of the DAC. Thus, a significant advantage of the topology

of this work is that an explicit common-mode feedback cir-

cuit is not required to establish a well known common-mode

Fig. 6. Variation of gate capacitance with � for a MOS device.

voltage at . Even if the parasitic capacitors are large,

no Common-Mode Feedback (CMFB) circuit is strictly re-

quired to define the common-mode level at node

so long as the common-mode level is within the allowable

input common-mode range of the unity-gain buffer. Since

common-mode rejection is realized in the sampling network, it

is possible for simple single-ended circuits such as source-fol-

lowers to be used as a unity-gain buffer, yet achieve differential

functionality between the input and output of the pipeline stage.

In contrast, differential opamp based topologies typically use

pseudo-differential sampling and a differential opamp. The

large DC-gain of a differential opamp necessitates an explicit

CMFB circuit to avoid saturating the opamp’s output at a

supply rail. As CMFB circuits add more power and complexity

to a design, the elimination in this work of an explicit CMFB

simplifies the ADC topology and also enables a further reduc-

tion of power.

B. Impact of Parasitic Capacitors: Maximizing Gain in the

Pipeline Stage

The number of quantization levels in the digital output of a

pipelined ADC is a function of the product of the gain of each

stage in the ADC. Thus, to maximize the number of quantization

levels in a pipelined ADC it is of interest minimize parasitic ca-

pacitors which reduce the stage-gain. is made relatively

small in this work by using a source-follower based unity-gain



1020 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 45, NO. 5, MAY 2010

Fig. 7. Ideal 1.5-bit first pipeline stage.

buffer, which as will be seen in Section IV-B, has a small input

capacitor. Switches S1 and S2 add only a small parasitic capac-

itor as they are used to pass DC voltages, hence can be sized rel-

atively small. Switch S0 passes half of the output signal swing,

thus must be large enough to allow to settle to the desired

accuracy within half a clock cycle. In general careful sizing of

switch S0 is required to balance the conflicting requirements of

small size to maximize stage gain and large size to minimize set-

tling time. In this work S0 was implemented with a transmission

gate, however in processes with small supply voltages a low

device or a technique such as bootstrapping can be used to im-

plement switch S0. As is driven by a DC voltage source

during , parasitic capacitors at node have no impact

on the stage gain, and thus the size of switch S5 can be made

large without affecting stage-gain.

C. Impact of Parasitic Capacitors: Maximizing Linearity

From (2), since the gain of the pipeline stage is a function

of parasitic capacitors, nonlinearities in the parasitic capaci-

tors can limit the linearity of the gain. Fig. 6, however, (which

shows a typical plot of gate capacitance for a MOS transistor

versus gate-source voltage), illustrates that if a transistor is ei-

ther cut-off or in strong inversion, the parasitic capacitor at the

gate of a transistor is only a very weak function of variation

in the gate-source voltage. Since all switches in the topology

of Fig. 5 are designed to be strongly inverted/in cut-off while

on/off, and the input transistor of the buffer also designed to

be strong inversion, the impact of nonlinearities from parasitic

capacitor variation with signal swing is relatively small at the

10-bit level. It is noted however that the effect of nonlinear para-

sitic capacitance could be a limiting factor in achieving linearity

significantly higher than that targeted in this work (i.e., 10-bit

linearity).

D. Digital Calibration Technique

Digital calibration was used to measure and correct the stage-

gain errors of each pipeline stage. To minimize the design com-

plexity of the prototype, a simple foreground calibration scheme

[21] was used. In theory however, any prior pipelined ADC cal-

ibration scheme which calibrates multiple pipeline stages could

be used with the topology of this work. Thus, for example it is

also possible to use a background/continuous calibration [22]

scheme if desired. The following paragraphs detail the calibra-

tion scheme [21] used in this work.

Consider the ADC topology of Fig. 7, which shows a 1.5-bit

first pipeline stage followed by an ideal backend Flash ADC. If

there is a stage-gain error in the first pipeline stage, the output

of the ADC is as shown in Fig. 8. Thus, the objective of the cal-

ibration scheme is to estimate the number of missing codes, .

Consider the residue transfer curve of a 1.5-bit stage as shown

in Fig. 9. If the input to the pipeline stage is zero, the DAC

voltage can be either 0, , or . Thus, in an ideal 1.5-bit

pipeline stage with zero input, the output of the ADC will be

constant regardless of the DAC voltage. However, if with zero

input there is a stage-gain error, the ADC will output different

values when the DAC voltage is connected to , 0, and

, respectively. Thus, the missing codes produced by a non-

ideal stage-gain can be corrected in the foreground by shorting

the input of the pipeline stage under calibration to zero, and sep-

arately measuring the output of the ADC when the DAC voltage

of the stage under calibration is connected to , 0, ,

respectively. By averaging out each value for a few clock cycles

to suppress thermal noise an accurate estimate of the error can

be found. The gain error is subsequently corrected by shifting

the digital output by the negative amount of the missing codes

during normal operation of the ADC as shown in Fig. 10.

Multiple pipeline stages were calibrated at startup by re-

cursively using the described calibration initially on the last

pipeline stage (while powering off all previous stages), then the

second last, then the third last, etc., eventually calibrating the

entire pipeline as shown in Fig. 11.

IV. CIRCUIT IMPELEMNTATION

A. Top Level Topology

Fig. 12 illustrates the top-level topology of the ADC in this

work. Simulation results showed each pipeline stage to have a

stage gain of approximately 1.8. Thus, with 12 total stages fol-

lowed by a 2-bit Flash ADC, the quantization accuracy of the

ADC was bits. As ADC power is dom-

inated by thermal noise considerations, the thermal noise floor

at the input of the ADC was designed to be approximately at the

10-bit level. To minimize power, the first three pipeline stages

were scaled approximately by their respective stage-gains [23].
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Fig. 8. 1.5-bit pipeline stage with gain error.

Fig. 9. Measure of missing codes when pipeline stage input �� � is zero—left is ideal, right is with errors.

Fig. 10. Illustration of correction scheme.

Fig. 11. Multistage foreground calibration.

B. Pipeline Stage With Source-Follower Unity-Gain Buffer

Although any sufficiently linear buffer topology can imple-

ment the unity-gain buffer of Fig. 5, source-followers were used

in this work as they are simple to design, have a gain largely a

function of device dimensions, and with proper design achieve

good linearity. Fig. 13 shows the full topology of a single

pipelined stage in this work (note that additional circuitry re-

quired for foreground calibration have been omitted to simplify

the figure). A deep-N-well layer was used to eliminate the body

effect for M1 in Fig. 13. nMOS devices were used as an nMOS

source-follower achieves a larger (thus larger bandwidth)

than an identically sized and biased pMOS source-follower.

Switch S6 was included to power off the buffer during the

sampling phase , thus enable a further reduction in power.

The signal swing of the buffer (which was 0.5 V peak-peak

single-ended), was designed as large as possible to minimize

the required sampling capacitance to achieve a noise floor of

approximately 10 bits, while ensuring sufficient linearity from

the source-follower. The length of the current-source transistor

MB in Fig. 13, was made larger than minimum size to reduce

the short-channel effects and hence nonlinearity induced from

being modulated by the signal swing at . Since the

source-follower is used in a discrete time system, nonlinearities

in the parasitic capacitor loading the source-follower’s output

do not have a significant impact at the 10-bit level given a suf-

ficient settling time. If a linearity higher than the 10-bits of this
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Fig. 12. Pipelined ADC top-level topology.

Fig. 13. Topology of each 1.5-bit pipeline stage in this work—the positive half is shown; the negative half is identical with a reversal of positive/negative signs.

Fig. 14. Stage-gain variation with temperature (based on simulation).

work were targeted a source-follower linearization technique,

for example such as that used in [24], could be used.

Since there is unity-gain between the gate and source of tran-

sistor M1, the gate and source move approximately together.

Thus, the effect of the parasitic input capacitor is signifi-

cantly reduced, leaving the parasitic input capacitor of the unity-

gain buffer to be dominated by the relatively small [25]. The

small parasitic input capacitance of the source-follower enables

larger stage-gain in each pipeline stage and thus more quantiza-

tion levels in the ADC.

Fig. 14 shows the variation of the stage-gain of Fig. 5 over

temperature based on simulation results. From Fig. 14, it is clear

that while the gain does vary 0.1% over the entire temperature

range (from 40 C to 120 C), the gain variation is 0.1% for a

reasonably wide fraction of the entire temperature range. Thus,

if the operation temperature does not change too widely, fre-

quent recalibrations may not be required. To achieve a higher

resolution than that targeted in this work and/or use the ADC

used in a system which could have drastic temperature varia-

tions, a background calibration scheme [22] could alternatively

be used to ensure temperature induced gain fluctuations were

always accounted for.

C. 1.5-Bit Sub-ADC Comparators

The 1.5-bit Flash sub-ADC was designed using dynamic

comparators as shown in Fig. 15. Dynamic comparators have

the advantage of low power consumption, but at the cost of

increased offset. However, increased comparator offset can be

tolerated, since a 1.5-bit/stage pipeline topology affords a large

amount of redundancy to trade with comparator offset [26].

The sub-ADC comparators required different reference volt-

ages than those used in the MDACs of each pipeline stage, since

the inputs of the sub-ADC connect to the outputs of nMOS

source-followers which have a low output common-mode

voltage. The redundancy of the pipeline stages allows the

differential comparator reference voltages to be offset from the

differential DAC reference voltages by as much as a quarter of

the reference voltage without incurring any errors. Additionally,

using separate reference voltages for the comparators reduces

the amount of switching noise on the DAC reference voltages.
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Fig. 15. Dynamic comparator used in 1.5-bit Flash sub-ADC.

Fig. 16. Front-end sample-and-hold topology used in this work—positive half is shown; the negative half is identical with a reversal of positive/negative signs.

D. Front-End Sample-and-Hold

A front-end S/H was used to ensure the MDAC and 1.5-bit

flash ADC of the first pipelined-stage operated on the same input

for all input frequencies. The front-end S/H topology also was

realized using a source-follower based approach [27] as shown

in Fig. 16 so as to minimize power consumption. Switch S6 was

included in Fig. 16 to power off the source-follower during ,

and hence save additional power.

E. Off-Chip Foreground Digital Calibration

To enhance flexibility in the test setup, the foreground dig-

ital calibration engine was implemented off-chip, where the dig-

ital outputs of each pipeline stage were taken off-chip and im-

ported into MATLAB via a logic analyzer. To correctly initialize

each pipeline stage during calibration using the methodology

described in Section III-D [21], an on-chip digital state machine

was used to generate the control signals for each pipeline stage

during foreground calibration. The state machine was only pow-

ered on during foreground calibration and powered completely

off subsequently.

V. MEASURED RESULTS

A prototype of the ADC of this work was fabricated in a

1.8 V, 0.18 m CMOS process as shown in Fig. 17, where the

Fig. 17. Micrograph of ADC.

core area was 2.0 mm 0.7 mm (1.4 mm ). Approximately a

quarter of the area was dedicated to test circuitry used to aid

in testing the ADC (i.e., circuits which are not strictly required

for functionality). Furthermore, from Fig. 17 it can be seen that

the actual pipeline stages occupied an area of approximately

2 mm 0.4 mm 0.8 mm .

The total power of the 50 MS/s ADC was 9.9 mW, including

3.9 mW from all active circuitry, and 6 mW from all clocking

and clock distribution circuits. The fact that the majority of

power consumed is dynamic suggests that a large reduction in

power could be achieved by lowering the digital/clocking supply
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Fig. 18. FFT of ADC output before/after calibration with 2.41 MHz input tone,
� � �� MS/s.

Fig. 19. FFT of ADC output before/after calibration with 20.7 MHz input tone,
� � 50 MS/s.

voltage and/or migrating to a smaller technology. Although the

digital calibration was implemented off-chip, the added power

required if the calibration engine were on-chip would only be

on the order of a few mW. To simplify the prototype, the refer-

ence voltages were also generated off-chip and their power is not

included. However it is noted that the total average current de-

manded by ADC from the off-chip reference voltages was only

0.34 mA.

Figs. 18 and 19 show FFTs of the ADC output for input fre-

quencies of 2.4 MHz and 20.7 MHz before and after calibra-

tion for 50 MS/s. The FFTs clearly illustrate the signifi-

cant improvement in ADC performance afforded with calibra-

Fig. 20. ADC SNDR/SFDR variation with input frequency, � � 50 MS/s.

Fig. 21. ADC INL before and after calibration, � � 50 MS/s.

tion—more than 4 bits. The post-calibration FFT plots show

heavy attenuation of even-order distortion terms, verifying the

differential nature of the MDAC sampling topology of this work.

Fig. 20 shows the variation of ADC SNDR and SFDR with input

frequency, where it is seen that better than 9-bit ENOB (i.e.,

SNDR 56 dB) is maintained for the Nyquist bandwidth.

Figs. 21 and 22 show INL and DNL, respectively, of the ADC

before and after calibration, where it seen that digital calibration

significantly improves the INL of the ADC from 15.7 17.9

LSB to 0.7 0.8 LSB and DNL from 1.6 1 LSB to

0.35 0.35 LSB.

To evaluate the robustness of the system, all on-chip bias

currents were varied by 10% and the ADC resolution mea-

sured in each case without recalibrating the ADC (i.e., ADC

calibration coefficients were only derived once at the nominal

bias current). Measured results showed that the ENOB varied

by less than 0.1 bits, indicating that frequent recalibrations may

not be required. The ADC resolution was also checked with

one week separation between measurements and without recal-

ibrating, where the ENOB change over a week was negligible

( 0.1-bit variation) with the same test setup.
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Fig. 22. ADC DNL before and after calibration, � � 50 MS/s.

Fig. 23. Comparison of FOM of this work versus other recently published
10-bit ADCs.

Fig. 23 shows the figure of merit of the ADC of this work

compared to other recently published 10-bit ADCs, where it is

seen that the ADC of this work has among the best published

figure of merits in the 10–80 MS/s range. Furthermore it is noted

that among 0.18 m 10-bit ADCs for the specified sampling

rate range, this work achieves the lowest figure-of-merit. From

Fig. 23 it is clear the techniques outlined in this work can be of

great use in reducing ADC power.

VI. CONCLUSION

In this paper, a technique to significantly reduce pipelined

ADC power was discussed. Low power was achieved by using

a simple architecture consisting of a charge pump combined

with a source-follower and digital calibration, which replaced

the functionality of power-hungry opamp based pipeline stages

TABLE I
SUMMARY OF ADC PERFORMANCE.

found in prior works. A differential sampling technique was

used which eliminated the need for an explicit CMFB circuit,

thus enabling further power savings. A summary of key mea-

surement results of this work are presented in Table I.

APPENDIX

From Fig. 5, during when a differential input of ,

with a common-mode of and a common-mode offset of

is sampled, the charge sampled on node during

is given by

(5)

(6)

Similarly, during the charge sampled on is given by

(7)

During switch S0 closes, resulting in .

Thus, the total charge on node at the beginning of due to

the events of is given by

(8)

where . Since by definition

:

(9)

At the end of the total charge on node is given by

(10)

As charge is conserved at node , (9) can be equated to (10),

yielding

(11)
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During , the charge sampled on is given by

(12)

During , the charge sampled on is given by

(13)

Using the fact that charge is conserved at node between

and gives the following:

(14)

Substituting (11) into (14), the expression for the output voltage,

, during , is given by

(15)

where

(16)

is the gain of the unity-gain buffer (which is approxi-

mately one), and by definition .
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