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Abstract—
The developments over the last years in portable and

wireless communications have increased the demand for
low power circuits and systems. Analog-to-digital convert-
ers (ADCs), as essential parts of these systems, should
comply with this low power consumption trend. The
pipelined ADC in particular is one of the most popular
ADC architectures, because it exhibits very good speed
and power consumption capabilities and can be easily im-
plemented in digital CMOS technologies. Therefore a sys-
tematic study of power optimization for pipelined ADCs
became necessary.

I. Introduction

Nowadays, we are witnessing an increasing demand
for portable and wireless communication applications.
One of the main constrains in the design of circuits
and systems for such applications is the low power
consumption. Pipelined ADCs have became very pop-
ular choice for these systems, because they offer very
good performance in terms of speed and power and
can be combined with digital signal processing on a
single substrate.

Usually, the designers of pipelined ADCs adopt
closed-loop structures (incorporating a high gain
opamp) for the implementation of the residue ampli-
fiers. This solution uses the feedback mechanism and
trades high opamp gain for high linearity.

On the other hand, nowadays, pipelined ADCs in-
corporating open-loop residue amplification are in-
creasingly gaining designer’s attention [1], [2]. Open-
loop amplifiers are simpler than their closed-loop
counterparts and by avoiding high-gain and wide-
bandwidth requirements they are capable of consum-
ing less power and/or operating at higher speeds.

Moreover, the need to reduce the design effort, cost
and time dictates the usage of more flexible/modular
designing methods and circuit/system architectures.
The application of this design methodology to ADCs
leads to flexible/modular pipelined ADCs that employ
identical stages, [3].

Therefore, it is clear that a systematic study of
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power optimization for pipelined ADCs is necessary.
Several studies can be found in literature [4], [5], [6],
[7] and many models have been proposed. In this
line of work we present power optimization method-
ologies for all three types of pipelined ADCs men-
tioned above, namely, ADCs with closed-loop ampli-
fiers, open-loop amplifiers and identical stages.

Section II presents a study on the power opti-
mization of pipelined ADC incorporating closed-loop
amplifiers, while the next section (III) presents the-
ory and results concerning power optimization of
pipelined ADC incorporating open-loop amplifiers.
Furthermore, section IV addresses the power con-
sumption issue in modular pipelined ADC (identical
stages) and presents a bias current scaling scheme.

II. Closed-loop residue amplifiers, [5]

Concerning the kT/C related power consumption in
a pipelined ADC, we can carry out a simple analysis
according to find optimum distribution of power and
capacitor size such as to minimize the overall power.
The capacitor scaling is a result of the relaxed accu-
racy requirements (with respect to the thermal noise)
due to the amplification of the previous stages. There-
fore, we can scale down the sampling capacitors along
the pipelined chain without compromising the accu-
racy of the converter. We can define the scaling factor
[5] equal to

s =
CSi

CSi+1

= 2nx (1)

where CSi is the sampling capacitor of the ith stage,
n is the effective number of bits per stage and x is
the taper factor, xε[0,2], a parameter that defines how
”aggressive” or not is the applied scaling.

It has been proven, [5], using the model depicted in
figure 1 and assuming constant resolution per-stage
that the total power consumption of ADC is given by
the formula:

Total Pipelined Power

∼
[
2n(1−x) + 1− 1

2n

] (
1

1− 1
2nx

) [
1

1− 2n(x−2)

]
(2)
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Fig. 1. Model for capacitor scaling in closed-loop ADCs.

Figure 2 depicts the normalized total power of the
pipelined ADC versus the taper factor with n as pa-
rameter.
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Fig. 2. Optimum capacitor scaling.

The total consumed power reduces when higher res-
olution per-stages (n) are considered. Furthermore,
for larger n more aggressive scaling (higher x) leads
to power savings.

III. Open-loop residue amplifiers, [8]

A. Theory

A.1 Thermal noise calculations

Fig. 3 depicts the typical structure of a pipelined
ADC (a) and the internal view of its stages (b).
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Fig. 3. A typical pipelined ADC

The stage is composed of an (n+r) bits flash sub-
ADC (essentially comparators), an (n+r) bits sub-
DAC, a subtraction block and an amplifier with gain
of 2n. The effective resolution of each block is n bits

and r redundant bits are reserved for digital correc-
tion, [8].

According to ease the calculations and make the
extraction of useful information feasible, the effective
resolution (n) and redundancy (r) are assumed to be
constant along the pipelined chain of the ADC. Al-
though power savings do exist by allowing varying
resolution from stage to stage, for the clarity of analy-
sis we limit ourselves to constant resolution per stage,
which is still valid and realistic (e.g. in case that fast
time-to-market is an issue).

The input referred thermal noise of a pipelined
ADC is given by Eq. 3:

kBT

[
1

CS0

+
1

22nCS1

+
1

24nCS2

+
1

28nCS3

+ ...

]
(3)

where kB is Boltzmann’s constant, T the temperature
in K and CSi the total sampling capacitance of the ith

stage.
It is clear that the input referred thermal noise and

the noise distribution is dependent on two factors (i)
the size of the sampling capacitors (CSi) and (ii) the
effective resolution per stage (n). Therefore, finding
the optimum scaling means finding the optimum val-
ues for those two parameters.

We can identify two extremes:
• No scaling, in which all the stages have the same size
and contribute equally to the power consumption. In
that case the thermal noise is dominated by the front-
end of the pipelined chain.
• Aggressive scaling, in which all the stages contribute
equally to the input referred thermal noise. In that
case, the power is dominated by the front-end of the
pipelined chain.

Assuming that the capacitance of the 0th stage is
CS0 = Cunit2n, where Cunit is a unit capacitance, the
sampling capacitance of the ith stage can then be ex-
pressed as in Eq. (4):

CSi =
2nCunit

2inx
(4)

Given that the input-referred noise should be equal
to or smaller than 1

2LSB leads to Eq. (5)

kBT

[
1

CS0

+
1

22nCS1
+

1
24nCS2

+ ...

]
≤

(
2FS

2N
√

2

)2

(5)
where N is the total ADC resolution and ±FS the
voltage range. Combining equations (4) and (5), Cunit

can be expressed as a function of N, n, x and different
technological constants.
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A.2 Comparators’ input capacitance calculation

We can prove that for a pipelined ADC incorporat-
ing r redundant bits in the sub-ADCs, the maximum
allowable deviation of the comparison level is:

δmax =
FS

2n
(1− 1

2r
) (6)

We limit the stochastic deviation δmax by 4σ and
we use that σ =

AVth√
WCLC

, [9], (neglecting Aβ), where
WC and LC are the dimensions of the comparators’
input transistors.

Given that the input capacitance of a single com-
parator is CCunit = RWCLC (R is a constant of
proportionality, which depends on the comparator’s
topology and technological constants), we can prove:

CCunit = R

(
4AVth

2(n+r)

FS (2r − 1)

)2

(7)

Therefore, since the number of comparators per
sub-ADC is 2(n+r) − 1, the total input capacitance
of a sub-ADC is:

CC = R
(
2(n+r) − 1

) (
4AVth

2(n+r)

FS (2r − 1)

)2

(8)

The comparators are not scaled-down along the
pipelined chain, because their accuracy requirements
do not depend on their position in the chain due to
the use of redundant bits. For the rest of this study
we consider one bit of redundancy (r=1b), since this
is a very common implementation practice.

A.3 Final calculations

Fig. 4 shows the model that we use to carry out
the calculations.
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Fig. 4. The model used for calculations

CSi is the sampling capacitance of the ith stage,
CC the input capacitance of the sub-ADC and Cpi

the parasitic capacitance at the input of the open-
loop amplifier of the ith stage. The amplifier has been

modeled in a simple way according to ease the cal-
culations. Due to charge sharing (between CSi and
Cpi) the signal at the input of the amplifier is attenu-
ated demanding a higher gain to compensate this loss.
Therefore, the amplification is given by:

Av = (1 +
Cpi

CSi

)2n (9)

The total load capacitance of the ith stage is:

CLi = CSi+1 + CC (10)

We assume that the amplifier scales-down with
the same rate as the sampling capacitor and hence,
Cpi/CSi = constant. Cpi does not load the input
of the previous stage and is not included in Eq. 10,
because during the sampling phase of the (i + 1)th

stage (amplification phase for the ith) the input of the
amplifier is connected to the common mode voltage
(Vcm).

It can be proven that the settling time of each stage
(for linear settling) is given by τsett = τi (N − in) ln 2,
in which τi = RoutiCLi is the time constant of the
amplifier. Therefore, according to the model of Fig.
4:

τsett = RoutiCLi (N − in) ln 2 (11)

By substituting Eq. 4 and Eq. 8 in Eq. 10 and
having already expressed Cunit in the desired units
N,n, x (section III-A.1), we express CLi of every stage
as a function of N, n, x, r and different technological
and topological constants.

Assuming that the open-loop amplifier is a differ-
ential pair with resistor load [1], we have Gmi =√

µnCox
Wi
Li

Ibi
, where Wi and Li are the dimensions

of the input transistors and Ibi the biasing current of
the differential pair. Additionally, Fig. 4 indicates
AV = GmiRouti .

Using the above formulas, we can express Ibi as a
function of N,n, x, r and different technological and
topological constants.

The total power consumption of ADC (Pcons.) is
dominated by the power consumed by the ampli-
fiers. Therefore, a coarse but valid estimation is:
Pcons. ∼

∑
i

Ibi . In the following section we present

arithmetical results based on this estimation. A close-
form analytical expression of Pcons. is in principle pos-
sible but not helpful due to its complexity.

B. Results

This subsection presents the optimum choices for
n and x employing different ADC resolutions (N ). In
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particular, we performed calculations for four different
resolutions (N ∈ {10b, 12b, 14b, 16b}), because we
identify this range of resolutions as the most relevant
for a pipelined ADC.

According to make some arithmetic results feasi-
ble and draw useful conclusions, we use typical values
for the technological constants taken from a CMOS18
technology.

Fig. 5 depicts the total (normalized) power of a 10b
pipelined ADC as a function of the taper factor (x )
and the number of bits per stage (n) as a parameter.
The optimum choice is n=1b with x approximately
1.5. As we increase n, the total power of the ADC
increases resulting in non-optimum implementations.
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Fig. 5. Pipelined ADC with N=10b

If we increase N to 12b and perform the calcula-
tions, Fig. 6 shows the optimum n and x. Now we can
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Fig. 6. Pipelined ADC with N=12b

see that the optimum choice is n=2b and x approxi-
mately 1.3. The choice n=1 gives sub-optimum imple-
mentation, as well as the choices n=3b and n=4b. An-
other observation is that the minimum of every curve
is shifted to a higher x value, meaning that by using
more bits per stage we have to scale more aggressively.

Increasing the total number of bits further

(N=14b), Fig. 7 shows the optimum n and x choices.
The choice n=2b remains the optimum, but it is fol-
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Fig. 7. Pipelined ADC with N=14b

lowed by n=3b and not by n=1b as in the N=12b case.
Moreover, the minimum of every curve is even shifted
further to higher x values resulting in an optimum
taper factor of, approximately, 1.75.

Finally, for N=16b, Fig. 8 shows the optimum n
and x choices. In this case the optimum choice is
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Fig. 8. Pipelined ADC with N=16b

n=3b, followed by n=2b, n=4b and n=1b (in increas-
ing total power order). Again the minimum of every
curve is shifted to higher values of x, implying that
for high resolution ADCs more aggressive scaling is
preferable.

The results above reveal that for higher ADC reso-
lutions, if we scale-down the sampling capacitors, it is
beneficial to use higher number of bits per-stage. The
interpretation is that the increase in the total number
of comparators and the load connected to them (CC

part of Eq. 10) does not overrule the power savings
due to the reduced number of amplifiers, even if they
should have higher amplification (Av ∼ 2n).
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IV. ADCs with identical stages, [10]

A. Theory and Results

In the modular pipelined ADCs, [3], and in general
in those with identical stages (e.g. for fast time-to-
market) we cannot apply capacitor scaling. There-
fore, we pay a high power penalty due to the wanted
modularity.

Under the assumption that the amplifier is not slew-
rate limited, but it is settles with a pure linear way,
following an exponential relation (1 − e

−t
τo ), we can

prove that the minimum amplifier bias current (Ibias)
is determined by the largest dV

dt , meaning, the value
needed for the initial transition, [10] . Therefore,

Ibias = CLVsig
1
τo

(12)

where, CL is the load capacitance, τo is the settling
time constant of the amplifier and V sig the signal am-
plitude. Moreover, it can be proved that the settling
time requirement of each stage (τsett) is dependent on
the τo and the position of the stage in the pipelined
chain and is given by:

τsett(=
1

2fs
) = τoi(N − in)ln2 (13)

where N is the resolution of the converter on bits,
n the effective number of bits per stage and i is a
number that determines the position of the stage in
the pipelined chain, i ε[0, N

n − 1]. Combining the two
previous formulas we have:

Ibiasi = 2CLVsigln2(N − in)fs (14)

The above formula shows the dependency of i and
fs on the Ibias.

Therefore, based on formula 14, we propose the
self-adjusting current technique, [10], as an power effi-
cient way to bias the amplifiers of the stages without
compromising the performance nor the modularity of
our converter. The adjustment of the (Ibias) can be
twofold:
1. The Ibias is made proportional to the sampling fre-
quency, fs.
2. The Ibias of every stage is adjusted individually ac-
cording to its position in the pipelined chain.

For a given N and fs we can calculate, based on
that formula, the power savings due to the scaling
of the (Ibias) along the pipelined chain. Taken into
account that the power consumption is proportional
to the summation of the bias currents of each stage,

we determine the power saving in comparison to the
non-scaling case.
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Fig. 9. Percentage power saving due to bias current scal-
ing.

Figure 9 shows that we have the maximum power
saving for large N and n=1, because this case allows
extensive use of scaling. The power savings can be
approximately 46%.

Finally, for a given resolution (N=14) and n as pa-
rameter, figure 10 shows how the bias current scales
along the pipelined chain (normalized values).
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Fig. 10. Bias current value along the pipelined chain.

B. Circuits

According to apply the above described technique
to a pipelined ADC we have to answer two questions:
1. How can we generate a bias current proportional
to the fs and the position of the stage in the pipelined
chain?
2. Is the OTA still operational varying the Ibias

through quite a large range of values?
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The answer to the first question is the following
circuit (fig. 11), where the standard resistor has been
replaced by a switched-capacitor (SC) circuit [11].

+

_

V b i a s +
_

S C - c i r c u i t

f s

I b i a s ( 1 ) I b i a s ( 2 ) I b i a s ( N / n ) - 1

C S C

I b i a s ( 0 )

M 0 M 1 M ( N / n ) - 1M 2

Fig. 11. Generation of Ibias proportional to the fs.

The value of equivalent resistor is controlled by
the clock frequency and it is given by the formula:
RL = 1

CSCfs
. Therefore, the Ibias0 becomes Ibias0 =

(CSCVbias)fs. On top of that, the scaling along the
pipelined chain (proportional to N-in) can be imple-
menting by the appropriate sizing of the aspect ratio
(W

L ) of the transistors M1, M2, etc.
According to answer the second question and to

demonstrate the feasibility of the idea we employ a
simple OTA, which could be used in the MDAC of
each stage of the ADC.

V o

V i

C L

M 1 M 2

M 3 M 4

M 5 M 6

C o m m o n  -  m o d e
        s e n s i n g

V C

+
_ M b

I b i a s ( i )

V C M

V D D

Fig. 12. OTA circuit.

According to find approximately the maximum re-
quired range of values of Ibias0 we have to make some
assumptions. For N=14 a reasonable range of sam-
pling frequencies is between 4MS/s and 40MS/s. This
imposes, according to equation 14, a variation of 90%
in the Ibias0 . Furthermore, we have to take into ac-

count the variation of the Ibias along the pipelined
chain ((N-in) term in the same formula). From figure
10 and for N=14 and n=1, we can calculate a maxi-
mum variation of approximately 90%. Therefore, we
can assume a total variation of around 99% in the
Ibias0 .

Equation 12 gives the dependency of Ibias on τo.
Using the equations τo = 1

2πfc
, where fc is the closed-

loop bandwidth, and fc = βAofco , where β is the
feedback factor of the amplifier, Ao the open-loop gain
and fco is the open-loop bandwidth, we can find the
dependency of Ibias on fco , given below.

Ibias = (2πβAoCLVsig)fco (15)

Therefore, according to prove the feasibility of the
self-adjusted bias current technique it is enough to
prove that with a variation of 99% in the Ibias the
circuit of the figure 12 experience a variation of 99%
or less in fco . Otherwise the stage becomes too slow
and does not meet the specifications. Furthermore,
the variation in Ao should be small, if not the accuracy
of the converter would be compromised.

Transistor level simulations results show (figure 13)
that for a 99% variation in Ibias we have 93% variation
in fco . Moreover, the variation in the Ao due to the
Ibias adjustment to the sampling frequency (90%) is
only 2.5%. This is the variation that the first and most
sensitive stage of the pipelined chain experiences. The
total variation in Ao, due to the 99% variation in Ibias

is approximately 7%. This variation does not cause
problems to the performance of the ADC because the
later stages of the pipelined chain have relaxed re-
quirements as a result of the gain from the previous
stages.
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Fig. 13. OTA’s bandwidth versus Ibias.
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Consequently, knowing the variation on fco and Ao

we can take it into account during the design phase of
the system.

V. Conclusions

In this paper we present different power optimiza-
tion methods for different pipelined ADC realizations,
using as main parameter the total ADC resolution.
We present the optimum number of bits per-stage
and capacitor scaling for closed-loop pipelined ADCs
and we report a model and calculations that lead to
optimum power consumption for open-loop pipelined
ADCs. Finally, we present the parametric (bias cur-
rent) scaling as an alternative solution to the hardware
(capacitor) scaling, when the last one is not applicable
(i.e. pipelined ADCs with identical stages).
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