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ABSTRACT
Digital percentage of total power
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An energy optimization is proposed that addresses the nontrivial digital contribution to power and impact on performance in high-speed mixed-signal circuits. Parallel energy
and behavioral models are used to quantify architectural
tradeoﬀs across the analog/digital boundary. An interleaved
ADC is optimized as a case study to demonstrate this approach. The chosen operating point of 36 channels and
700mV operation gives a 3× improvement in energy compared to the seed of the model. The model matches closely
the measured results of an ADC testchip implemented in a
65nm CMOS process.
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Figure 1: Digital contribution to overall power for
published Nyquist ADCs that explicitly separate the
analog and digital power consumptions.
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cannot be ignored, even though it is rarely mentioned in the
literature. For the best energy eﬃciency, both digital and
analog power consumption must be addressed.
Much analog optimization has been performed in the context of ADCs. For instance, many papers have been published discussing optimum scaling between successive stages
in pipelined converters [1, 2]. A more comprehensive analog optimization for pipelined converters is presented in [3].
There, the speciﬁcations for the operational ampliﬁers and
comparator are optimized for a combination of energy and
area requirements using geometric programming, a type of
convex optimization. Of these works, only [1] addresses the
digital circuitry, and only in a limited fashion.
There are many well known techniques for energy optimization in digital circuits. Perhaps the most straightforward way to save energy is to reduce the power supply
voltage. The switching energy in digital circuits is propor2
tional to VDD
, and so signiﬁcant energy savings can result.
The drawback is the decreased operating speed, which is inversely proportional to VDD . Parallelism or pipelining can
be used to maintain constant throughput at lower operating
voltages at the expense of increased area and overhead in
terms of multiplexing circuits or registers, respectively [4].
More complex algorithms use sensitivity functions to choose
optimal device sizing [5] and select between diﬀerent architectures [6].

1. INTRODUCTION
Over time, most analog-to-digital converter (ADC) research has focused on architectures and techniques to reduce
analog power. This has been encouraged by the scaling associated with Moore’s law that reduces digital power in comparison with analog and enables greater digital integration
on chip. As a result of this research trend, digital power is
now a signiﬁcant portion of the total dissipation in many
ADCs, particularly those operating at low resolutions and
high speeds. Figure 1 shows the contribution of digital circuits to the overall power consumption for recently published
converters. While digital power can be signiﬁcant across all
the resolutions, it is particularly so at low resolutions and

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.
DAC 2008, June 8–13, 2008, Anaheim, California, USA.
Copyright 2008 ACM ACM 978-1-60558-115-6/08/0006 ...$5.00.

244

Figure 2: Blocks included in the comprehensive energy model.
The lower speed operation aﬀorded by parallelism improves analog energy as well. For a typical CMOS analog
ampliﬁer the energy scales as
Eamp ∝

VDD CL ID
,
gm

Table 1: Global optimization parameters
Parameter
b
fS
M
VDD
VF S
VDDS

(1)

where CL is the total load capacitance. The energy is minimized when the transconductance eﬃciency (gm /ID ) is maximized, which occurs in the sub-threshold region with VGS ≤
VT . Unfortunately, with circuits operating at hundreds of
MHz, the devices must be biased in strong inversion for large
fT . Parallelism relaxes the device speed constraints.
This paper describes a framework and model for comprehensive analog/digital optimization. Supply voltage reduction and increased parallelism are applied to an ADC energy
model that includes optimization of transistor sizes and current biasing. It is therefore important that the eﬀects of low
voltage operation and overheads of increased parallelism are
modeled accurately. The model is solved as a discrete optimization. While this approach leads to longer solution times
and cannot guarantee reaching a global optimum without
an exhaustive search, this is an acceptable tradeoﬀ because
of the ease of the model setup, and the optimization can be
solved in 20–30 minutes on a modern microprocessor. While
this is much longer than for convex optimizations solved by
geometric programming [3], it is still manageable and permits reasonable design iterations.
A high-speed time-interleaved successive approximation
register (SAR) ADC [7–10] is chosen as a test case for this
optimization. This architecture has been chosen both because it has demonstrated excellent energy eﬃciency [7,9,10]
and because it has comparable digital and analog complexity. Digital has a signiﬁcant impact on both the power and,
because it limits the critical feedback path during a conversion, speed. The target speciﬁcations and global optimization parameters are listed in Table 1. The chosen operating
point of 5 bits and 500MS/s is consistent with an ADC for
use in an ultra-wideband radio [11]. The remainder of the
paper elaborates on the model setup, provides details of a
few elements in the model, and presents the results of the
optimization.

Description
Converter resolution
Sampling frequency
# time-interleaved channels
Core supply voltage
Full scale input voltage
Boosted sampling voltage

Value/Range
5
500 MHz
≥1
0.5–1.2 V
0.1 V–VDD
VDD –1.2 V

not a primary concern for this work. Instead, the model
emphasizes accuracy, simplicity in formulation, and modularity for evaluating architectural and process changes. The
ﬁnal model setup is speciﬁc to the SAR topology, but the
model formulation and some block descriptions (e.g., sampling switch optimization) are applicable to other mixedsignal systems.
Parallel energy and behavioral models are both developed
based on partitioning the ADC into the set of hierarchical
blocks shown in Fig. 2. Within the dashed rectangle are
the sub-blocks of a single SAR ADC channel. These include
a capacitive digital-to-analog converter (DAC), comparator
(preampliﬁer and latch), digital logic controller, and digital
oﬀset correction block. Wrapped around the M interleaved
channels are a number of blocks that model the overhead
associated with increased parallelism and low voltage operation. Analog overhead includes the input buﬀer to drive
a potentially large input capacitance. Digital overhead includes an expanded clock network and an output mux to
serialize all of the channels. Finally, a charge pump is introduced to allow independent setting of the core voltage from
the sampling voltage, as described in Section 3.1. Both the
energy and behavioral models have the same block structure. The energy model relates the top-level optimization
variables to total ADC energy based on a set of design constraints (e.g., oﬀset voltage, number of time constants required for preampliﬁer settling). The time-domain behavioral model can relate these constraints to ﬁnal SNDR. For
example, the settling time constraint for the energy model
is derived by sweeping the settling time in the behavioral
model and selecting a value that gives the proper ADC performance. The coupling of the models is further explored in
Section 3.2, and details on the behavioral model are available in [12].

2. MODEL SETUP
This section describes the model setup and simulation
methodology. The speed of solving the energy model is
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Figure 3: Interface structure of each energy model
block.
(a)
tper = M/(fS (b + 1))
δtsamp tper
tpd,samp
tsample

Each block is implemented as a separate Matlab function,
following the conceptual interface of Fig. 3. All blocks share
the same set of global inputs, which are separated into the
optimization variables listed in Table 1 and tables of process
parameters (see below). In addition, each block has internal
constraints taken from the behavioral simulations and local
inputs, derived from the local outputs of other blocks, that
are used to characterize inter-dependencies. The block’s
Matlab function then computes the energy per conversion
and any local outputs. This computation is block- and circuit topology-speciﬁc. As a speciﬁc example, the comparator block takes as local inputs the available preampliﬁer
settling time (derived from the digital logic’s propagation
delay), has internal constraints of target oﬀset voltage and
required number of time constants for settling, and then
uses equations extended from those in [8] to calculate total comparator energy. Intermediate variables calculated
within the function (e.g., number of preampliﬁers, transistor bias points) are saved to give an initial starting point
for transistor-level design. As every block conforms to a
similar interface, it is straightforward to evaluate a block
design change by re-writing only its equations; other blacks
are unmodiﬁed.
Each block’s model is parameterized and dependent on a
limited set of process data, including basic transistor performance (gm , gds ) and delay/power of simple digital gates.
The process data is extracted from SPICE simulations of
the worst case design corners. Thus, when porting to a new
process, the basic model setup, which emphasizes circuit
topology, can be reused, and only the global process inputs
must be re-simulated.
For a ﬁxed set of global inputs (i.e., M , VDD , etc.), the
top-level SAR energy model returns the energy per conversion. The model, however, cannot ﬁnd a solution for all
sets of global inputs. For example, the speciﬁcation M = 1
and VDD = 0.5 means a single 500 mV channel operating
at 500 MS/s, requiring an internal clock rate of 3 GHz; as
the delay through a single digital gate at 500 mV is much
greater than 300 ps, no possible solution exists. The optimization then searches the design space (Table 1) for the
set of global inputs that yield a functioning design with the
minimum modeled energy.

(b)
Figure 4: (a) Basic sampling network and (b) sampling period timing constraints.

is presented. As the largest digital overhead to increased
parallelism, it limits the number of channels that can be
eﬃciently integrated on chip.
While not discussed in detail, the remaining blocks of
Fig. 2 are included in the optimization, with details in [12].

3.1

Sampling: Digital Driving Analog

While lowering the voltage supply reduces energy for the
digital logic and even for the matching-dominated comparator or capacitive DAC [13], sampling a high-speed analog
signal with a low supply voltage is non-trivial. Consider the
sampling network in Fig. 4(a). The bottom plate switch SB ,
implemented as an NMOS transistor, has conductance
gds ≈ µCox W/L(Von − Vin − VT ),

(2)

where µ is the mobility, Cox is the gate oxide capacitance per
unit area, VT is the threshold voltage, and Von and Vin are
the gate drive and input signal voltages, respectively. For
a ﬁxed Von , the conductance varies with the input voltage
level, creating an input signal dependent (and nonlinear)
attenuation and phase shift, and the switch fails to turn on
for Vin > Von − VT . This is particularly a problem in deep
sub-micron CMOS where the supply voltages and therefore
the maximum VDD − VT are limited. The top plate switch,
ST , does not suﬀer from the same problem because its source
voltage is always ﬁxed at a DC reference point, which can
be set low to maximize gate overdrive.
Several techniques have been proposed to address this
problem. Bootstrapping or constant-VGS sampling [14] sets
Von to track Vin , giving a constant gate overdrive across the
input signal range. While required for higher resolution converters, at 5 bits the overhead in terms of area and power
per channel is large. Switched-RC sampling [15] replaces
the ﬂoating series switch with a linear resistor and shunt
switch but does not scale well to high frequencies. Instead,
in this model, a simple boosting circuit is modeled, where
the sampling voltage VDDS is set to an independent, higher
value than the core voltage VDD . While this voltage may
already be present in the system (e.g., for I/O supplies), for
completeness, this model assumes that VDDS is generated
by a charge pump that is shared between all channels.
The sampling network has two basic requirements. At the
onset of sampling, a ﬁrst order step response transient of the
charge across CS must settle within the available sampling
window tsample . In addition, the switch must be able to

3. MODEL DETAILS
The complete description of the model is beyond the scope
of this paper. In this section, three parts of the model are
detailed that are useful to demonstrate the scope of this
model across the analog/digital boundary and some of the
overheads in a highly parallel system. The ﬁrst part to be
detailed is the sampling operation, which consists of digital
signals driving analog circuits and is a particular concern
at low voltages. Next, digital oﬀset compensation is presented as a demonstration of the coupling of behavioral and
energy models to quantify architectural tradeoﬀs between
analog and digital processing. Finally, clock distribution
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35
accurately track the highest frequency input signal, fS /2.
These translate into the constraints (3)–(4).
(3)

1
> 1 − 2−(b+1)
1 + (fS τsamp /2)2

(4)



30
SNDR (dB)

tsample > kslew (b + 1) ln(2)τsamp .

The factor kslew models the nonlinear part of the settling
transient and has been determined through simulations to
be 1.9. The eﬀective sampling time constant, τsamp ≈ CS ·
(1/gdsB,min +1/gdsT ), is taken for its worst case point, when
Vin = VF S . At this maximum input voltage, the conductance is minimized (see (2)). The widths of SB and ST are
chosen to satisfy (3)–(4), and simulations conﬁrm that this
leads to a conservatively sized sampling network exceeding
THD speciﬁcations.
The resultant switch size presents a rather large capacitance CSW,samp that requires buﬀering from the output of
a standard size digital gate. This buﬀering is automatically
inserted by the model assuming each stage in the buﬀer can
drive a fan out of 4. One potential problem is that the buﬀering increases the digital delay tpd,samp and reduces tsample
in (3) (see Fig. 4(b)). The timing constraints are automatically enforced by the model. The total sampling energy for
a conversion, including the overhead of a charge pump with
eﬃciency ηCP , is
Esamp ≈

2
(CSW,samp + Cbuf )VDDS
.
ηCP
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Figure 5: Behavioral simulations showing the performance degradation of the ADC versus the analog
oﬀset voltage for increasing degrees of digital oﬀset
correction.
of digital oﬀset correction is quantiﬁed using a coupling of
behavioral and energy models.
Figure 5 shows an interleaved ADC’s signal-to-noise-plusdistortion ratio (SNDR) versus the analog oﬀset voltage for
varying degrees of digital oﬀset correction. The lower plot,
with no oﬀset correction, tails oﬀ directly due to the eﬀect of
the periodic oﬀset term in (6), while the upper curves, with
digital oﬀset correction, only drop when clipping becomes
signiﬁcant. For the same 1 dB degradation in SNDR, digitally correcting the oﬀset to within a half an LSB permits
using a 6× larger analog oﬀset voltage, although 3× is used
to be conservative in this model.
The results of the behavioral model can then be fed back
to the energy model. Speciﬁcally, the comparator oﬀset constraint is set as
 −b
2 VF S



no digital oﬀset correction,
6
VOS,in =
(8)
−b


 2 VF S
with digital oﬀset correction.
2

(5)

3.2 Digital Offset Correction
Oﬀset has two deleterious eﬀects in interleaved ADCs.
The ﬁrst can be seen by considering the digital output of
an ADC
y[n] = Q (vIN [n] + vOS [n mod M ]) ,
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(6)

where Q(·) represents the quantization function and vIN [n]
is the sampled analog input signal. For an interleaved ADC,
the oﬀset voltage vOS is periodic with the number of channels, producing spurs in the output spectrum at multiples
of fS /M , the channel sampling frequency.
Oﬀset produces a second eﬀect, namely clipping of large
input signals. The maximum input dynamic range of an
ADC is thereby reduced by the peak-to-peak oﬀsets across
the channels. Analog-only oﬀset compensation [8] sets the
comparator’s oﬀset requirement to reduce the power of the
periodic term in (6) below the quantization noise power,
namely

The increased comparator oﬀset voltage permits a reduction
of the number of preampliﬁers from 2 to 1, and the energy
model predicts an overall energy savings of 30% (after the
energy of an adder is included) from using the digital oﬀset
correction. This demonstrates both the eﬀectiveness of digital correction for analog impairments and the ability for the
coupled behavioral and energy models to quantify architectural tradeoﬀs across the analog/digital boundary.

2
VLSB
.
(7)
12
This condition forces the oﬀset of every channel to be small
( VLSB ), and the reduction in dynamic range due to clipping is negligible.
Another approach to reducing the power of the periodic
term in (6) is to correct it digitally, which simply requires an
adder1 [16]. Then the analog oﬀset requirements can be set
only to keep clipping within an acceptable limit. The eﬀect
2
E[vOS
] = σv2OS <

3.3 Clock Distribution
Clock distribution is one of the principle overheads of
highly interleaved ADCs because both the number of clocks
and the die area across which the clocks are distributed increase. For the proposed energy model, the clock distribution is implemented using a simple clock tree model. To minimize timing skew, the clock paths to every channel should
be balanced, which means that the paths to the closest and
farthest channels should have the same length. This can
be accomplished by an H-tree [17] or similar network. The

1
While medium complexity calibration circuitry is required
to determine the proper oﬀset correction value, once calculated, the continual correction only requires an adder.
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Figure 7: Predicted energy breakdown of optimized
36-channel SAR ADC.
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Table 2: Summary of optimum and 36 channel operating points
Parameter
36 Channel
M
36
VDD
0.7 V
VF S
0.4 V
VDDS
1.15 V
E/conversion
4.15 pJ

FS

0.6
0.4
0.2
0

0
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Figure 6: Results of the SAR energy optimization,
with energy per conversion (top) and optimum voltages (bottom) versus number of parallel channels M .

in area and complexity. The kink in the curve for small values of M occurs because of the overhead of the charge pump.
When M < 13, the core voltage is suﬃciently high that the
charge pump, with its non-ideal eﬃciency ηCP , is not necessary. A summary of the model results at 36 channels, which
is within 10% of the optimum energy point, is presented in
Table 2, and the breakdown of energy consumption among
the various blocks is shown in Fig. 7. As expected from
(1), the model selected preampliﬁer current densities at the
edge of weak inversion near the maximum transconductance
eﬃciency. Compared to a non-optimized SAR ADC in the
same technology [9], the model yields an ADC with 3× lower
energy per conversion.
The ﬂexibility of the model is demonstrated by evaluating
the use of a boosted sampling supply. Re-running the optimization with the additional constraint that VDDS = VDD ,
yields the curve shown in Fig. 8. At low voltages, the sampling switch size rapidly increases. Even with the non-ideal
charge pump, boosting the sampling supply can produce an
overall 22% energy savings with a smaller sampling switch
and lower core voltage.

length of the clock path to any channel therefore grows as
the length from the center of the die (presumed to be the
origin of clock distribution) to the corner of the die (the location of the farthest channel). If the die area grows with M ,
then the length of the clock path to a single channel grows
with the√diagonal, and the per-channel clock capacitance
Cclk ∝ M . This scales similarly to that of an H-tree’s
capacitance, Cclkwire , with
 the number of gates, Ng , in a
digital circuit, Cclkwire ∝ Ng [18].
The total energy per conversion is
2
Eclk = Cclk VDD
(b + 1).

(9)

The ﬁnal term is included because a single conversion requires (b + 1) clock periods. It is important to note that (9)
only applies if the minimum frequency clock is distributed to
every channel. If, instead, the sampling clock is distributed
in a balanced path to every channel, the number of clock
edges per conversion increases from b+1 to M , giving a total
clock energy that grows as M 3/2 instead of M 1/2 . Clearly,
minimizing the frequency of the clock distribution is critical
in interleaved ADCs.

5.

DISCUSSION AND CONCLUSION

The traditionally digital energy saving methods of supply
voltage reduction and parallelism have been applied to the
interleaved SAR ADC and have, combined with an optimization for analog transistor sizing and bias current densities,
led to an operating point with 3× energy savings. A 36way interleaved ADC prototype has been implemented in
a 65 nm CMOS technology using the transistor sizes from
the model as a starting point and further reﬁning them
through transistor-level simulations [19]. Figure 9 compares
the power breakdown of the chip with the power expected
from the model. Due to a limited number of supply pins, the
granularity of these results is not as ﬁne as the breakdown

4. MODEL RESULTS
The energy model has been implemented using Matlab
with the global optimization parameters deﬁned in Table 1.
Figure 6 plots the predicted energy per conversion and operating voltages versus the number of parallel channels. The
optimum energy point occurs with 121 channels, but the
curve is fairly shallow above 30 channels. The small additional energy savings would not be worth the great increase
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Figure 9: Comparison of the measured ADC power
from a 65 nm CMOS testchip [19] with the results
from the energy model.

[13]

in Fig. 7. The measured power numbers are fairly close to
the modeled ones. The increase in sampling power is due to
an architectural change where the sampling supply is used
to drive the ﬁrst stage of clock buﬀers across the chip.
While relatively undiscussed among ADC literature, digital energy is and will continue to be non-trivial in mediumto-low resolution converters and must be considered when
targeting the best possible performance in a mixed-signal
circuit or system. The results presented above demonstrate
that signiﬁcant mixed-signal energy savings are achievable
through joint optimization of analog and digital circuits.

6.

[14]
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[16]
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