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Abstract—This successive approximation register ADC uses
time-interleaving to gain the energy advantage of slower circuits (reduced supply voltage and improved bias points) without
sacrificing high speed operation. The drawbacks of interleaving
are addressed through architectural solutions. Channel redundancy counteracts the severe yield loss that parallel circuits
experience due to local variation. Clock partitioning restricts the
distribution of the precise, high-speed sampling clock to three
centrally located sampling networks. Only a low frequency clock
is distributed across the majority of die area. The skew-resistant
global top-plate sampling network is extended to allow overlapped
sampling windows without introducing extra sources of crosstalk.
The 36-way interleaved 5-bit ADC operates with a core voltage
of 800 mV and consumes 1.20 mW total power at 250 MS/s. At
Nyquist, the SNDR is 28.4 dB. The 6 redundant channels (17%
overhead) increase the yield of the 24 measured chips from 42%
to 88%.
Index Terms—ADC, deep submicron CMOS, SAR, timeinterleaving.

I. INTRODUCTION
HE proliferation of portable and battery-powered devices
places increasingly stringent requirements on power
dissipation. In many wireless or communication systems
high-speed analog-to-digital converters (ADCs) are a critical
block for overall performance and power. Advanced CMOS
processses, circuit innovations, and the increasing use of the
successive approximation register (SAR) topology have led
to dramatic improvements in ADC energy efficiency [1]–[6].
Here, we focus on the use of parallelism, which is compatible
with many of these other advances, to improve energy efficiency
of a mixed-signal system.
Time-interleaved [7] ADCs have multiple slower sub-ADCs,
or channels, that sample at fixed offsets in time to achieve an
overall higher sampling rate. This technique is traditionally
used to push the speed/resolution boundary of an architecture.
Eighty interleaved pipelined ADCs have enabled 20 GS/s,
8-bit operation [8]. Interleaved SAR converters achieve similar
sampling rates to flash ADCs [1]–[3], [9], and, very recently,
are even used to sampled at tens of gigahertz [10]. In this paper,
however, we focus on a different motivation for time-interleaving: slower ADCs are fundamentally more energy efficient
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than their very high speed counterparts. Time-interleaving
extends the conversion time of individual channels, which
permits lower supply voltages and subthreshold biasing of
analog circuits. These in turn improve the energy efficiency of
the channels and the overall ADC if overhead (e.g., clocking)
is limited.
Unfortunately, time-interleaving introduces problems not
present in single-channel ADCs. Mismatches between channels’ offsets, gains, and sampling instants produce distortion
that reduce the overall signal-to-noise-plus-distortion ratio
(SNDR) of the converter, as analyzed in [11]. These mismatches are due to variations between channels and can be
considered local in nature. In fact, any local variations are
detrimental to parallel systems, where their impact increases
with the number of parallel elements. Most highly-interleaved
converters use extensive calibration to correct for variations
between channels [8], [10]. Several techniques have been
developed to perform background calibration for offset, gain,
and/or timing mismatches [12]–[14]. Calibration is effective but
requires additional correction circuitry per-channel that must
be carefully evaluated for its energy cost, particularly when, as
in this work, interleaving is used to lower power consumption.
Here, we introduce the use of redundant channels in a time-interleaved converter to mitigate the effects of local variation. Redundancy becomes increasingly effective as the level of parallelism in a system increases, and, in this implementation, can
be used to correct parametric errors and even defects within a
channel. Sizing, calibration, and now redundancy, are the essential elements to improving yield in mixed-signal circuits.
This paper presents a 36-channel, 5-bit, 250-MS/s ADC
[15]. Each channel is implemented using the SAR topology.
The large number of channels permits operation at 800 mV
with the analog circuits biased in the subthreshold region of
operation. Architectural solutions are proposed to address the
major limitations of interleaving. As mentioned above, redundancy is applied to the channels to address mismatch and local
variation. A global passive top-plate sampling network reduces
timing skew and has been extended to permit longer and overlapped sampling windows with minimal crosstalk. Finally, a
block structure and hierarchical clock network simplify clock
generation and distribution requirements.
II. PARALLELISM IN ADCS
While interleaving has been used to lower ADC power consumption by enabling the choice of more energy efficient architectures [1], [9], this work further increases the number of
channels to improve the energy efficiency without a change in
the channel architecture. We will begin with a discussion of the
relationship between energy and parallelism in ADCs for a fixed
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Fig. 1. Simulated nMOS g

and f as a function of gate voltage.

Fig. 3. Optimization results showing energy per conversion as the number of
interleaved channels, M , increases.

Fig. 2. Simulated inverter energy and delay.

sampling rate and then discuss the deleterious effects of local
variation in highly parallel systems.
A. Mixed-Signal Optimum Energy Point
Both the analog and digital energy efficiencies of an ADC
improve as the speed of operation decreases. For many linear
analog circuits (such as the preamplifier shown in Fig. 11) the
energy scales as
(1)
is the supply voltage,
is the total load capaciwhere
tance,
is the quiescent bias current, and
is the transistor
transconductance. In (1), energy consumption is inversely pro, which is
portional to the transconductance efficiency,
plotted in Fig. 1. Transconductance efficiency is maximized in
. Unforthe subthreshold region of operation where
is severely degraded in this retunately, as shown, device
gion, precluding high speed operation. For converters operating
at hundreds of MS/s, the analog circuits typically must be biased in strong inversion with consequent reduction in energy
efficiency.
Similarly, at slower sampling speeds, digital propagation delays can increase. Therefore, the supply voltage can be reduced
energy savings (Fig. 2). This is a driving motito achieve
vation for the use of parallelism and/or pipelining in low power
digital circuits [16]. While not usually discussed in ADC literature, digital power is a significant problem, particularly in
low-to-medium resolution converters [17].

As the number of channels increases, overheads due to synchronization, such as clocking and muxing of the ADC outputs,
begin to counteract the benefits of slower channel operation. A
mixed-signal energy optimization has been performed on an interleaved SAR ADC, as described in [17], and the energy per
conversion is plotted versus the number of channels in Fig. 3.
The largest source of energy savings towards the right of the plot
is the digital supply voltage scaling. After 25–30 channels, the
curve exhibits a broad minimum. (The actual minimum value of
121 channels is not shown on the graph for the sake of clarity.)
In this region, further savings from slower channel operation
are roughly balanced by overhead of interleaving. Because the
minimum is so broad, other design factors (e.g., area and design
complexity) have led to the choice of 36 channels for this design,
with a predicted energy consumption within 10% of optimal.
Along with the top-level energy results of Fig. 3, the optimization gives initial values for most analog design parameters
(e.g., preamplifier transistor widths, bias currents, and sampling
switch sizes) and buffering and drive strengths at the output of
digital blocks [17]. These values have been used to shorten the
design cycle time, similar to other ADC optimizations [18].
B. Impact of Local Variation
While offset, gain, and timing mismatches between channels are the most discussed impairments of interleaved ADCs
[11]–[14], they represent only special cases of channel variation. In fact, all local variations produce a greater impact on
yield in interleaved versus single-channel ADCs. The performance degradation may not be apparent by looking at statistical
quantities, such as SNDR or integral nonlinearity (INL), calculated from the interleaved output of an ADC because these can
average out uncorrelated errors between channels. In most practical systems, every sample should meet a similar level of precision. For this reason, a chip will be considered functional only if
every individual channel, as well as the overall interleaved ADC
meet target performance metrics (e.g., INL, SNDR, etc.).
can be indeAssuming the yield of an individual channel
or
from global or local variations,
pendently attributed as
respectively,
the yield of an -way interleaved
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Fig. 4. Behavioral simulations showing the INL yield versus the unit capacitor size within each channel. (a) Number of parallel channels is varied. (b) Number of
redundant channels is varied with 36 nominal channels.

ADC is
. Thus, even if global variations may have
, as the
greater impact in a non-interleaved converter
number of channels increases local variations severely impact
yield. For this reason, the remaining analysis assumes that total
. A breakdown of
yield is due to local variations only,
the measured variation mechanisms is presented in Section V-B.
From a design perspective, this effect can be clearly seen by
looking at the static linearity of a channel. In a charge redistribution SAR ADC [19], INL is ultimately limited by capacitor array
matching. As matching improves with larger capacitor sizes, the
INL yield of a single SAR ADC improves with a bigger array, as
shown in the top curve of Fig. 4(a). With good layout techniques,
matching is inherently a local effect. Therefore, each channel’s
INL varies independently, and yield drops with increased .
As shown, for 36 channels and the same 95% yield, the unit capacitor size must increase to 2.2 the original value. This is
not only a large overall area penalty because capacitors are the
plurality of channel area, but it also is a large reference voltage
and digital switching energy penalty, which was not accounted
for in the energy optimization. By using sizing to recover yield,
much of the energy savings from interleaving would be lost.
As an alternative approach, calibration can be used to correct for static nonlinearities and offsets in SAR ADCs [20] at
the cost of additional channel complexity. While calibration is
often an efficient mechanism to reduce the required raw (uncalibrated) yield, it does not change the requirement of post-calibrated yield. It is therefore more difficult to calibrate an interthan to
leaved ADC with required channel yield
calibrate a non-interleaved ADC. In addition, fault coverage is
inherently limited by the particular calibration implementation.
For instance, the technique in [20] can correct for INL errors but
not for dynamic nonlinearities.
Rather than trying to use sizing or calibration to improve
channel performance, the proposed ADC uses redundant channels to correct for yield loss due to local variation. Memories
routinely use redundancy to correct failures in large arrays [21].
ADCs have also used redundancy to relax comparator requirements in a flash converter [22]. The proposed implementation,

TABLE I
UNIT CAPACITOR SIZES FOR 95% OVERALL YIELD

however, uses a much larger redundant element (an entire
channel) but with fewer total redundant elements. By adding
extra channels and choosing the “best” ones, the statistical
outliers with the worst performance can be eliminated.
The advantage of redundancy can be seen by revisiting the
capacitor array sizing simulations discussed earlier. As shown
in Fig. 4(b), every redundant channel beyond the 36 nominal
ones shifts the yield curve to the left, and using six redundant
channels recovers the yield lost due to parallelism. The required
unit capacitor sizes for 95% yield are summarized in Table I.
For the same 36 nominal channels, only a 17% area overhead in
number of channels permits more than a 2 reduction in capacitor size per channel. This redundancy implementation therefore
only requires a minimal increase in total chip area but with significantly smaller devices for lower power consumption.
The overall yield of the ADC due to identical independently
distributed local variations among the channels is a Bernoulli
random process. If the probability that a single channel works
out of
is , then the probability that at least
channels meet the specification is
(2)
For a target yield of 95% with
, increasing the number
from 0 to 6 reduces the required
of redundant channels
channel yield from the stringent specification of 99.86% to the
much more relaxed 91.9%.
Channel redundancy is not limited to improving static nonlinearities. It can correct for any parameters that vary between
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Fig. 5. Top-level ADC block diagram.

channels, including dynamic nonlinearities, gain and offset mismatch, timing skew, and even localized defects. The redundancy
implementation details and top-level ADC architecture are presented in the next section. The channel selection procedure,
which controls for what faults redundancy corrects, will be discussed in Section V-A.
Calibration and redundancy are fully complementary techniques and have different design strengths. Redundancy
becomes increasingly effective at higher levels of parallelism,
where the same number of redundant elements give a greater
improvement in yield. At higher resolutions, the overhead
from complex calibration schemes is reduced in comparison
to overall converter power. As this ADC is low resolution but
highly parallel, the relatively simple digital offset correction
is the only calibration technique used (see Section IV-B),
whereas redundancy is the primary mechanism to improve
most parameters.
III. HIGHLY-INTERLEAVED ADC ARCHITECTURE
The top-level architecture of the ADC is shown in Fig. 5.
Three blocks each contain 12 nominal and two redundant channels. The block also has a sampling network, clock generation
block, and output mux. All the channels within a block share the
with frequency
, where
is the overall
same
sampling frequency. Half of the channels align to the positive
edge of this clock, and half align to the negative edge. All critical sampling edges are confined to the block sampling network, described later in Section IV-A, easing the requirements
. The chanof the jitter and duty cycle distortion of
nels within a block, as well as the blocks themselves, synchrotoken that, when received, initiates
nize by passing a
sampling [9]. The path of this
token fixes the channel
order, but any individual channel can be skipped, as described
in Section IV-B.
The block sampling network receives the precise, high-speed
. This clock is only distributed to the
sampling clock
three block sampling networks, which are placed near each other
is distributed across a
in the layout. The block clock
much larger area, but it switches at a lower frequency. In addition, the ADC performance is not sensitive to even moderate
, so it is distributed
amounts (up to 1 ns) of skew on
in an imbalanced network (different path lengths to the various
channels) to minimize total routing capacitance and further reduce power dissipation. This clock partitioning greatly reduces

Fig. 6. Comparison of the implemented redundant channel structure to one
where all channels are interchangeable.

clock is derived
clock generation requirements (only one
per-block) and distribution power.
With this implementation, however, the assumptions underlying the redundancy analysis in Section II-B, are no longer met.
channels can alThe derivation of (2) assumes that the best
ways be chosen, but here channels are grouped within blocks.
Only the best 12 out of 14 channels within a block can be chosen.
The total yield of an ADC with such a block structure is

(3)
is the number of blocks, and
is the total number of channels (nominal and redundant) within a block. Fig. 6 compares (2) with (3) (with
) as the number of total redundant channels is increased. As shown, the final implementation with blocks of 12
nominal and 2 redundant channels does increase the required
channel yield to 96% (compared to 91.9% for global redundancy); however, the resultant decrease in complexity makes
this a good tradeoff. To fully implement global redundancy, either the full frequency sampling clock needs to be distributed
to every channel, increasing the clocking power significantly,
or extensive synchronization circuitry must be added to permit
swapping channels between blocks.
Here,

IV. CIRCUIT DETAILS
A. Sampling Network
Sampling remains a difficult problem in interleaved converters, both due to the high speed analog input signal and
the distributed sampling network across a chip. Timing skew,
which is any deviation from the ideal channel sampling instants, results in a degradation of performance as input signal
frequency increases. Assuming the timing skew of each channel
,
is a Gaussian random variable with standard deviation
an -way interleaved ADC sampling a sinusoidal signal of
frequency
has a skew-limited SNDR of [23]
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Fig. 7. (a) Schematic and (b) timing diagram of global passive top-plate sampling network.

For instance, a 250 MHz input requires
16 ps
for
5-bit resolution. This level of timing precision is very difficult
to achieve via clock distribution across a large die area. Phase
mismatch due to bandwidth limitations of the sampling network
produces a similar effect to timing skew.
One approach that completely eliminates timing skew and
phase mismatch is to precede the time-interleaved ADC with a
single high-speed active sample and hold, sampling at the maximum sampling rate [24], [25]. Each channel only sees a held
signal, and timing skew does not produce any voltage error if
sufficient settling time is used. The active S/H, however, would
lead to a dramatic increase in this ADC’s power consumption
[26].
Gustavsson and Tan proposed a global passive sampling
technique that can reduce the timing skew related distortion
by 10–20 dB [27], [28], extending a technique introduced
for double sampling ADCs [29]. They use a global top-plate
sampling network, as shown in Fig. 7(a). The top plate switch
of a conventional sampling network is split into two series
shared among all the channels,
switches, a global switch
. The timing diagram of the
and a per-channel switch
switches is shown in Fig. 7(b). The sampling period for channel
occurs when both
and
are closed, with only one
channel sampling at a time. Switch
opens first, defining
the sampling instant; as this switch is shared among all the
channels, skew is ideally eliminated.
, however, leads
The presence of the parasitic capacitor
to some residual voltage error due to timing skew between the
. Defining the capacitor divider ratio
per-channel switches
(5)
the timing-skew related SNDR is [27]

(6)
Compared to (4), the SNDR improves by
.
To avoid this sensitivity to parasitic capacitance, the global
switch can also be placed on the bottom plate in series with
[30]. As the input signal is disconnected from the channel
after
opens, skew is completely eliminated. Bottom plate

Fig. 8. Sampling network extended for overlapped sampling windows.
(a) Schematic and (b) timing diagram.

switches, however, are floating and therefore tend to be larger
than top-plate ones that are referenced to ground. By placing
two switches in series, the total switch area must increase by
. To minimize the total increase in
4 to achieve the same
on the top plate. In addition, this
switching power, we placed
opens.
reduces signal dependent charge injection when
By using one sampling network per-block (i.e., 3
’s),
wiring and diffusion capacitances of only 14 channels, instead
, and is therefore small enough to
of all 42, contribute to
keep the residual skew low enough for the target resolution. At
resolutions over 8 bits, however, it will be practically impossible to maintain at a sufficiently low level, necessitating the
use of the bottom plate global switch [30] or other techniques.
The total sampling window in the network of Fig. 7(a) is limited to one period of the full speed sampling clock, which is
. The
much shorter than the period of the channel clock
small sampling window can lead to incomplete settling of the
step response that occurs at the onset of sampling and causes the
periodic behavior of SNDR with respect to the channel sampling
frequency observed in other interleaved converters [9], [10]. We
have extended the global top-plate sampling network to allow
for longer sampling windows that overlap between channels
but in such a way as to minimize crosstalk. As multiple channels sample the input simultaneously, any charge injected onto
shared nodes by opening or closing the sampling switches of
one channel must either produce an error voltage much smaller
than 1 LSB or must be timed such that the transient of the entire
sampling network will die out before the next critical sampling
instant. To reduce reliance on precise timing, our sampling network minimizes the number of shared nodes and keeps the maximum level of voltage transients at an acceptable level. Overlapped channel sampling also increases the total load seen by
the input driver. The total capacitance presented by all channels
sampling concurrently is kept to a level that can be driven with
a 50 with sufficient input bandwidth.
The extended sampling network is shown in Fig. 8. A sepais closed during a pre-sampling perate top-plate switch
; only one channel
riod to directly ground the top plate of
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Fig. 11. Comparator with duty-cycled preamplifier and regenerative latch.
Fig. 9. Simulation comparing the current injected onto V
with step and ramp drives.

when S is driven

Fig. 12. Synchronization block of channel i.

Fig. 10. Channel block diagram.

OS

is the digital offset correction data.

is connected to
at a time, avoiding coupling on this node.
is driven with a slow ramp drive
The bottom plate switch
to a boosted supply voltage. As compared to a step drive, simulations show that the slow turn on reduces the peak current
injected onto the input node by more than 8.5 (Fig. 9). The
kickback noise is sufficiently low that no measures are taken to
further align one channel’s start of sampling away from critical
sampling edges of other channels. The bottom plate switch is
also driven to a higher supply voltage of 1.2 V, which is within
the process limits but above the core operating voltage of the rest
of the ADC, which aids in tracking the high frequency analog
input signal. As shown in [17], the additional supply permits
more aggressive scaling of the core supply for overall energy
savings.
B. Channel Circuits
In addition to the standard SAR components of a capacitive digital-to-analog converter (DAC), comparator, and control
logic, the channel (Fig. 10) also includes synchronization and
digital offset correction blocks. The DAC is implemented using
the split capacitor array [3] for its good energy and linearity performance. To reduce sensitivity to systematic mismatches, the
layouts of the sub-arrays are swapped between the two common
centroid differential capacitor arrays [26].

The comparator (Fig. 11) consists of a single low gain preamplifier with output offset storage and a regenerative latch. With
digital offset correction, implemented as a saturating adder embedded within the channel, the input referred offset of the comparator can increase by 3 [17]. The offset tolerance is now sufficiently high that the second preamplifier in [9] is not needed,
leading to significant analog power savings. The preamplifier
current is disabled after the latch has finished settling and before the start of the next bit decision phase.
Fig. 12 shows the channel synchronization block. In
normal operation, the channel selects the opposite phase of
(controlled by
) than the previous
the
channel and delays the
token by half of a clock
due to redundancy,
cycle. If the channel is disabled
and
are passed transparently to the
next channel; further, the channel clock is disabled and the
analog bias current is shut down. This simple digital block is the
only channel level overhead of the redundancy implementation.
A shared bus implements the output mux. When its outputs
peare ready, the channel drives the bus for half of a
riod, and the bus is sampled by a double edge triggered flip flop.
With this structure, the output mux requires no knowledge of
which channels are enabled, leading to a very simple implementation. As the offset is correctable digitally to 1/4 LSB [17], the
output mux is 7 bits wide.
V. MEASUREMENTS
This 36 6-channel ADC has been fabricated in a 65-nm
CMOS process. A serial interface programs the chip’s configu-
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Fig. 13. Photograph of 5 mm die.

Fig. 15. Dynamic performance of the ADC versus input frequency sampled at
250 MS/s.

TABLE II
ADC SUMMARY

Fig. 14. FFT of a near-Nyquist 117-MHz input sampled at 250 MS/s. Harmonics and spurs from gain/timing mismatch (G) are labeled.

ration registers, which include channel selection bits and the coefficients for digital offset correction. The output drivers use a
differential, low-swing architecture to facilitate the high-speed
interface with a logic analyzer. In addition, the first and third
blocks each have a debug bus that can drive a single channel’s
outputs off chip. The photograph of the 5-mm die is shown in
Fig. 13, where the blocks are shown from top to bottom. The
sampling networks are located in the center of each block. The
(see Fig. 8)
analog input and the switched ground nodes
are routed to the channels via balanced trees to reduce systematic timing errors.
A brief summary of single chip ADC performance will be
presented here, followed by a discussion of the redundancy,
channel selection, and yield in the succeeding sections. At
250 MS/s, the ADC draws 1.17 mA from a 0.8-V core supply
and 0.2 mA from the 1.2-V sampling supply, for a total
(excluding I/O) 1.20-mW power consumption. An FFT of a
117-MHz near Nyquist input frequency is shown in Fig. 14.
The largest spurs are labeled in the output spectrum. In addition
to the third and fifth harmonics, several spurs are located at
corresponding to gain and timing
frequencies

errors. These limit the spurious free dynamic range (SFDR)
to 47.5 dB, but their total power has negligible impact on the
SNDR of 28.4 dB. The THD is 44.6 dBc.
Fig. 15 shows the dynamic performance as the input frequency is swept. The separate contributions of the mismatches
between channels are also plotted. The flat portion at low
frequencies of the gain/timing curve is due to gain mismatch,
and the roll off at high frequencies is due to timing skew, which
is less than 15 ps . The ENOB drops from 4.6 at DC to 4.4 at
,
Nyquist, corresponding to a figure of merit,
of 240 fJ/conversion step. The ADC is summarized in Table II.
A. Channel Selection
Redundancy relies upon the ability to choose the “best” channels or, alternatively, eliminate the “worst” ones; this is the task
of channel selection, which is performed with an external signal
source, logic analyzer, pattern generator, and a computer running Matlab. Initially, all 42 channels are characterized with a
low and high frequency input signal, and a set of metrics are calculated per channel: INL, THD, SNDR, offset, gain, and timing
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TABLE III
CHANNEL SELECTION WEIGHTING COEFFICIENTS AND TARGET PARAMETERS

Fig. 17. Systematic variation of channel gain.

timing skew) across the 42 channels on a single chip. When the
four circled outliers are removed, all three metrics show more
than 30% improvement. Two remaining channels can be eliminated to further improve these or other metrics.
As currently implemented, channel selection would have to
be done at test time. Ultimately, it is advantageous to integrate
a channel selection engine on chip, both to reduce test time requirements and to be able to periodically re-perform channel
selection to counteract dynamic changes in performance. For instance, in the implemented testchip channels that have the best
THD at room temperature tend to have lower threshold voltage
in their sampling network switches. At 85 C, some of these
channels have increased leakage from the sampling capacitor
through these switches, degrading INL. The required test signal
source and digital engine would be shared by all 36 channels on
this chip for only limited overhead. Also, background channel
characterization can be performed because there are always unused channels available.
Fig. 16. Measured variation of INL, analog
single chip.

V

, and timing skew across a

B. Measurements Across Multiple Chips

skew. For each metric, a per-channel penalty is assessed for any
deviation from a target, as calculated in (7) for INL.

o.w.

(7)

This target should be more conservative than the actual specification in order to eliminate marginal channels when possible
(i.e., if there are fewer than 2 channels per block that fail a specification). A total penalty for channel is a weighted sum of these
per-metric penalties,

(8)
A summary of targets and coefficients for the final channel selection is shown in Table III.
The channels with the highest penalty per block are eliminated until 36 channels remain. At that point, the chip is programmed with the chosen channel configuration, digital offset
is measured, correction coefficients are programmed, and the
final performance is evaluated.
As an example of channel selection, Fig. 16 shows a typical variation of three metrics (INL, analog offset voltage, and

In measurements, different types of variation can be observed
that will be classified as follows. Systematic variations, which
should be minimized through proper layout, are correlated for
the same channel across multiple chips. Random variations can
be global, which is the variation in chip-to-chip mean values.
They can also be local variations that are correlated within a
block (e.g., variations in the global sampling switch) or are
completely independent between channels. The implemented
channel redundancy is best at correcting independent channel
errors and is relatively ineffective at correcting global variation
or variations that are clustered within a block.
For each of the metrics, Table IV shows an estimate of the
relative contributions of these different types to the total variance. Due to the limited number of chips tested and correlations
between some of the variations, this is only an approximation.
From the table, it is shown that most of the metrics are dominated by random channel variation and therefore correctable
with the redundant channels. Gain, however, is dominated by
the systematic variation plotted in Fig. 17. The evident bowing
drop on the reference voltage lines, which run
is due to
from left to right in Fig. 13. The channels in the middle (e.g.,
19–24) are located furthest to the right and see the most attenu, which is equivalent to signal gain. Still, the total
ation on
distortion from gain mismatch is small enough to negligibly affect performance (cf. Fig. 15).
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TABLE IV
TYPES OF VARIATION

Fig. 18. Histogram showing improvement of worst channel’s INL and THD
after channel selection.

TABLE V
SUMMARY OF YIELD DATA

through architectural solutions. While these architectural techniques have been presented in the context of this low power
ADC, they are also applicable to more conventional interleaved
ADCs that push the sampling speed boundary. A strict clock
partitioning restricts the high-speed, precise domain to only
a small chip area, with a lower speed clock distributed in an
unbalanced network across all the channels. The global passive
sampling network that mitigates timing skew has been extended
for longer, overlapped sampling windows between channels
without introducing significant crosstalk.
Finally, redundancy has been proposed as an efficient mechanism to counter yield loss due to local variation. With only a
17% area overhead, the yield is increased from 42% to 88%.
Redundancy, along with sizing and calibration, are the essential
elements to improve yield in a system. While this work has focused almost solely on redudancy, calibration and redundancy
are fully compatible techniques; this work combined channel
redundancy with offset calibration, but much more extensive
combinations are possible. At higher resolutions, increasingly
complex calibration techniques can be used without decreasing
energy efficiency. Calibration is very powerful when all error
sources are known at the design time and if they are easily corrected, but calibration suffers due to the underlying statistics in
parallel systems. In constrast, redundancy relies on replacing,
instead of fixing, failing elements and can even correct for isolated manufacturing defects. In addition, its effectiveness improves with increased levels of parallelism. While relatively unexplored to date, redudancy has great potential for mixed signal
circuits.
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