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An Embedded Passive Gain Technique for
Asynchronous SAR ADC Achieving 10.2 ENOB
1.36-mW at 95-MS/s in 65 nm CMOS
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Abstract—This paper demonstrates an asynchronous successive-
approximation-register (SAR) analog-to-digital converter (ADC)
architecture with an embedded passive gain technique for low-
power and high-speed operation. The proposed passive gain tech-
nique relaxes the noise requirement of the comparator and reuses
the existing capacitor DAC in SAR for minimal overhead. An
additional time-out scheme is adopted to advance the SAR con-
version whenever the comparator takes longer time to resolve,
which improves the overall conversion rate. To prove the concept,
an 11-bit ADC prototype was fabricated in 65 nm CMOS tech-
nology. The prototype measured a peak effective number of bits
(ENOB) of 10.2 and a spurious-free dynamic range (SFDR) of
75.2 dB at a 95-MS/s sampling rate with 1.36-mW power con-
sumption from a 1.1 V supply. The measured static differential
nonlinearity (DNL) and integral nonlinearity (INL) were less than
=+ 0.84 LSB with a differential input swing of 1.6 V..

Index Terms—Complementary metal-oxide-semiconductor
(CMOS), passive gain, successive approximation register (SAR)
analog-to-digital converter (ADC).

I. INTRODUCTION

UCCESSIVE-APPROXIMATION-REGISTER  (SAR)

analog-to-digital converters (ADCs) favor technology scal-
ing due to mostly digital implementations, and allow a wide range
of resolutions and sampling speeds, making them ideal for both
wired and wireless applications. SAR ADCs are also power-
efficient, as the successive approximation algorithm avoids re-
dundant comparisons and typically utilizes only one comparator.
Furthermore, the conversion speed constraint is mitigated by
the asynchronous SAR architecture, which was proposed in [1]
and demonstrated for high speeds and medium resolution. How-
ever, the SAR architecture is limited by the noise and finite set-
tling time of the comparator and capacitor DAC, which makes
further enhancing ADC resolutions at high sampling rates dif-
ficult. The DAC settling time constraint can be mitigated with a
non-binary search algorithm [2] and asynchronous implementa-
tion [3]. Optimizing the comparator performance typically
involves increasing the power consumption to lower the input
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referred noise [4] and reduce the overall comparator propaga-
tion delay. On the ADC architecture level, there are alternatives
to help improve the conversion speed, such as a pipelined SAR
architecture [5], [6] or a multi-bit per conversion SAR archi-
tecture [7]. Either case incurs extra active circuits and hence
higher power consumption. Therefore, more efficient ways to
resolve the speed-resolution-power trade-offs are required.

This work aims to further advance the asynchronous SAR
architecture into a high-resolution, high-sampling rate regime,
where sampling (k7'/C') and comparator noise become dom-
inant factors that demand extra speed and power overhead. To
alleviate the speed-resolution-power trade-off, an asynchronous
SAR ADC with an embedded passive gain architecture [8] is
thus proposed and prototyped in 65 nm CMOS technology to
not only speed up conversion but also to relax the compara-
tor noise requirement. The prototype achieves 95-MS/s and
> 10-bit ENOB with 1.36-mW power consumption in the
silicon measurement.

This paper is organized as follows: Section II introduces the
proposed passive gain technique and provides an analysis of the
power trade-offs, noise, and conversion speed of this technique.
Section III describes the implementation details of the ADC.
The measurement results are presented in Section IV, followed
by the conclusion in Section V.

II. ANALYSIS OF PROPOSED GAIN TECHNIQUE
A. Motivation

This section describes the key concept of the proposed pas-
sive gain topology for SAR ADC, and provides the performance
analysis and comparison with a conventional asynchronous
SAR ADC architecture. Specifically, the overall noise, conver-
sion speed, and power efficiency of the proposed technique will
be discussed.

A conventional N-bit asynchronous SAR ADC is illustrated
in Fig. 1(a). The input signal is sampled onto a capacitor
array, followed by a comparator and an asynchronous SAR
logic. The comparator compares the polarity of the residue
voltage in successive stages, where the residue voltage is gen-
erated via the capacitor array. The key idea of passive-gain-
assisted SAR architecture is to insert an additional gain stage
in between the capacitor array and the comparator, as shown
in Fig. 1(b). Due to the additional gain, the desired input is
amplified, allowing relaxed comparator noise and faster settling
speeds of the comparator. In addition, the relaxed requirement
on the comparator design allows us to choose smaller input
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Fig. 1. (a) Conventional asynchronous SAR ADC and (b) proposed asynchro-

nous SAR ADC with passive gain stage.
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Fig. 3. Signal swings out of tolerable range after capacitor stacking.

pair, which results in reduced input capacitance. In order to
maximize power efficiency, we propose to implement a passive
gain stage that avoids static current consumption. In the sim-
plest configuration, the input signal is simultaneously sampled
on two capacitors during the sampling phase and stacked up
during the amplification phase (see Fig. 2). After capacitor-
stacking, the output voltage is twice the sampled input voltage.
The capacitor-stacking technique has been used in DC-to-DC
conversion [9] and pipelined ADCs [10] with limited resolution.

However, as the passive gain technique amplifies the mag-
nitude of the sampled signal, the enlarged signal can cause
improper operation of the internal MOSFET switches, espe-
cially when the ADC input is designed close to the rail-to-rail
range. As shown in Fig. 3, the passively amplified signal can be
clipped whenever the voltage at the comparator input falls be-
low ground level by the threshold voltage (V) of the bottom-
plate switch (SWo). In this case, the switch starts to conduct
current when it should be off. To ensure the proper switch
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Fig. 4. (a) Proposed level shifting circuit and (b) bounded voltage swing range
after level shifting up/down.

operation, an additional level-shifting circuit is implemented, as
illustrated in Fig. 4(a). The idea is to connect a pre-charged ca-
pacitor, C'x, in between the two stacked capacitors (Cy and C5)
with two possible directions. When the signal voltage is de-
termined to go below ground, C'x should be connected in a
direction that shifts the level up, and vice versa. The action
of shifting the level up or down can be simply determined
by the first MSB decision result (D7), which is based on
the output voltage of capacitor C; without capacitor-stacking.
In the case of binary successive approximation, the capacitor
is first initialized to half of the full scale voltage (Vrs/2)
during the input tracking phase, and thus ensures that the signal
swing at every internal node after capacitor-stacking is always
bounded within the supply rail, as shown in Fig. 4(b).

In the following subsections, we will discuss the impact of
applying passive gain technique to SAR ADC. It has been found
that the most significant impact of the passive gain technique
is the relaxed comparator design constraint while maintaining
a similar charge redistribution speed as in the conventional
asynchronous SAR ADC.

B. Power Efficiency Enhancement

Assuming the passive gain stage provides a voltage gain
of Gpassive, the input referred noise in front of the passive
gain stage will scale down the comparator noise by a factor
of Gpassive- Here, we focus only on the comparator noise; the
sampling noise effects are discussed in the next subsection.

Considering a typical regenerative comparator [11], the input
referred noise can be expressed as

1 kT

. ey

Pn,comp G

Passive
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Fig. 5. SNR comparison between conventional and the proposed sampling
network versus a capacitor weighting factor with 4 pF sampling capacitor and
1.6 Vpyp input swing.

where ~y is the thermal noise factor, p is a topology-dependent
constant relying on the number of transistors contributing the
noise, and C7, is the comparator’s load capacitance. Given the
same noise performance with Gpagsive > 1, the load capaci-
tance can be scaled down by a factor of G3,_;... In terms of
comparator speed, the regenerative comparator bandwidth is
proportional to gp,/Cp, [12]. Therefore, the transconductance
(gm) of regenerative transistors can be lowered by the same
ratio as the load capacitor for a fixed bandwidth. Assuming g,
scales proportionally with the bias current given the same volt-
age bias, the comparator’ s power consumption can be reduced
by four times when Gp,gsive 18 two. In the SAR architecture, as
the comparator’ s power consumption is a dominant factor in
the analog portion of the ADC, the proposed passive gain helps
to improve the overall ADC power efficiency.

C. Noise Trade-Offs

In this subsection, we discuss the sampling and comparator
noise when applying the passive gain technique. In the passive
gain network, the analog input is first sampled via two separate
switches and capacitors, and then configured in series during
the SAR conversion phase. As a result, the £7'/C sampling
noise power from each capacitor (V;?; and V;?,) should be
summed while the input signal amplitude is doubled after
capacitor-stacking as illustrated in Fig. 2. Assuming the sam-
pling noise from C; and Cy are uncorrelated due to separate
switches, the signal-to-noise ratio (SNR) at the sampling net-
work output in the conventional and passive gain cases can be
expressed as

Ps;
SNRcony =10 -1 e
© o810 kT/CS,Conv

G%assive X PSig
kT/C1 + kT/CQ

©))

SNRPassive =10- 10glO (3)
where Psi, is the input signal power, k is the Boltzmann
constant, and T is temperature. To investigate the impact of
capacitor-sizing on SNR, we constrain that the total sampling
capacitor size in both cases are the same, i.e., Cs .cony = Cg =
C's,passive =C1+C4. We then introduce a capacitor weighting
factor («), where C; = aC, and sweep its value from 0 to 1,
as illustrated in Fig. 5. The optimal point, i.e., SNRcony =
SNRpassive, 18 found when capacitors C; and Cs are equal in
size. Note that, +10% mismatch between Cy and C5 degrades
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Fig. 6. Comparator noise models of the conventional and proposed passive
gain assisted SAR ADC.

SNR by 1 dB from the peak value, as shown in Fig. 5. Here, we
assume the passive gain is two in this noise analysis. In a real
circuit implementation, there will be attenuation due to parasitic
capacitance, which is discussed in more detail in Section III-B.

Regarding the comparator noise comparison before and after
applying passive gain technique, the comparator noise mod-
eling of the SAR architectures is drawn in Fig. 6. The only
difference is that the reference voltage is amplified by a factor of
Glpassive 10 a separate path in the passive gain case. Therefore,
in terms of the overall input referred noise, the passive gain
assisted SAR results in additional attenuation by a factor of
Gpassive- Note that, in the real implementation, the amplified
reference voltage is provided via external reference voltage
regulator.

D. Conversion Speed

A typical N-bit SAR conversion speed is determined by input
tracking time (7Tryack ), capacitor DAC (CDAC) charge redistri-
bution time (Tpac), comparator resolving time (Tcomp), and
logic propagation delay (17,0gic). Assuming a single compara-
tor is used, the ADC cycle time (Tcycle) can be expressed as

N
TCyCle = TTrack + Z (TDAC [Z] + TComp [Z] + TLogic) . (4)

i=1

In this subsection, we discuss the impact of Tcomp and Tpac
after applying the proposed passive gain technique. First, the
required CDAC settling time at the ¢th SAR conversion cycle,
Tpac[i], can be determined by the effective capacitance seen
from the reference voltage source in the ¢th conversion cycle
and turn-on resistance of the switch, where we assume the index
1 goes in ascending order from MSB to LSB conversion cycle.
Then, to compare the Tpac difference between the conven-
tional and passive gain capacitor networks, we fix the turn-on
resistance, i.e., the switch size, in both cases and compare the
settling time constant. Here, the series switches connected to
the level-shifting capacitor (C'x) are neglected, because their
turn-on resistance is order of magnitude smaller than that of the
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reference switches in this prototype. Note that, in the final pas-
sive gain implementation, we replace Cs, annotated in Fig. 2,
with CDAC to perform a SAR reference voltage subtraction,
as will be elaborated in Section III-C. Since the passive gain
approach splits the total sampling capacitor into two half-sized
capacitor banks (Cy; and Cj in Fig. 2) as discussed in the
previous subsection, the settling time constant of the CDAC,
i.e., C2, can be theoretically reduced. However, due to the
additional parasitic capacitance in the internal nodes of the final
capacitor network implementation, the overall CDAC settling
speed is comparable to the conventional case according to the
post-layout simulation using 65 nm CMOS technology. Note
that, since the associated parasitic capacitance is technology
dependent, the settling speed of the passive gain capacitor
network may improve over the conventional SAR case if SOI
technology is chosen due to less parasitic capacitance.

Next, we examine the impact on comparator resolving
time, i.e., Tcomp- In the context of this paper, we define the
comparator-resolving time as the time difference between the
strobing instant and the comparator output resolved to full
swing. In general, whenever the comparator input voltage is
small, the comparator will take longer time to resolve. In the
extreme case, it might even enter a metastable state. In order
to evaluate the impact of passive gain on comparator-resolving
time, a simple comparator topology composed of a pre-
amplifier and strong-arm latch is used. Without considering the
slewing effect, Tcomp, for the ith SAR conversion cycle, can be
approximated as [13]

L ( Vs ) 5)
W—SdBc;(latch Gpreamp : VIN,Comp [Z]

Toompli] =

where V7 is a comparator input, Vrg is the full scale voltage,
w_3qp is the 3 dB bandwidth of the comparator, and Gatch,
Gpreamp 1S the voltage gain of the regenerative latch and pre-
amplifier, respectively. Since the ADC input can be close-to
rail-to-rail, we will only apply a passive gain (Gpassive) from
(MSB-1) to LSB conversion to avoid exceeding the full swing
limit at the comparator input. In order to examine the impact
of the passive gain technique in asynchronous SAR, we follow
a similar analytical strategy in [1], together with (5), to find
out the maximum and minimum bound of Zf\i 1 Tcompli],
as it is input-signal dependent. We then compare the total
resolving time (Tcomp,passive) With that of the conventional
asynchronous SAR conversion (Tcomp,async) it both best and
worst case, as expressed in (6) and (7), shown at the bottom of
the page. As an example, we set Gpreamp = 10, Gpassive = 2,
and N = 12, Tcomp,passive/ T Comp,async calculated from (6)
and (7) are ~70% and ~80%, respectively

1631

veFOH Bootstrap [—{ Capacitive DAC Di~Du | pgjt [DOUTwss
2@ Sswitch || with Passive Gain Caches
VRDY
SCLK SW_CTRL CKpgir
( CKrop/got) [1:13] CKamp, CKrs
- _
\
Clock Switch Internal Pulse
CKin BH Generator ; Decoder Generator
|
Reset | Sequencer
|
\

Asynchronous SAR Logic

Fig. 7. Block diagram of the asynchronous SAR ADC with embedded passive
gain stage.

Parasitic Psi _‘T'_ _‘T'_ £ psi = o
components T T T T T T ,comp
lg1 C
Vsigsz\ czl Va | 1

o] | :
waé X

SAR conversion i

Feedback path é VEes/2

I o

VSig o o

Bootstrapping Clock Doubling

Fig. 8. Parasitic capacitors in the proposed sampling network.

[II. IMPLEMENTATIONS
A. Proposed ADC Architecture

The block diagram of the proposed ADC is shown in Fig. 7.
The ADC input sampling is performed by a bootstrapped switch
for better linearity. The non-binary capacitor array with em-
bedded passive gain is followed by the two-stage comparator,
which also generates the data-ready signal (Vkpy ) needed for
the asynchronous SAR operation. To alleviate the impact of the
comparator metastability, a time-out circuit is employed inside
Vrpy generator. The data-ready signal then drives the asyn-
chronous SAR logic, which contains two key components. One
is the internal pulse generator block, which creates reset pulses
for the comparator and the CDAC switch decoder. The other is
the sequencer block, which makes the multi-phase clocks strobe
an array of bit caches for storing the comparator results. In
the following subsections, we will elaborate the implementation
and practical design considerations of the key building blocks.

B. Sampling Network

Since we use a pre-charged capacitor to perform level shift-
ing, it inevitably adds extra noise during the pre-charging phase.

TComp,passive _q1_ (N — 1) In(Gpassive) ©)
Teompasyne | Ve —vis NI 102 — N In(Gpreamp)

TComp,passive o (N - 1) In(Gpassive) . )
TComp,async |Vey=Ves/3 (N —1)In3+ XENH2 19— N In(Gpreamp)
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TABLE 1
SIGNAL GAIN OF DIFFERENT PATHS IN THE SAMPLING NETWORK
Voltage gain Description Expression

Gisig1 Signal gain from Cy —Go % {1 4 %PZS (%) CPX}
Gsig2 Signal gain from Co —Go

o . Cps
Gx Gain of level shifter —Gox 1+ e

/2
Not G C1C2Cx
ote o~
C1C2Cx + Cp comp(C1C2 + C1Cx + C2Cx ) 4+ Cps(2C1Cs + 3C1Cx 4+ C2Cx) + CpxC1(Ca 4 2Cx)

TABLE II
NOISE POWER BREAKDOWN
Noise source Percentage
Quantization noise (Pg) 721 %
Comparator noise (\/x?i.Corup) 18.2%
kT /C noise 73 %
Switch noise (V,2 gy) 24%

Here, we assume the capacitor, C'x, resamples the reference
voltage, Vrg/2, whenever ADC samples the analog input.
Therefore, the noise stored on Cx differs from sample to
sample, and can be modeled as a Gaussian noise source with a
total power of kT'/Cx . In this case, an additional k7'/Cx term
should be included in the SNR calculation, i.e., the denominator
of (3). Using the sampling capacitance value of this prototype
implementation (C; and C5 are equally 2 pF), we calculate
SNR degradation over different C'x values. In this prototype,
we choose C'x of 4 pF, which leads to ~1-dB SNR degradation
in comparison with the conventional SAR ADC architecture
with sampling capacitance of 4 pF. Note that, if the leakage
current of the switch is negligible over the time duration of
interest, C'x only needs to sample the reference voltage once,
for instance, during chip startup. In this case, the sampled noise
can be treated as an ADC offset instead of extra sampling noise.

Due to the different sampling paths via C; and Cs, the worst
case sampled voltage difference (V) can be expressed as
Verr = (27 finVrs /2) - Atskew, Where Atgey is the aperture
delay difference between the two paths, fin is the sinusoidal
input frequency and Vg is the full swing voltage. In order to
cause V.- equal to half LSB of the ADC, we calculate Atgyew
to be 1.64 ps given the Nyquist input frequency. In this work,
we have paid attentions to both layout and dummy insertion to
ensure that the aperture delay difference is much less than that
value.

Next, we will examine the signal attenuation due to parasitic
capacitors in the proposed sampling network, as shown in
Fig. 8. We derive the transfer function of each signal path from
the sampled signals of C'y, Co, and C'x to the comparator input,
as they undergo slightly different parasitic capacitor networks.

capacitances, as summarized in Table . With the modified
signal gain from each individual path, we can further modify the
SNR equation, since the sampled input signal and noise goes
through different paths. We derive the modified SNR in (8),
where Fg, VI?LCOIHP, Vn% gw are the quantization, input-referred
comparator, and total switch noise appeared at the comparator
input, respectively. In addition, In addition, all the different
noise contributions given this particular prototype design are
summarized in Table II. Note that the switch noise is dominated
by the reference switches due to significantly smaller turn-on
resistance of the series connected switches for level-shifting
capacitor, C'x . Based on the modified SNR equation (8), shown
at the bottom of the page, we choose the capacitor value (C'x)
and switch sizes in the level-shifting circuit to reduce the par-
asitic capacitances in both the schematic and layout to ensure
less than 1-dB SNR degradation. Additionally, we utilize boot-
strapped switches and clock doublers with smaller switches to
reduce the parasitic capacitance in the sampling network and
enhance linearity, as marked in Fig. 8

C. Non-Binary Capacitor Array

Thus far, we have only considered the passive gain capacitor
network with two capacitors and a level-shifting capacitor, as
shown in Fig. 4(a). In the real implementation, we replace Cs
with a non-binary capacitor array that generates and subtracts
the reference voltage as needed by the SAR algorithm. The
complete capacitor network implementation is shown in Fig. 9.
In essence, we incorporate the conventional CDAC as part of
the passive gain technique for minimal overhead, and hence
we refer to it as embedded passive gain technique. Note that,
although the actual circuit implementation is fully differential,
a single-ended CDAC operation is illustrated and analyzed in
this paper for simplicity.

Depending on the pre-charged voltage across level-shifting
capacitor (C'x) and ratio between the capacitors, it determines
the weight of each decision bit, i.e., radix. We can express the fi-
nal residue voltage (Vrpg) after completing SAR algorithm as:

13
. . . V; Co k-
The gain of these signal paths are depoted as Gsig1 E.m.d Vies = —2Viig— VX DH_Z QC{c 1Dk Vigr.  9)
Gsig2, and Gx, and expressed as a function of those parasitic REF 2 2
G i G i 2 X Pi
SNR%assive =10 10g10 2 kT 2 (kTS £ +2 kSTgQ) 2 - 2 : (8)
C;(Siglc’_1 + GSig20_2 + GX@ + Vni,Comp + V;,SVV + PQ

Authorized licensed use limited to: Seoul National Univ of Science & Tech (SNUT). Downloaded on January 07,2021 at 00:20:52 UTC from IEEE Xplore. Restrictions apply.



NAM AND CHEN: AN EMBEDDED PASSIVE GAIN TECHNIQUE FOR ASYNCHRONOUS SAR ADC

Vs'g VRES D, ~Ds3

~—Non-| blnary welghted array —|

i

—?M—n |—2~L
4 SW-AW——' |—
—bi{mmq |—_

VSIg [ 'SW-Array C2 4 XA

I 211
l I Array VA

VREFP VREFN

Veerp = Vem+ Vrer/2
Vrern = Vem = Vrer/2

VXB

qu VXP

pr = VCM + V)(/Z
VXN = VCM - Vxlz

Fig. 9. Non-binary capacitor network combined with the passive gain scheme.

According to (9), the first radix is determined by the ratio
between Vx and Vrgr, and the subsequent radix for LSBs is
defined by capacitor ratio among each branch of the capacitor
array. In this ADC prototype, a non-binary radix is adopted,
which requires two extra redundant SAR comparison cycles.
The advantages are: first, it allows incomplete DAC settling and,
hence, shortens the overall conversion time [14], [15]. Second,
since the passive gain will not occur until the (MSB-1) com-
parison, the first MSB comparison suffers from the larger com-
parator noise. Therefore, the decision result may be erroneous
when the input signal is within the comparator’ s input-referred
noise range. The conversion redundancy then corrects for this
comparison error using the subsequent bits. In fact, this redun-
dancy can also correct for the potential sampling error during
pre-charging reference voltage (Vx ) onto capacitor (C'x ), such
as charge injection and clock feedthroughs. Since the error is
signal independent and small due to large sized C'x, it will not
affect the final ADC conversion accuracy. Even if it slightly
changes the MSB radix, it can be compensated by the radix
calibration. According to the SPICE simulation, the resulting
error is less than 10% of the redundancy region. Furthermore,
since we apply redundancy in the SAR conversion, i.e., sub-2
radix scheme, the capacitor mismatch within C, capacitor array
is relaxed to reduce the area and layout complexity, instead
of aiming at full 11-bit accuracy. In theory, the unit capacitor
matching accuracy can be as relaxed as ~10% if the redundancy
is dedicated for compensating the capacitor mismatch [15].

To implement the non-binary radix, we use a metal-oxide-
metal (MOM) capacitor array with non-integer weighted ca-
pacitances. In this prototype, we use a multi-finger capacitor
structure, and the number of fingers is chosen judiciously such
that the non-binary capacitor ratio can be achieved with iden-
tical finger lengths but a different number of finger segments.
This improves the matching accuracy as it is close to unit-
element matching.

Due to the capacitor mismatch or parasitic effects described in
Section III-B, the actual radix might be slightly different from
the ideal value. To mitigate those non-idealities, the actual non-
binary radix can be calibrated via a post-processed least mean
square (LMS) loop [1], as shown in Fig. 10. A known input sig-
nal, such as a sinusoidal wave, is injected to the ADC. The raw
ADC output bits are then processed by FFT module to extract
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the reference waveform for LMS operation. Next, the radix val-
ues are adjusted iteratively such that the error energy between
the reference waveform and reconstructed ADC output is min-
imized. Once the radix calibration is completed, the values are
saved and used for the normal ADC operation. It is worth men-
tioning that most of the calibration logic, such as those resides
within the gray-marked area in Fig. 10, only needs to execute
once after the silicon chip and PCB test board is manufactured.

Another potential limitation of the passive gain technique
is the impact of the non-linear capacitance present along the
signal path inside the capacitor network implementation as
shown in Fig. 11. The non-linear capacitance can result from
the gate capacitance of the comparator and the diffusion ca-
pacitance of the active switches, as those parasitic capacitors
are voltage-dependent. This issue particularly exacerbates when
large comparators and switches are used for high-speed and
high-resolution analog-to-digital conversion. The variation of
the parasitic capacitance can change the signal gain, depending
on the voltage across those parasitic capacitors. A similar sit-
uation occurs when using passive gain as the residue amplifier
of the pipelined ADC [10]. This voltage-dependent gain will
cause a distortion of the residue voltage when passing to the
following pipelined stage. For the SAR ADC case, the voltage
at the comparator input eventually converges toward the vicin-
ity of the common-mode voltage, which suggests that the LSB
comparisons will see a more or less constant transfer function
in the end of SAR conversion, regardless of the sampled input
voltage. So long as there is sufficient redundancy to compensate
for the earlier decision error due to non-linear capacitance at
comparator input, it will not degrade ADC linearity. However,
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Fig. 12. Simulated INL error due to internal non-linear parasitic capacitors.

in the case of the proposed capacitor network implementation
for providing passive gain, there are additional internal nodes
due to capacitor stacking. Although the voltage at comparator
input will still be converged toward the same common mode
voltage, the internal nodes V4 and Vp as shown in Fig. 11
can be at different voltage levels in the end of SAR con-
version, depending on the sampled input voltage. Therefore,
the nonlinear parasitic capacitors (Cpg; and Cpgs in Fig. 11)
can contribute certain signal-dependent error in the final ADC
output code and cause distortion. Note that, the non-linear
portion of the parasitic capacitance mainly comes from the
active switches attached to V4 and Vg nodes. In this work, we
utilize a clock doubler for the switch control signals in order
to relax the switch size, and hence reduce the amount of the
non-linear capacitance variation. To study the actual impact of
the non-linear parasitic capacitance in the proposed SAR ADC
architecture, SPICE simulation has been performed, and the
INL curve is plotted in Fig. 12. About 4% capacitance variation
has been observed against the full range of the voltage swing
at V4 and Vg nodes and it causes about +0.35 LSB INL error,
where LSB size is based on 11-bit accuracy as targeted in this
work. This is because the parasitic capacitance at those internal
nodes is dominated by the linear fringing capacitance from
the MOM capacitors instead of switches. Note that, since the
impact of the nonlinear parasitic capacitance is already within
11-bit accuracy, the radix calibration is not required to compen-
sate for the non-linear effect of the parasitic capacitance.

D. Comparator

The comparator is composed of a two-stage pre-amplifier
[16] and a regenerative latch, as shown in Fig. 13(a). In order to
minimize the gain attenuation due to the comparator’ s input ca-
pacitance, a capacitor neutralization technique is applied in the
first stage by adding cross coupled MOS capacitors between the
drain and the gate terminal of the input devices [17]. The first-
stage pre-amplifier has the diode-connected load with a series
resistor between the gate and drain terminal; the second stage
uses both positive feedback and diode-connected transistors
to provide a moderate gain and wide bandwidth. To mitigate
the comparator memory effect while reducing the comparator-
resolving time, the design utilizes one reset switch in the first
stage and two reset switches in the second. A pulse generator
is used to generate two clock pulses of various durations that
drive those switches individually, which will be discussed in
Section III-E. During the voltage equalization phase, all reset
switches are turned on to provide low resistance between the
two differential nodes, minimizing the memory effect from
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Fig. 13. (a) Comparator implementation and (b) timing diagram of its switch
control signals.

previous comparator decisions. In the signal pre-amplification
phase, only the small-sized SW2 is turned on to provide a
proper load resistance and to reduce the comparator-resolving
time, as shown in Fig. 13(b). In this prototype, the comparator
is designed to resolve half the LSB input within 250 ps, and
consume around 500 uW of power. The 3 dB bandwidth, DC
voltage gain, and input referred noise voltage of the comparator
are around 1 GHz, 18 dB, and 160 1V, respectively.

To facilitate the asynchronous SAR logic, the data-ready
signal (Vrpy) generator and temporary decision data storage
is required. When the comparator is in the reset and pre-
amplification phase, both comparator outputs are tied to the
ground via the reset switches in the regenerative latch stage.
Once the latch is strobed, one of the two comparator outputs
will increase toward supply rail. Therefore, we simply use a
NOR gate to generate the data-ready signal, as shown in Fig. 14.
Additionally, a NOR-based SR latch is used to temporarily
store the decision results, allowing more timing margin for
the bit caches. We intentionally designed a lowered triggering
threshold (Viyigger) for both the SR latch and the data-ready
signal generator in order to reduce the propagation delay for
high-speed operation, as shown in Fig. 14.
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E. Asynchronous Clock Generator With Time-Out Scheme

Since the propagation delay of the comparator can be exces-
sively long when the comparator input is sufficiently small, a
delay can occur in any of the SAR conversion cycles, depending
on the sampled value of ADC input (Vsig), as illustrated in
Fig. 15. Thanks to the redundant decision regions via the
non-binary radix, decision errors in the earlier SAR conversion
cycles can be corrected by later ones [18]. This suggests that
the decision error within the redundant region can be tolerated
and the comparison can be skipped to shorten the comparator-
resolving time. Therefore, we use a time-out scheme to force
skipping the comparison when the comparison time exceeds a
certain threshold (ATt ) determined by the required time for
resolving 1-LSB input plus design margin.

The asynchronous clock generator with the time-out scheme
is accomplished via a pulse generator triggered by either
Vrpy from the comparator or the predetermined time-out pulse
(Viime—out)s as shown in Fig. 16. There are two feedback
paths in this pulse generator. The path that generates Viime—out
utilizes an inverter chain with a total delay of ATro, which
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Fig. 17. Representative timing diagram of the ADC prototype with the occur-
rence of comparator metastability event at the third SAR conversion cycle.

determines the time-out period, and is tunable for prototyping
purposes. Whenever the comparator is unable to resolve in time,
Vrpy will not be flagged or will arrive later than Viine—out. In
this scenario, the pulse generator will still create pulses due
to the 2nd feedback loop, which essentially skips the current
comparison cycle and moves on to the next one.

Once input clock signal (CKiy) is injected from an external
source with 3 ns allocated tracking time, the clock generator
block creates all the internal clocks required in the asyn-
chronous SAR conversions during the remaining ADC cycle
time. Generated clock signals, such as the two pulses with
different durations, namely ATgrs and ATanp, used to drive
the reset switches [SW1 and SW2, labeled in Fig. 13(a)] of
the comparator and the initiating clock pulses (CKgrs msp and
CKacLk wmsB) to kickstart the asynchronous SAR conversion,
as shown in Fig. 17. In this representative timing diagram, we
show an event that the third conversion cycle takes longer-than-
expected to resolve, and show how the Viime—out pulse helps to
advance pulse generation, completing SAR conversion within
the allocated conversion time.

IV. MEASUREMENT RESULTS

A prototype chip was implemented in a single-poly nine-
metal (1P9M) 65 nm CMOS process, and occupies an active die
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Fig. 18. Die micrograph.
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Fig. 19. Measured DNL (top) and INL (bottom) plot.

area of 0.07 mm? (see Fig. 18). The ADC consumes 1.36-mW
(excluding I/O pad power consumptions) through a 1.1 V sup-
ply, while the analog and digital sections dissipate 0.55 mW and
0.81 mW, individually. Within the analog power dissipation,
the comparator and CDAC switching consumes 400 yW, and
150 W, respectively. Note that, all the reference voltage buf-
fers, including Vo and VRer, are implemented off-chip with
on-chip bypass capacitors occupied additional ~0.03 mm? of
die area. The reported power consumption excludes the power
consumption of those off-chip voltage buffers, ADC output
drivers and I/O pads. Although the radix calibration logic is per-
formed via software, we translate the logic into RTL and con-
duct trial synthesis using digital standard cell library in 65 nm
CMOS. The estimated active area and power dissipations are
300 ym? and 200 W, respectively. To test the prototype, a
signal source generator is first passed through a passive 6th
order band-pass filter, followed by a balun that converts the
single-ended signal into differential 1.6 V, signals. As shown
in Fig. 19, the measured differential non-linearity (DNL) and
integral non-linearity (INL) were within +0.70/—0.84 LSB and
+0.79/—0.84 LSB, respectively. As discussed in Section III-C,
the non-linear parasitic capacitance can contribute additional
INL error, and the measured INL pattern is indeed similar to
the SPICE simulated one as shown in Fig. 12. The measured
dynamic performance of the ADC at a sampling rate of 95-MS/s
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Fig. 21. Measured ADC output spectrum for sinusoidal input at (a) low
frequency; (b) Nyquist frequency with and (c) without radix calibration.

is illustrated in Fig. 20. In order to reduce the I/O throughput,
the digital output codes are decimated by four times on chip. In
the ADC dynamic performance versus the input frequency plot,
the SNDR achieves 63.1 dB for 1.0-MHz input frequency and
remains above 58.2 dB up to the Nyquist input frequency. The
corresponding FFT snapshots are shown in Fig. 21(a) and (b).
Note that both FFT plots assume that the radix calibration has
been applied, using the algorithm discussed in Section III-C.
On the other hand, the FFT plot in Fig. 21(c) uses the nominal
non-binary radix for signal reconstruct 30 dB difference in
SFDR and SNDR compared to the one with radix calibration
[Fig. 21(b)]. This performance difference is close to our ex-
pectation based on simulations that consider both capacitor
mismatch and parasitics effects. Those effects can change the
non-binary radix value, leading to performance degradations.
Since the radix calibration scheme iteratively looks for the act-
ual non-binary radix, it improves the fidelity of the reconstruct-
ed signal as observed in both simulation and measurement.

In terms of the achieved power efficiency, we utilize the
commonly used figure of merit (FOM), defined as Power/ fg -
2ENOB 1p this prototype, FOM achieves a 12 fJ/conversion-
step for a 1-MHz input, and a 21.5 fJ/conversion-step at
the Nyquist input frequency with 95-MS/s due to increased
noise floor while achieving similar SFDR performances. If
the estimated power dissipation for the radix calibration logic
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TABLE III
ADC PERFORMANCE COMPARISON (10 > ENOB AND 90 MS/s)
This work [20] [21] [22]
Technology 65nm CMOS 90nm CMOS 65nm CMOS 28nm CMOS
ADC Architecture Passive-Gain Pipelined Noise-Shape SAR-assisted
SAR ADC ADC SAR ADC Slope ADC
Speed (MS/s) 95 100 90 100
Supply (V) 1.1 1.1 1.2 0.9
Input Swing (V) 1.6 2.0 N/A 1.6
SFDR (dB) 75.2 74 72 75.4
SNDR (dB) 63.1 63.2 62 64.43
Power (mW) 1.36 0.8 6.2 0.35
Area (mm?) 0.073 0.32 0.03 0.0042
FOM (fJ/conv.-step) 21.5 52.7 358 2.63

were included in the total power consumption, FOM would be
degraded by 15%. Fig. 22 compares the FOM with > 50 MS/s
and > 50 dB SNDR ADC:s presented at ISSCC (1997-2016)
and VLSI (1997-2015) [19]. The measured performance
summary and comparison with the state-of-the-art ADCs
with similar specification are demonstrated in Table III.
Comparing these results with the performance of state-of-the-
art ADCs implemented in the same CMOS technology nodes,
our proposed passive gain asynchronous SAR ADC achieves
the lowest FOM. Given the technology-scaling benefits and
mostly digital nature of SAR ADCs, we expect the power
efficiency of the proposed ADC architecture to further improve
with more advanced technology nodes. In fact, it is noteworthy
that the FOM achieved by this prototype is better than some of
the state-of-the-art SAR ADCs (see Fig. 22) in more advanced
nodes (< 65 nm), which indicates the potential of the proposed
ADC architecture.

V. CONCLUSION

This paper presents an asynchronous SAR ADC architecture
with an embedded passive gain technique that is fully integrated
into the proposed sampling network. The architecture has been
shown to significantly relax the noise and power requirement
of the comparator while also improving the overall conversion
speed. This is crucial in forging a path towards higher speeds,
but lower power consumption in analog-to-digital conversion
for the resolution of around 11 bit, which is mainly constrained
by the non-linear parasitic capacitance in the capacitor network.
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The achievable resolution can be further improved for the more
advanced technologies that provide better active switches with
less parasitics. Furthermore, the proposed time-out mechanism
facilitates the completion of the SAR conversion under the
event of the comparator metastability. Finally, we expect the
proposed ADC architecture to continue improving in terms of
power efficiency and speed with more advanced technology
nodes due to the mostly digital implementation [1].

REFERENCES

[1] M. S.-W. Chen and R. W. Broderson, “A 6-b 600-MS/s 5.3-mW asyn-
chronous ADC in 0.13-um CMOS,” IEEE J. Solid-State Circuits, vol. 45,
no. 12, pp. 2669-2680, Dec. 2006.

[2] F. Kuttner, “A 1.2 V 10 b 20 MSample/s non-binary successive approxi-
mation ADC in 0.13 pm CMOS,” in Proc. IEEE ISSCC Dig. Tech. Papers,
Feb. 2002, pp. 176-177.

[3] R. Kapusta, J. Shen, S. Decker, H. Li, E. Ibaragi, and H. Zhu, “A 14 b
80 MS/s SAR ADC with 73.6 dB SNDR in 65 nm CMOS,” IEEE J. Solid-
State Circuits, vol. 48, no. 12, pp. 3059-3066, Dec. 2013.

[4] M. Ahmadi and W. Namgoong, “Comparator power minimization analy-
sis for SAR ADC using multiple comparators,” IEEE Trans. Circuits
Syst. I, Reg. Papers, vol. 62, no. 10, pp. 2369-2379, Oct. 2015.

[5] C.Lee and M. P. Flynn, “A SAR-assisted two-stage pipeline ADC,” [EEE
J. Solid-State Circuits, vol. 46, no. 4, pp. 859-869, Apr. 2011.

[6] Y.-D. Jeon, J.-W. Nam, K.-D. Kim, T.-M. Roh, and J.-K. Kwon, “A dual-

channel pipelined ADC with sub-ADC based on flash-SAR architecture,”

IEEE Trans. Circuits Syst. I, Express Briefs, vol. 59, no. 11, pp. 745-741,

Nov. 2012.

H.-K. Hong, W. Kim, H.-W. Kang, S.-J. Park, M. Choi, H.-J. Park, and

S.-T. Ryu, “A decision-error-tolerant 45 nm CMOS 7 b 1 GS/s nonbi-

nary 2 b/cycle SAR ADC,” IEEE J. Solid-State Circuits, vol. 50, no. 2,

pp. 543-555, Feb. 2015.

[8] J.-W. Nam, D. Chiong, and S. W. M. Chen, “A 95-MS/s 11-bit 1.36-mW
asynchronous SAR ADC with embedded passive gain in 65 nm CMOS,”
in Proc. IEEE CICC, 2013, pp. 1-4.

[9] J. E. Dickson, “On-chip high-voltage generation in MNOS integrated
circuits using an improved voltage multiplier technique,” IEEE J. Solid-
State Circuits, vol. SSC-11, no. 6, pp. 374-378, Jun. 1976.

[10] 1. Ahmed, J. Mulder, and D. A. Johns, “A low-power capacitive charge
pump based pipelined ADC,” IEEE J. Solid-State Circuits, vol. 45, no. 5,
pp. 1016-1027, Feb. 2010.

[11] P. Nuzzo, F. D. Bernardinis, P. Terreni, and G. V. Plas, “Noise analy-
sis of regenerative comparators for reconfigurable ADC architectures,”
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 55, no. 6, pp. 1441-1454,
Jul. 2008.

[12] B. Razavi and B. A. Wooley, “Design techniques for high-speed, high-
resolution comparators,” IEEE J. Solid-State Circuits, vol. 27, no. 12,
pp. 1916-1927, Dec. 1992.

[13] H.J. M. Veendrick, “The behavior of flip-flops used as synchronizers and

prediction of their failure rate,” IEEE J. Solid-State Circuits, vol. SSC-15,

no. 2, pp. 169-176, Apr. 1980.

W. Liu, P. Huang, and Y. Chiu, “A 12-bit, 45-MS/s, 3-mW redundant

successive-approximation-resistor analog-to-digital converter with digital

calibration,” IEEE J. Solid-State Circuits, vol. 46, no. 11, pp. 2661-2672,

Nov. 2011.

L. Wenbo, “Low-power high-performance SAR ADC design with digital

calibration techniques,” Ph. D. dissertation, Dept. Elect. Computer Eng.,

Univ. Illinois at Urbana-Champaign, IL, USA, 2010.

[16] B.-S. Song, M.-J. Choe, P. Rakers, and S. Gilling, “A 1V 6 b 50 MHz

current-interpolating CMOS ADC,” in Proc. IEEE Symp. VLSI Circuits,

Jun. 1999, pp.79-80.

K. Matsui, T. Matsuura, S. Fukasawa, Y. Izawa, Y. Toba, N. Miyake,

and K. Nagasawa, “CMOS video filters using switched capacitor 14-MHz

circuits,” IEEE J. Solid-State Circuits, vol. SSC-20, no. 6, pp. 1096-1102,

Dec. 1985.

J. Yang, T. L. Naning, and R. W. Brodersen, “A 1 GS/s 6 bit 6.7 mW

successive approximation ADC using asynchronous processing,” IEEE J.

Solid-State Circuits, vol. 45, no. 8, pp. 1469-1478, Aug. 2010.

B. Murmann, “ADC Performance Survey 1997-2015,” [Online]. Avail-

able: http://www.stanford.edu/murmann/adcsurvey.html

J. Chu, L. Brooks, and H.-S. Lee, “A zero-crossing based 12 b 100 MS/s

pipelined ADC with decision boundary gap estimation calibration,”

in Proc. IEEE Symp. VLSI Circuits, Jun. 2010, pp. 237-238.

[7

—

[14]

[15]

[17]

[18]

[19]

[20]


http://www.stanford.edu/murmann/adcsurvey.html

1638

[21] J. Fredenburg and M. P. Flynn, “A 90-MS/s 11-MHz-bandwidth 62-dB
SNDR noise-shaping SAR ADC,” IEEE J. Solid-State Circuits, vol. 47,
no. 12, pp. 2898-2904, Aug. 2012.

[22] C.-C. Liu, “A 0.35 mW 12 b 100 MS/s SAR-assisted digital slope ADC
in 28 nm CMOS,” in Proc. IEEE ISSCC Dig. Tech. Papers, Feb. 2016,
pp. 462-463.

Jae-Won Nam (S’ 13) received the B.S. and M.S. de-
grees in information and communications engineer-
ing from the Korea Advanced Institute of Science
and Technology (KAIST), Daejeon, South Korea, in
2006 and 2008, respectively. Since February 2008,
he has been with Electronics and Telecommunica-
tions Research Institute (ETRI), Daejeon, as a Re-
searcher. Currently, he is working toward the Ph.D.
degree in electrical engineering at the University
of Southern California (USC), Los Angeles, CA,
USA. To conduct the research, he obtained a Ph.D.
Fellowship from a Viterbi-USC Graduate School of Engineering.

His research interests include designing low-power high-speed high-
resolution analog-to-digital data converters, and high-speed I/O interface cir-
cuits. Mr. Nam was the corecipient of the Silver Award from the 10th Korea
Intellectual Property Office (KIPO) circuit design contest in 2009.

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 63, NO. 10, OCTOBER 2016

Mike Shuo-Wei Chen (S’00-M’06) received the
B.S. degree from National Taiwan University, Taipei,
in 1998 and the M.S. and Ph.D. degrees from Uni-
versity of California, Berkeley, CA, USA, in 2002
and 2006, all in electrical engineering. He is cur-
rently an Assistant Professor in Electrical Engineer-
ing Department at University of Southern California,
Los Angeles, CA, USA, and holds Colleen and
Roberto Padovani Early Career Chair position.

From 2001 to 2006, he was a Graduate Research
Assistant at Berkeley Wireless Research Center,
working on mixed-signal circuits, ultra-wideband, digital baseband, and ASIC
implementation. During that time, he proposed and demonstrated the asynchro-
nous SAR ADC architecture, which has been adopted for low-power high-speed
analog-to-digital conversion in industry. Since 2006, he has been a member
of Analog IC Group at Atheros Communications (now Qualcomm-Atheros),
working on mixed-signal and RF circuits for various wireless communication
products. After joining University of Southern California, he leads an analog
mixed-signal circuit group, focusing on high-speed low-power data converters,
bio-inspired electronics, RF frequency synthesizers, and DSP-enabled analog
circuits and systems.

Dr. Chen was the recipient of NSF Faculty Early Career Development
(CAREER) Award and DARPA Young Faculty Award (YFA) in 2014, Analog
Devices Outstanding Student Award for recognition in IC design in 2006, and
UC Regents Fellowship at Berkeley in 2000. He also achieved an honorable
mention in the Asian Pacic Mathematics Olympiad, 1994.

Authorized licensed use limited to: Seoul National Univ of Science & Tech (SNUT). Downloaded on January 07,2021 at 00:20:52 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


