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Abstract—This paper presents a 5-bit 1.25-GS/s folding flash
ADC. The prototype achieves a folding factor of four with a
capacitive folding technique that only consumes dynamic power .
Incorporated with various calibration schemes, folding errors
and the comparator’s threshold inaccuracies are corrected, thus
allowing a low input capacitance of 80 fF. The design isfabricated
using 65-nm digital CMOS technology and occupies 0.007 mm?Z.
The maximum DNL and INL post calibration are 0.67 and 0.47
L SB, respectively. Measurement results show that the ADC can
achieve 1.25 GS/s at 1-V supply with a total power consumption
of 595 uW. In addition, it exhibits a mean ENOB of 4.8b at dc
among ten chips, which yieldsan FoM of 17 fJ/conver sion-step.

Index Terms—Analog-to-digital conversion (ADC), calibration,
embedded reference, Flash ADC, folding, low power.

|. INTRODUCTION

OWER and area play an important role in the design of

portable devices. Battery-powered systems based on stan-
dards like ultra-wideband (UWB) and wireless personal area
networks (WPANSs) demand ADCs operating at very high speed,
low power, and simultaneously with minimum input capaci-
tance. A possible target is 56 bit and 500 MS/s or higher. For
such specifications, the conventional pipeline ADC topologies
are not suitable as the opamp often results in large power con-
sumption at these speeds. On the other hand, thanks to the ben-
efits granted by technology scaling, it is possible to design very
fast comparators with medium accuracy and very low-power
consumption. Therefore, the successive-approximate (SA) and
the flash topology, based on the use of comparators, are both
promising techniquesfor power-efficient dataconversionin dif-
ferent regions of the speed—resolution plane.
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With a conventional 65-nm general purpose (GP) CMOS
process, it is possible to design a comparator that responds
(delay time from clock to outputs) in less than 166 ps with a
7-mV (half LSB@6b from a 1-V supply) input signal, and the
possible power metric at 1 V supply is around 10 xW/GHz.
Based on this, the one bit conversion time of 2 ns can be
estimated which allows for about six cycles of comparator and
SAR logic, thus obtaining 6 bit at 500 MS/s. This option has
been used in pipeline SAR to giverise a 10 bit at 500 M S/swith
partial-interleave technique [1]. In addition, the high-speed
comparator aso finds potential use in the flash.

The conventional two-step method requires generating a
residue, or possibly folded, for the input of the second stage.
Such folding operation is normally performed using an am-
plifier which consumes static power. The required bandwidth
for high speed and large folding factor leads to significant
power consumption, thus reducing the power efficiency of the
two-step architecture especialy with low resolutions. For in-
stance, a2 + 3 bit architecture needs 3 + 7 comparators instead
of 31. However, the 2/3 power reduction in the comparator
section should be more than the power required by the residue
generator for this topology to be power-efficient.

In this design, the power needed for generating theresidueis
significantly reduced by using afolding method that uses capac-
itors. The power required is purely dynamic and consumed in
charging and discharging asmall capacitor (30 fF). Theresultis
that 800 psof timeis sufficient to accommodate the three phases
of operation: conversion, two-bit folding, and three-bit second
flash. Besides, the errors arising from process and mismatch
variation are corrected with various calibration techniques. As
observed during the test measurements, the calibration schemes
have significantly improved the ADC's linearity. The circuit
is realized in 65-nm CMOS and achieves 28-dB SNDR until
630-MHz at input with 1.25 GS/s.

The organization of this paper is as follows. The ADC ar-
chitecture and the proposed folding operation are described in
Section Il. Section |11 analyzes nonideal errors of the design and
illustrates their calibration schemes. Section IV describes the
circuit details of some important building block in the ADC.
Measured results are shown in Section V. Finally, conclusions
are drawn in Section V1.

Il. ADC ARCHITECTURE AND FOLDING OPERATION

Fig. 1(a) illustrates the ADC architecture. It consists of
sample-and-holds (S/H), folding logic, a multiplexer (S1 and
S2), acoarse ADC, afine ADC, registers, and an encoder. The
ADC quantizes 5 bit with two stepsin four phases, as shown in
Fig. 1(b). During the sampling phase g, the complementary
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Fig. 1. ADC. (a) Architecture (actua implementation is in differential).
(b) Signals' behavior and timing diagram.

input signals (Vin,x and Vi, p) are sampled on the capacitors
(Cg2 and Cg1) by the S/Hs. Then, the coarse ADC quantizes
2 bitin ®gt; while thefolding output (Vro) isreset to ground
to avoid the memory effect. The outputs from the coarse ADC
feed to the logic which generates control signal for the Mux and
bottom-plate switches of Cg; and Cgs to perform 4x folding.
Finally, Vro is quantized by the fine ADC in ®grs, and both
the outputs of the coarse and fine ADC are latched and encoded
to a 5-bit output.

A. Conventional and Proposed Folding

Folding is a well-known technique adopted in Flash ADCs
for reducing the number of comparisons in the conversion. As
in subranging, the quantization is separated into coarse and fine.
The residue, which is the folding output, is generated conven-
tionally with folding amplifiers [2]{4]. The limited bandwidth
of the amplifier alters the position of the zero-crossing points
in the folder, which is more severe with a narrower bandwidth
and causes distortion [5]. The SNDR degradation from this ef-
fect can be estimated with the algorithm in [6] by modeling
the terminating capacitance and resistor as band-limited filter.
Based on this scheme, the degradation amount with different
bit quantizer and 4x folding factor is obtained from the simu-
lation which isindicated in Fig. 2. For 5-bit resolution and 4x
folding factor, the bandwidth of the folding amplifier has to be
3.5 times the input frequency in order to achieve at most 3-dB
degradation in SNDR. Thus, the folding amplifier needsto have
alarge bandwidth at a high speed of operation or with a supe-
rior folding factor, which indicates a significant amount of static
power consumption. This can be exemplified by therelationship
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Fig. 2. Simulated SNDR degradation under different bits of the quantizer with
afolding factor of 4.

between resistive load, folding factor and the 3-dB bandwidth
of the amplifier. It can be represented as

1 1
g d = — 1
fs B 2. Rload : Oload 8 N ( )

where C,.q and R),,q are the capacitive and resistive load
of the amplifier, respectively, and N is the folding factor. In
order to increase the bandwidth of the amplifier, R),,q must
be reduced. For maintaining the same dc operation point, the
transconductance of theinput pair also needsto increase propor-
tionally which implies raising current and power consumption.
From (1), Ri..q can be calculated for the different input band-
widths under a folding factor of 4 and 30-fF load. A folding
amplifier with resistive load is designed using the adopted
process at 1-V supply and keeping its output-common-mode at
mid-supply for different values of R),.q. The simulated power
consumption versus different bandwidths under various Rj,.q
isshownin Fig. 3. With a625-MHz input, the amplifier already
consumes around 500 W, which would be amost the total
power consumption of this design and implies a significant
tradeoff between power and speed in the folding amplifier.

The limited bandwidth of the amplifier leads to rounding of
the folding output which affects folding linearity. Apart from
rounding, the offset between different input pairs also adds dis-
tortion on the folding operation. Assume the offset voltages,
dvos areindependent, identically distributed Gaussian random
variables with zero mean and a standard deviation of ovos. As
half of the offset being budgeted to the comparators, the 3 ovog
offset voltage, which is generated from each of the input pairs
of the folding amplifier, hasto be lessthan half LSB divided by
sguare root of 2

Ayt 1
30vos = 3—=—— < —=LSB; 2
vOs \/W—L 2\/5 b ( )

where Ayt istheslopeof the Pelgrom plot for adeltaV T (Tran-
sistor’s Threshold Voltage) mismatch, W and L are the width
and the length of the transistor. For a 5-bit example with 1-V
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Fig. 3. Simulated power consumption of the designed folding amplifier.

full swing in 65-nm CMOS process, the area of the input pair
can be estimated as

3-5mV-um

WL>( 11 mv

) = 1.86 ym>. (3)

With Ay being around 5 mV - m in 65-nm technology [7]
and lengthis0.06 .«:m in adopted process, the minimum required
width of the transistor is 31 xm. Since there are four input pairs
in total in the folding amplifier, this 120-xm transistor induces
large parasitic at the load, but sizing small will lead to large
offset. As aresult, in high-speed implementations of the con-
ventional folding architecture, the folding amplifier imposes a
performance limitation.

In the proposed architecture, folding is accomplished with
switched-capacitor circuits and multiplexers that consume no
static power. This results in a purely passive operation and no
additional offset from thefolding circuit. Since thefolding oper-
ation is controlled by the coarse ADC through logical feedback,
the bandwidth and power tradeoff of the conventional approach
is avoided and the speed burden is imposed on the logic. Al-
though the logic structure becomes more complex with alarge
folding factor, that will berelaxed with technol ogy scaling. Nev-
ertheless, there are a few drawbacks with the proposed folding
scheme. First, the folding linearity is distorted by parasitic ca-
pacitors, whichwill be explainedin Section |11 in detail. Second,
since the accuracy of the folding operation relies on the coarse
ADC's decision, its comparators’ offset must be less than 1/2
LSB. In this design, calibration schemes are developed to cor-
rect these errors.

B. 4X-Folding Operation

Detailed folding operations are illustrated in Fig. 4 with a
single-ended equivalent configuration. During the sampling pe-
riod, input is complementarily sampled on the top-plate of Cg;
and Cg- . Based on the first-stage two-bit decisions, four regions
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of folding operation (R1-R4) areidentified. The folding is per-
formed with level shifting by suitably biasing one of the sam-
pling capacitor terminals and enabling the appropriate folding
switches to move each region into R2. When the sampled V,, p
on Cg; isin R1, the folding output equals its complementary
sampling Vin,l\' withadcvoltageshift of Vrgr (Vin,N +VREF) .
Accordingly, S2 is on and the bottom plate of Cgo switches
from Gnd to Vger. When the sampled Vi, p on Cgy iSin R4,
the folding output equals its sampling V;,, p with adc offset of
Veer(Vin,r + Vrer). Consequently, S1ison and the bottom
plate of Cg; switches from Gnd to Vggr. When the sampled
Vin,p 0n Cg; isin R2/R3, the operation simply enables S1/S2
thus keeping the bottom plates connected to Gnd.

For the differential implementation, the folding references
V.t areidedly 3 Vrs/4 and Vgs/4. These reference levels
require an extra ladder or biasing circuits which unavoidably
leadsto static power consumption. In order to develop afolding
operation with only dynamic power, supply, and ground are uti-
lized asfolding references. Thefolding accuracy can be ensured
by calibration. A more detailed analysis as well as design con-
siderations will be discussed in Section I11. Since the proposed
folding operation is based on voltage shifting and selecting, the
logic control isrelatively simple. Including buffers, the critical
path from the comparators' outputs to the control switches con-
sists only of four logic gates, thus resulting in high-speed op-
eration. Furthermore, the power of the proposed folding opera-
tion is purely dynamic and consumes less than 14% of the total
power of the ADC, including logic, buffers, and switching.

The capacitive folding technique will experience a signal
loss effect due to the parasitic in the second stage. Large-signal
losses can be avoided with a large sampling capacitance
[8], but this will undesirably increase sampling time and the
ADC's input capacitance. Thus, a calibration technique is
introduced to match the second-stage comparators' thresholds
with the folding gain. In this design, the calibration is imple-
mented on-chip, and its operation will be explained in detail in
Section 111.
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Fig. 4. Folding operations in single-ended equivalent configuration.

C. Comparison With Conventional Gainless Subranging
Residue Generation Scheme

Conventional two-step Flash ADC architecture usually con-
sists of acoarse ADC, afine ADC, and aDAC for residue gen-
eration. If the coarse ADC quantizes 2 bit and the fine ADC
guantizes 3 bit (asin this design), the residue generation circuit
can berealized by a 2-bit resistive or capacitive DAC. Sincethe
resistive DAC requires static power, the comparison between
conventional and proposed architecture is based on capacitive
terms. For abinary 2-bit DAC, atotal of four unit capacitorsare
required. Assuming that a 40-fF sampling capacitor is adopted
(asinput capacitor in this design), the unit capacitance is 10 fF.
Since the MSB and M SB/2 capacitor in the 2-bit DAC need to
charge or discharge to generate residue, it shows alarger power
consumption and longer settling time when comparing with the
proposed method. From the calculation and simulation results,
the extrapower and settling timefor residue generation are three
and two times higher than that of the proposed scheme, respec-
tively (detailed in Appendix I).

D. Comparator Arrangement, Power, and Speed
Considerations

Typically, comparators are dominant in power consumption
of flash ADCs due to the essential gain to suppress the offset
[9], [10] and their large quantity. Since the main objective of the
proposed architecture is to achieve low-power operation, min-
imum-sizetransistorsare used in the comparator without pream-
plifier and the offset is calibrated. Even with small width of the
input pair, which hasaround 120-4: S peak transconductance, the
input-referred-noise of the comparator can be easily kept under
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1/2L.SB (with 1/5LSB). Sizing small alleviates regeneration at
the comparator’s outputs but it optimizes the power efficiency
of the comparator. The power of the dynamic comparator has a
relationship as [11]

PTotal X Creg : Winv + CEL (4)

where C.., aretheintrinsic load at the regeneration node, Wi,
isthewidth of the back-to-back inverter, and Cgr, istheextrinsic
load at the comparator output. The power of the comparator is
proportional to the width of the inverter as its size being large
(Creg > CgL). On the other hand, sizing the inverter small
leadsto less power dissipation up to a point when the Cgp, starts
to dominate (where the power of the comparator reaches the
minimum). In this design, minimum size of transistorsis used
in both the comparator back-to-back inverters and the loading
buffers, which optimizes the power efficiency under the desired
operation speed.

In addition, another efficient approach to save power is to
reduce the number of activated comparators which simultane-
ously eases the calibration effort, alleviates the kickback noise,
and reduces the input capacitance. However, even if the number
of comparators shrinks proportionally with its resolution, the
complex logic structure will dominate the power consumption
[12] and limit the conversion rate of this type of ADC, taking
it below the gigahertz sampling rate [13], [14]. In contrast, this
architecture adopts the two-steps scheme, which allows a rea-
sonable balance of the number of comparators in each stage,
and also achieves high speed and low power residue genera-
tion. These allow achieving a sampling rate above 1 GHz with
submilliwatt power.
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Fig. 5. Magjor parasitic capacitances affecting the folding accuracy.

E. Dynamic Folding Logic

For high-speed, the folding logic is implemented using dy-
namic gates. A folding phase ®g.1q (Fig. 1) which starts after
dgr1 finished is utilized as a reset clock of the dynamic logic
and also prevents the charge leakage problem. In [15], the first-
stage only quantizes one bit resolution with the sign comparator
whose output is directly applied to the chopper for folding pur-
pose. This leads to charge leakage on the sampling capacitance
when the sign comparator is in a metastability condition. The
leak happensdueto the partially turned on switches between the
first and second-stages when an undetermined logic decision is
employed. Therefore, in the proposed design, the ® g4 isused
to ensure that the digital signals propagated after the compara-
torscarry avalid decision and only one side of the comparators
output is used to make the folding decision.

I11. NONLINEARITY AND CALIBRATION

Various nonideal effects have a great impact on the perfor-
mance of the proposed design, thereforeit isessential to identify
and resolve them with calibration techniques. Usually, intypical
folding flash ADCs, the offset of the comparators degrades the
conversion linearity [2], [3]. Since the proposed design mainly
targets low-power operations, the preamplifier isremoved from
the comparator and the offset is calibrated. Thisallowsthe min-
imization of the transistor sizes. In addition, process variation
on the embedded threshold technique also induces errorsin the
comparator circuit. These two errors have similar characteris-
tics and can be considered as input-referred offsets of the com-
parator, thus allowing calibration with the same scheme.

In the proposed architecture, capacitors and multiplexers are
utilized to achieve the folding operation. Since these compo-
nentsareall passive, thefolding accuracy will be affected by the
parasitic. Fig. 5 shows the mgjor parasitic capacitances which
distort thefolding operation. C,, comps and C, comp7 arethepar-
asitic from the input of the first and second-stage comparators,
respectively. Cy, out,2na @re the routing parasitic at the second
stage. Top-plate parasitic of the sampling capacitance Cs and
therouting parasitic of thefirst stageareindicated as C';, yout, 15t -
Two types of folding errors are induced due to the parasitic,
the folding gain, and the folding reference errors. They are cal-
ibrated with different mechanismsin the proposed design.

In summary, there are three different nonideality being cali-
brated in this design: 1) the trip point of al of the comparators
and 2) folding gain error, which are both calibrated by the
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Fig. 6. Input-folding output characteristic of capacitivefolding scheme(a) with
folding factor of 2 and (b) with folding factor of 4. (Ideal characteristic shown
in black line and error shown in the gray line).

method in Section 111-B. Folding reference error, which is cal-
ibrated by the method in Section I11-D. The causes and effects
of these errors and other nonlinear source will be discussed in
detail in Section I11-A.

A. Folding Gain Error—The Cause

During the sampling period, parasitic Cp, comps are charged
to theinput, with C,, o7 and Cp, 1ou:, being floated. When the
folded input signal feeds into the second stage through S, the
routing parasitic and the input capacitances of the 7 comparators
cause signal loss. The folding gain may be expressed as

Cp,comp? + Cp,rout,an

AFoldin =1
g
CSl Cp,comp?: Cp,comp? Op,rout,lst&anl,

the gainislessthan 1 which attenuates the folded output. Since
the input and the comparators' thresholds at the second-stage
experience different gains, it translatesinto afolding gain error.
Such error will not induce nonlinearity if the folding factor is 2,
as shown in Fig. 6(a). While the folding factor increasesto 4 in
the proposed design, it causes nonlinearity, which isillustrated
in Fig. 6(b). Furthermore, larger losses will be induced with
bottom-plate sampling, as indicated in

Cp,comp3 + Cp,comp? + Op,rout,?nd

1Faldin =1
“ g
CSl Cp,compi’y Cp,comp? Cp,rout,lst&an

the bottom-plate sampling experiences more losses because the
Cp compr aNA Gy, comp3 do not sampletheinput. These parasitics
will draw charge from the Cs during conversion and degrade
the linearity. Thusin the proposed design, top-plate sampling is
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Fig. 7. Proposed folding gain error calibration scheme.

Fig. 8. Simulated drifted offset of comparators with different thresholds under
(—50 ° C-150 ° C) temperature variation.

utilized at the front-end to prevent morelosses and charge injec-
tion is ensured less than half LSB with small size of sampling
switches.

B. Folding Gain Error—Calibration

Enlarging the sampling capacitance Cs is the intuitive solu-
tion to minimize the gain error; however, this increases power
consumption and degrades the speed of the proposed folding
operation. Instead, thresholds of the second-stage comparators
can be adjusted according to the folding gain and matched with
the folded input. This tuning is accomplished simultaneously
with threshold calibration, by the proposed scheme which cor-
rectsthe gain and threshold error (due to device mismatch). The
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Fig. 9. Simulated comparator offset with different thresholds (2000 times
Monte Carlo).

presented scheme adopted imbalance capacitance load at the
comparator’s outputs to adjust the threshold voltage and correct
the error. If the loading is imbalanced, then an offset is gen-
erated in the comparator because of the unbalanced regenera-
tion time-constant in the positive-feedback latch and the offset
voltage (due to unbalanced load) of the comparator with input
transistor M1 can be expressed as [16]

AC I AC Vovcr rive
V()Scomp = L — =~ L d ‘ (7)
Cr.total 9mar1 OL total 2
It can be noticed that the offset of the comparator is affected by

the ratio between the capacitive difference at the comparator’s
outputs (ACy) and the total load (CF, tota1), and the overdrive
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Fig. 10. Folding reference error characteristic with different folding references.

voltage ( Voyerarive ) - Based on the above equation, the difference
of loading will generate offset. Thus, by unbalanced adjusting
the load, the offset of the comparator will drift.

Fig. 7 shows the calibration scheme and its operation can
be described as follows. During calibration, the bottom plate
of Csy1=£ is connected to Vo and the desired threshold (gen-
erated from a fine on-chip reference ladder) is sampled onto
the top plate through calibration sampling switches (S.,;). Fol-
lowing this, thefirst decision of the calibrating comparator trig-
gers the control logic to choose the calibration polarity. The
comparator’s outputs are kept feeding back to either M., + or
M...;—, which act as voltage-controlled capacitances and create
unbalanced load, to adjust the threshold toward the input until
its output flipped. For calibration of the second-stage compara-
tors, the desired thresholds have to pass through the same signal
path asfolding input in order to measure the folding gain. Thus,
desired thresholds are first ssmpled on Cg;+ and then pass to
the second stage with S1. The same on-chip calibration scheme
is applied to all comparators one-by-one sequentially from the
first stage onwards, occupying in all amaximum of 640 ADC's
clock cyclesbefore conversion. After calibration, the fineladder
is powered off by the footer with 10-Q? on-resistance that in-
duces only amaximum 0.03L SB error in the desired thresholds.

Since there is no averaging performed during the calibration,
the noise of the comparator will affect the calibration result.
However, because the input referred noise of the comparator
and the noise from the ladder (with decoupling) are smaller than
6 bit (the comparator noise is 1/5LSB and the ladder noise is
1/10 L SB of 5 hit), the calibration accuracy can achieve 5 bit of
precision without averaging. In addition, the offset of the com-
parator is temperature-dependent. Fig. 8 illustrates the drifted
amount withVy, = Vys/2 and Vi, = 3 Vg /4 threshold com-
parators from the simulation. The simulation performsin one of
the Monte Carlo iteration where calibration isrun in foreground
at 27 °C. Then, the temperature varies from —55°C to 125 °C
and the offset is measured in different points. The offset voltage
does not vary during —55°C ~-125 °C for the comparator
with Vi, = Vs/2. Nevertheless, systematical offset appears
under different temperature for the comparator with V¢, =
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Fig. 11. Circuit schematic of the calibration capacitor array.

3 Vpg/4, which is due to the unsymmetrical structure from the
embedded threshold technique (discussed in Section 1V). The
offset voltage exceeds half LSB of 5 bit asthe temperature drops
below —20 °C and raises over 75 °C. As aresult, military pur-
pose ADC (—55 °C to 125 °C) may requires background cal-
ibration but the foreground calibration (calibrate on startup or
idle time) is already suffice for the commercial use (—20 °C to
75°C).

The simulated offset of the comparators with different thresh-
olds is exhibited in Fig. 9. The embedded threshold technique
is not required for the comparator with Vy;, = Vgg/2 and the
process variation has no effect on its trip point. On the other
hand, the trip point of the embedded threshold comparator with
Vi, = 3 Vps/4 is atered in the four corners (FF, FS, SF, and
SS). This leads to systematical offset and enlargers the range
of threshold deviation under process and mismatch variation.
Therefore, the calibration range of the proposed calibration
scheme is carefully designed to correct errors, including gain,
offset and threshold. More errors require larger load to com-
pensate which in turn leads to lower-speed. In order to reduce
the speed penalty, the embedded thresholds of each comparator
are intentionally adjusted according to an estimated folding
gain from post-layout simulation. Consequently, the calibration
range is designed to sustain the PVT variations (including
parasitic and mismatch) at 3 ¢ and the residue offsets are



CHAN et al.: 5-BIT 1.25-GS/S 4X-CAPACITIVE-FOLDING FLASH ADC IN 65-NM CMOS

Fig. 12. Folding-reference calibration scheme and its signals behavior.

guaranteed to be less than 6.25 mV with the investigation step
around 15 mV.

C. Folding-Reference Error—The Cause

During the folding operation, the folding references V,.s+
are attenuated by the total node parasitic a Vyo+ after S1
is closed. Such parasitic mainly comprise the input parasitic
of the first- and second-stage comparators and the routing
(Cp,compS: Cp,comp? and Cp,rout)- With ideal Vrefi (JVFS/4
and Vrs/4), the dc voltage shifting of the folding operation is
Vrs/2 [Fig. 10(a)], as mentioned previously in Section |I. Due
to attenuation, the voltage shifting is altered and leads to

A _ ( CS + (] ,rout, st )
ttref —
C'S + Op,comp? + Cp,compiﬁ + Cp,rout,lst&?nd
3Vrs  Vrs
Viet,dift = ( 4F - %) - Aty (8

It is obvious that Att,. is less than 1 and is about 55%
in the proposed design (including top-plate parasitic of
057Cp@omp?vc’p,conlp?)'/C ,routlst and Cp,rout2nd which is
around 25 fF). Asillustrated in Fig. 10(b), the error causes the
folded output to exceed the quantization range of the second
stage and introduces an incorrect dc level shifting into the
folding operation. The folding reference error only affects the
folding operation in R1 and R4 since these regions involve
shifting operation, which turnsit into asignal dependent error.

D. Folding- Reference Error Calibration

Since the attenuation is around 55%, the folding references
haveto be increased in the same amount in order to compensate
thereference error. Thus, Vpp and Gnd can be directly adopted
asV,.r+ to overcompensate this attenuation [Fig. 10(c)], which
simultaneously takes advantage of removing extra reference
buffers in the folding references. Since the capacitance can
experience different variations due to process and mismatch,
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Fig. 13. Circuit schematic of the proposed comparator with embedded
threshold.

thus requiring compensatory calibration. It is undesirable to
implement the calibration at the reference-end because V,.s+
has a great effect on the conversion speed. Instead, a 3-b bank
isinserted at the top plate of the sampling capacitance to adjust
the DC level of the folded output. Fig. 11 shows the circuit
schematic of the calibration DAC array Ccaj,array - Unit capac-
itance C, is 1 fF, which is implemented with custom-design
fringe capacitance [17].

The conceptual signal behavior of the proposed calibrationis
illustrated in Fig. 12(a). Its operation can be described as fol-
lows. At calibration period, the ADC quantizes as normal and
atest input at either R1 or R4 has to be applied in order to en-
able the shifting operation. For instance, 25 Vs /32 is selected
in this design which has an ideal folded output of 23 Vg /32
[Fig. 12(b)]. Three bits of tuning codes (Code,,,,) will enable
the capacitancein C.,) array Until the decision of the comparator
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Fig. 14. Circuit schematic of the encoder.

with the 23V g /32 threshold flips. Cea array @nd Switches are
implemented on-chip while the tuning control is brought off-
chip.

The calibration range of the proposed scheme is estimated
from layout extraction and post-layout simulation. Since cal-
ibration is in a single direction, the parasitic is guaranteed to
havelessthan 50% attenuation toward V ,..¢+ over PV T corners.
Cs varies about + 20% according to maximum and minimum
layout extraction while the parasitic capacitances have around
=+ 16%. Asaresult, 7 f of Ccaj array hasto beenabled in order to
compensate capacitance deviation for the worst case (when C's
is 36 fF and parasitic is 29 fF). Thisin turn reflects the calibra-
tion range and sets as minimum capacitance boundary of Cg (30
fF). The calibration resolution can then be defined as follows:

AAbtye,

_ ( CS +Cp,r0ut,1sr )
C’S + Cp,comp7 + Cvp,comp?) + Op,rout,lst&?nd + ACvcal,array
9)

Every bit count of Code,,,, contributes with a 10-mV voltage
shift at the folded output which is close to 1% of attenuation.
Considering asignal lossin the second stage, the calibration step
isbelow 1/2 L SB of the converter. Since accuracy of thefolding
reference calibration depends on the decision of the comparator,
offset calibration is executed first during the calibration period.

E. Other Nonlinearity

Since the proposed folding scheme adopts switched-ca-
pacitor circuits and uses supply as reference to generate the
residue, the supply variation and the nonlinear capacitor of
folding switches affect the folding accuracy. In this design,
since the total power of the ADC is only 595 W and there
are on-chip decoupling at the supply, the supply variation
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Fig. 15. Chip micrograph.

is suppressed under 1 mV, which is much less than the half
LSB of this ADC. In addition, the nonlinear capacitor in the
folding switches introduces a signal-dependent gain loss on
the residue. The loss is dependent on the size of the sampling
capacitor and the folding switches. As the size (width/length)
of the folding switch is a 0.27 xm/0.06 ;«m transmission gate
with 1:1 P, NMOS sizing, the maximum nonlinear capacitor
variation (mainly from gate-drain Cyq and gate-source Cy,) is
only 140 aF which indicates a less than 0.5% voltage variation
on the folding residue and is acceptable in this 5-bit design.

IV. CIRCUIT IMPLEMENTATION

A prototype ADC wasfabricated in 65-nm CMOSto evaluate
the proposed folding scheme along with its calibration. Here,
we describe the comparator, its threshold generation, and the
encoder briefly.

A. Embedded Thresholds Comparator

The conventional flash ADCs usually require a resistive
ladder to generate threshold voltages for the comparators. This
ladder not only consumes a significant amount of static power
in high-speed operation but also occupies large area because
of the routing. In the current design, to save power and area,
the thresholds of the comparators are self-embedded and thus
avoiding the ladder. Different approaches ([16] and [13]) are
existed to change the trip point of the comparator. In [16],
different thresholds are obtained by intentionally unbalancing
the input differential pair. However, the size of the differentia
pair is usually small for low-resolution ADCs with offset
calibration [18], [19]. Thus, either this method is not applicable
or the size of the input pair has to be undesirably increased,
which leads to larger area and more power consumption. In
[23], different unbalanced loads are induced at the comparator’s
outputs in order to vary the trip point. However, for a large
threshold voltage, this load becomes significant and causes the
comparator to fail to operate at high speed.

Fig. 13illustrates the proposed comparator’s circuit topology
that includes a one-transistor embedded threshold technique.
The thresholds in each comparator are generated by sizing the
unbalanced transistor Mggr with its gate connected to Vpp
properly. Assuming first that the currents in both branches are
at a well balance condition, the relationship between the size
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Fig. 16. Block diagram of the measurement setup.

of Mrgr and the comparator’s threshold can be derived as
follows:

Ipprp =1 — 1) (10)
withMgrgr, M1and M2 all operating in saturation regioninthis
instance:
1 WrEF 2 1 W 2
- Cox— V _V = . Cox_ rin _V
g Cox o (Voo = Vin]” = ( g1 (Vi) — Vi

Wy

1
— <§,LLCOXL—1 [(Vin)‘/:chf) .

(11)

Therefore, the threshold voltage of the comparator (with the
length and width of M1 and M2 are identical) is given by

(-Vvin—&-) - (‘/in—) = ‘/threshold
_ \/ Warer/Lvrer

(Vbp — Vin).  (12)

Wi /Lan

Since the overdrive voltage of Mggr islarge (Vpp — Vin ), an
unbalance can be easily generated with a small size of Mggp
which reduces the speed and area penalty of adding an extra
transistor. Even though this technique may degrade the power
supply rejectionratio (PSRR) of the comparator circuit, itiswell
suited for low-resolution and high-speed ADCs.

Based on (12), the comparator threshold depends on supply
voltage, sizing ratio between M; and Mggr, and transistor’'s
threshold of Mggr which are subjected to process and mis-
match variation. Since the circuit is not symmetrical for the dif-
ferential implementation, it will experience systemically offset
with only process variation. Transistor Mrgr induces unbal-
ance at different corners which leads to larger offset variation
than the symmetrical setup (Fig. 9). Thanks to the calibration
certain of supply (£20%), process and mismatch variation can
aso be compensated.
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Fig. 17. Measured 10-chip SNDR with low input frequency and 1.25 GS/s be-
fore and after calibration.

B. Encoder

After the comparators' decisions are stored with the regis-
ters, they pass through an encoder in order to be converted into
abinary ADC's output. Since the accuracy of the comparators
is ensured by the calibration, bubble error correction is not re-
quired. A circuit schematic of the chosen encoder is shown in
Fig. 14 based on this model. The out(X) represent the decision
of the comparators with threshold voltage of X - Vgs. It requires
two layers of XOR gates due to the folding factor of 4, and
the adopted thermometer-to-binary encoder [20]. The encoder
is mainly composed of multiplexers consuming a low amount
of power and being suitable for 2—4-bit conversion. Further-
more, the encoder must ensure a consistent logic decision with
the folding operation in order to determine the correct ADC's
output. In the proposed prototype, the encoder is implemented
off-chip for measurement purposes. Its power consumption, es-
timated with gate-level synthesis, consumes | ess than 5% of the
total ADC power.
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Fig. 18. Measured DNL and INL. (a) Before and (b) after calibration.

V. MEASUREMENT RESULTS

The 5-bit ADC prototype was fabricated in a 65-nm 1P7M
digital CMOS. Fig. 15 shows the micrograph of the chip whose
active area is 0.007 mm 2, including the ADC core and the
on-chip calibration. CMOS devices with standard V-t and reg-
ular supply voltage of 1V are usedin thisdesign. The ADC has
afull-scaleinput range of 1V, differential and an input capac-
itance of 80 fF including parasitic, complementary, and calibra-
tion capacitances. The block diagram of the measurement setup
isshowninFig. 16, which consists of two high-frequency signal
generators, power supply, PCB, logic analyzer, and a computer.
Signal generators provide inputs and clock signal to the proto-
type. Since LVDS is not available, the outputs are decimated
by afactor of 125 on-chip to reduce the input-output coupling
and 10 supply noise. All ten comparators’ outputs are brought
off-chip for measurement purpose which are captured with the
Logic Analyzer and the 3-bit tuning code is controlled from
off-chip. Folding reference calibration is executed in the fore-
ground after thresholds calibration.

A total of ten chips were measured and their SNDR at con-
version rate of 1.25 GHz with low frequency input before and
after calibration areillustrated in Fig. 17. The mean SNDR after
calibration is 30.7 dB at low input frequency. A chip (#8) with
mean SNDR is picked to report the following results. In order
to characterize the static performance, the DNL and INL be-
fore and after calibration, are shown in Fig. 18(a) and (b), re-
spectively. It is observed that the DNL characteristic is rather
symmetrical because of the folding nature. Without calibration,
the DNL and INL are +1.97/—1 LSB and +1.52/—0.5 LSB,
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Fig. 19. Measured SNDR versus conversion rate with low frequency input.

respectively. The worst case DNL and INL happen at around
1/4 and 3/4 positions caused by distortion on the folding opera-
tion as explained earlier in Section 11.(B). After calibration, the
DNL and INL improveto+0.67/—0.47 LSB and +0.47/—0.43
L SB, respectively. With 24 hours chip-run-time in room tem-
perature, the DNL and INL are drifted to +0.77/—0.33 LSB
and +0.66/—0.56 LSB, respectively. The experimental results
demonstrate and verify the proposed calibration schemes that
ensure alow DNL and INL in this architecture. The dynamic
performance of the design isinvestigated in several ways. First,
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Fig. 20. Measured SNDR and SFDR versus input frequency.

Fig.21. ADC output spectrum with 1024 samplesfor a1.25-GS/s and Nyquist
input (output decimated by 125 times).

the clock frequency is swept across 500 MHz to 1.5 GHz with
low input frequency, asillustrated in Fig. 19, where the SNDR
isabove 30.7 dB from 500 MS/sto 1.25 GS/s and drops rapidly
after 1.3 GS/s due to logic timing failure. Fig. 20 depicts the
SNDR and SFDR across low frequency and up to the Nyquist
input at a conversion rate of 1.25 GHz. The —3-dB point islo-
cated at 630 MHz which indicates the effective resol ution band-
width (ERBW) of the prototype. Fig. 21 showsthe ADC output
spectrum at Nyquist input rate after calibration. The measured
signal-to-noiseratio (SNR) is29.87 dB whilethetotal harmonic
distortion (THD) is —32.59 dB, which implies that noise is the
main limitation on the SNDR of 28.07 dB. The improvement
from each calibration is indicated in Fig. 22. At the low fre-
guency input, the SNDR has been enhanced from 26.02 dB
[Fig. 22(a)] to 28.71 dB [Fig. 22(b)], and finally to 30.7 dB
[Fig. 22(c)], with no calibration, thresholds, and all calibrations,
respectively.

The total power consumption is 595 W at 1-V supply. The
analog power, including the comparators and the sampling net-
work, is 232 ;:W, and the digital including on-chip calibrations,
logic, encoder and clock generator, is 363 ;«W. The calculated
FoM defined as

Power

FoM = —
0 9ENOBUDC y min(f,,2 x ERBW)

(13

2165

Fig. 22. ADC output spectrawith 0.4 MHz input frequency (output decimated
by 125 times): (a) without any calibration, (b) with only threshold calibration,
and (c) with al the calibrations.

TABLE |
SUMMARY OF PERFORMANCE

Technology 65-nm CMOS
Area 0.007mm?
Sampling Rate 1.25GS/s
INL <0.5LSB
DNL <0.7LSB
SNDR @ DC 30.7dB
SNDR @ Nqyuist 28.07dB
ERBW 630VHz
Power consumption 595w
Input range 1Vpp differential
Input cap. (single-ended) 80fF

FoM 17fJiConv.-step

isa 17 fJconversion-step, where f, is the sampling frequency
and ENOB is the effective number of bits. The performance of
the prototype ADC is summarized in Table |. Table Il com-
pares this work with state-of-the-art ADCs. Comparing with
convertersin gigahertz sampling rate, the proposed architecture
achieves the lowest FoM and has the smallest area.
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TABLE Il
BENCHMARK WITH THE STATE-OF-THE-ART
. . JSSC’09 I1SSCC’09 JSSC’10 CicCc’10 T
Specifications [15] [14] (8] 211 This Work
. Folding Binary 4XTI-Binary Folding
Architecture Flash Search Search SAR Flash
Technology (nm) 90 65 40 40 65
Supply Voltage (V) 1.0 1.0 1.1 1.0 1.0
Sampling Cap. (fF) 200 1000 200 N/A 80
Sampling Rate (GS/s) 1.75 0.8 2.2 1.25 1.25
Resolution(bit) 5 5 6 6 5
ENOB@DC (bit) 4.67 44 4.95 4.99 4.8
ENOB@Nyquist (bit) 4.28 4.18 4.87 4.2 4.37
Power (uW) 2200 1970 2600 6080 595
FOM (fJ/Conv.-step) DC | Nyq | DC Nyq DC | Nyq | DC | Nyqg | DC | Nyq
@DC/@Nyquist 50 (647 116 | 136 | 38 | 40 | 178 [ 265 | 17 | 23
Core Area (mm?) 0.0165 0.018 0.03 0.014 0.007

* Results are obtained from the sample with mean performance among 10 chips.

V1. CONCLUSION

A 5-bit 1.25-GS/s 4x-capacitive-folding flash ADC has been
presented in the above. The power-hungry resistive ladder and
folding amplifier have been removed by employing various
techniques. While only dynamic power is consumed from the
comparators and folding operation, linearity is ensured with
proposed calibration schemes. The reduction of the number of
comparators and simple folding logic enable a very compact
ADC design that even includes on-chip calibration. This not
only diminishesthe design cost but also allows for implementa-
tion at very low power consumption. The prototype ADC draws
only 595 W of power from the 1-V supply at a conversion
rate of 1.25 GHz and has an FoM of 17 fJ/Conversion-step.

APPENDIX |

The settling time and power of conventional two-step flash
ADC with switched-capacitor DAC switching and proposed
architecture are calculated based on 10% of parasitic at the
bottom-plate of sampling capacitor and 40-fF sampling capac-
itor (10% is obtained at the layout extraction).

A. Speed Comparison

The conventional and proposed switching methods are shown
in Fig. 23 (in single-ended configuration). At sampling phase
®g, both bottom-plate of the conventional and proposed DAC
are connected to ground (Gnd). During residue generation, the
bottom-plate of 2C and C in the conventional method will ei-
ther chargeto V.t or keep Gnd depended on the coarse ADC's
decision, while the proposed scheme will either shift the input
by V..t or keep Gnd. Since the conventional method needs to
charge MSB and M SB/2 capacitorsin the DAC array (Fig. 23),
the worst settling time is at “10” case. While, one the other

Fig. 23. Conventional two-step and proposed folding DAC switching
operation.

hand, the proposed just needs to charge the bottom-plate para-
sitic for voltage-shift operation, the worse caseis only charging
the parasitic of 4 fF. Simulation comparison has been performed
based on the setup shown in Fig. 23. By using the same size of
bottom-plate switchesin the proposed and conventional method
(DAC bottom-plate switches), the simul ation result as shown in
Fig. 24 indicates that the presented operation is 2 times faster
(when both are at the worst settling condition).

B. Power Comparison

The power of the residue generation in four cases is illus-
trated in Fig. 25. Since the switching energy for the parasitic in
conventional method is small, it is excluded in the calculation.
The proposed method has two cases without any switching
power because only selection with no voltage shifting is per-
formed, and the energy is only consumed on the parasitic in
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Fig. 24. Conventional and proposed normalized residue output settling (both
in worst case).

Fig. 25. Conventional two-step and proposed folding energy for residue
generation.

voltage-shift operation. This switching power isthetotal power
for residue generation in the proposed scheme, since switches
selection does not have significant power consumption. On the
other hand, the conventional method needs to charge either
the MSB or MSB/2 bit capacitor in three cases. The average
switching power of the conventional method is around three
times higher than the proposed one.
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