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Abstract—This paper presents a new energy-efficient ring
oscillator collapse-based comparator, named edge-pursuit
comparator (EPC). This comparator automatically adjusts the
performance by changing the comparison energy according to
its input difference without any control, eliminating unnecessary
energy spent on coarse comparisons. Furthermore, a detailed
analysis of the EPC in the phase domain shows improved
energy efficiency over conventional comparators even without
energy scaling, and wider resolution tuning capability with small
load capacitance and area. The EPC is used in a successive-
approximation-register analog-to-digital converter (SAR ADC)
design, which supplements a 10 b differential coarse capacitive
digital-to-analog converter (CDAC) with a 5 b common-mode
CDAC. This offers an additional 5 b of resolution with common
mode to differential gain tuning that improves linearity by
reducing the effect of switch parasitic capacitance. A test chip
fabricated in 40 nm CMOS shows 74.12 dB signal-to-noise and
distortion ratio and 173.4 dB Schreier Figure-of-Merit. With
the full ADC consuming 1.17 uW, the comparator consumes
104 nW, which is only 8.9% of the full ADC power, proving the
comparator’s energy efficiency.

Index Terms— Common-mode CDAC, edge-pursuit compara-
tor (EPC), high-resolution ADC, noise analysis, oscillator
collapse, phase domain, SAR ADC.

I. INTRODUCTION
OMPARATORS are widely used in many applications
Csuch as voltage regulation, brown-out detection, and
analog-to-digital conversion. In some of these applications,
the performance of the entire circuit directly relies on the
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Fig. 1. Required energy for comparison versus input difference.

(a) Conventional comparators wasting most energy for large input difference.
(b) Energy scaling saved wasted energy for comparison.
comparator’s performance as the comparator plays a key role.
A high-resolution successive-approximation-register (SAR)
analog-to-digital converter (ADC) is a good example, which
needs an especially low-noise comparison to distinguish volt-
ages that are very close for fine bit decisions requiring a
large amount of energy that takes a significant portion of the
total conversion energy. However, as depicted in Fig. 1(a),
while the actual energy requirement sharply decreases as the
input signal difference becomes larger, conventional clocked
comparators [1]-[3] usually consume nearly constant energy
for each comparison since they are designed according to the
most accurate and power-hungry comparison. Therefore, in
these kinds of applications, adjusting the energy for compari-
son according to the input difference level can greatly help in
reducing the total comparison energy [Fig. 1(b)] as well as the
overall energy consumption. For this reason, some prior works
on SAR ADCs have presented techniques for comparator
energy scaling [4]-[10], including dual ADC architectures that
use two comparators for coarse and fine comparisons [4], [5],
multiple repetitive comparisons for noise-critical bits [5]-[7],
and time-domain comparators whose noise level can be mod-
ulated by changing the length of the delay lines [8]. However,
these structures reduce the simplicity of the SAR structure
by introducing overheads for extra control, increasing design
and control complexity. They also have a limited number of
energy scaling steps and a limited noise tuning range, making
it difficult to benefit much from comparator energy scaling.
In addition, some prior techniques require preprogrammed
scaling by prediction, introducing additional inefficiencies
from prediction misses.

This paper presents a ring oscillator collapse-based
comparator, referred to as an edge-pursuit comparator (EPC).

0018-9200 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 3. Operation of the EPC. (a) Reset state. (b) Comparison start. (c) Edge propagation. (d) Comparison end.

The EPC automatically scales comparison energy according
to its input difference without external control, tailoring
comparison energy to each conversion. Wide-range energy
scaling allows for saving a significant amount of energy
for coarse comparisons. Phase-domain operation running for
many cycles over the ring oscillator enables high-resolution
operation with a small load capacitance and area.

Section II presents the structure of the EPC and describes
its operation. Section IIl analyzes the operation of the
EPC in detail with noise, deriving equations on expected
performance and energy efficiency. In Section IV, some
important characteristics of the EPC are discussed and its
energy efficiency is compared with conventional comparators.
Section V presents an application of the EPC to a 15 b SAR
ADC with dual capacitive digital-to-analog converter (CDAC)
structure. Section VI presents the measured results, and
Section VII concludes this paper.

II. STRUCTURE AND OPERATION OF THE
EDGE-PURSUIT COMPARATOR

Fig. 2 shows the structure of the EPC [9], which is com-
posed of two NAND gates and inverter delay cells. The design

is inspired by a physically unclonable function circuit that uses
oscillator collapse to uniquely identify integrated circuits [11].
Here, the design is modified to serve as a comparator with
differential inputs; the topology is shown below to be par-
ticularly well suited for use as a comparator. Initially, the
comparator is in the reset state as the signal START is low
to disconnect the oscillation path, as shown in Fig. 3(a). The
comparator initiates a comparison when the signal START
goes high simultaneously at both NAND gates [Fig. 3(b)]. This
injects two propagating edges into the oscillator, which travel
around the comparator [Fig. 3(c)] until one overtakes the other,
collapsing the oscillation [Fig. 3(d)]. Differential input signals
(Vinp and VinMm) are alternatively applied to both the top and
bottom current-limiting transistors of the delay cells, modulat-
ing the pull-up and pull-down edge-propagation delays. The
propagation delay of these two edges is controlled by mutually
exclusive current-limiting transistors such that increasing Vinp
causes one edge to propagate faster and the other to become
slower (and vice versa for Vinm). After one propagating
edge overtakes the other edge, the oscillation collapses and
the stage outputs settle to either Vpp or GND, dictated by
which edge was slower and hence overtaken [Fig. 4(a)]. The
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Fig. 4. Output of the EPC versus time during comparison. Output waveform
changes according to (a) polarity of the |Vinp—VinMm| and (b) amount of the
input signal difference.
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Fig. 5. Simplified delay cell model for noise estimation.

comparator output COMP is sampled from an internal stage
that goes high when Vinp > Vinm and low otherwise. When
the voltage difference between Vinyv and Vinp is small, the
two injected edges have similar propagation delays and the
number of cycles required to make a decision automatically
increases [Fig. 4(b)]. This filters out high-frequency noise,
as the design performs noise averaging over a longer period
of time. On the other hand, for large voltage differences,
the oscillation inherently collapses quickly, limiting dynamic
energy consumption for coarse comparisons. In this manner,
the comparator naturally adjusts its energy dissipation without
external control, and realizes both high accuracy and low
power operation.

III. ANALYSIS OF EDGE-PURSUIT
COMPARATOR PERFORMANCE

During a comparison, the EPC operates similarly to a ring
oscillator. After it is triggered, two injected edges propagate
with different speeds driven by different transistors, whose
phase difference drifts until it shifts by —z or = compared
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with when the propagation started. Therefore, comparator
noise can be estimated by analyzing the phase difference in the
time or phase domain instead of voltage or current. To simplify
the noise analysis, we reduce the circuit to be analyzed to the
one shown in Fig. 5. The NAND gates with the comparator
clock are skipped as their propagation delay and jitter noise
are much smaller than the other stages. Each current-limiting
transistor is modeled as a noisy current source. Assuming
that the parasitic device capacitances are much smaller than
the stage load capacitance Cy, the noise from transistors in
the middle of the stack can be neglected, allowing these
transistors to be modeled as simple noiseless switches that
flip at ~ Vpp/2.

A. Operational Analysis in Phase Domain

We analyze the EPC behavior in the phase domain, with
the basic concept illustrated in Fig. 6. According to Abidi’s
analysis of ring oscillator noise in [12], the comparator period
jitter variance is

k(22
o= — || — e
! IfO Vov N e Vbbp

where 7 is the oscillation period, arz is the variance of
the period jitter, fy is the oscillation frequency, and Vi,
is the overdrive voltage of the current-limiting transistors.
Assuming that the period jitter is uncorrelated between the
two propagating edges, the variance of the phase difference
shift at a period is

ey

2
2~ 2 0; 2 KT (2 2
:2 2 :8 .
Tap= 2% (2m)” =877 fo (Vov (N +vp) + VoD
(2

In addition to noise, the phase difference shifts as the input

voltage difference gives rise to a current difference for the two

propagating edges. The average period difference between the
two edges A, is

AT 8gm Vin 2

At =—1 =V = ——

I I f 0 vcvv f 0

where vj, is the input differential voltage and g, is

the transconductance of the current-limiting transistors.

3)
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Therefore, the average phase difference shift at a period ua¢ is
At Vin

luA¢§27TXT:47T—. (4)
Note that in this convention, a positive vj, causes the phase
difference to drift toward the boundary at z. Therefore, an
oscillation finishing with the phase difference at # means
that the comparison result is “high,” and otherwise (finishing
at —m) means “low.”

For easier formulation of the phase shift during a com-
parison, we assume that the phase difference shift @ (z) is a
continuous-time random process with independent increments
in nonoverlapping time intervals, similar to 1-D Brownian
motion with drift. Then, the probability density function

of ¢(t)
f(ta ¢) = f@(t)(¢)a - = ¢ =z (5)
satisfies the Fokker—Planck equation [13]

)
O f(t,¢) = —Moy [ (1, 9) + S35 f (1, ) ©)

where M and X are the “drift” and “diffusion” coefficients of
this random process, defined as

B2 —dnfo )

ov

t >0,

M =

2
%a¢ 2 kT (2 2
=20 g2l (= ). @
. 7° fo 7 VOV(VN+)’P)+VDD (3)

From the initial condition of the comparator, this system has
a boundary condition

J0,8) = (). )

In addition, another boundary condition at the phase shift
boundaries is given by

f(t,ﬂ') = f(t’ _77:) =0 (10)

because a trial of this process is excluded from the probability
density once its value reaches a boundary.
The solution of this system is

1 —
Ft.¢) = —e¥0 D e Meoskmg) (1)
T n=1
where the coefficients k(n) and A(n) are defined as
1
k(n):n—z, nenN (12)
M? X )
=—+= . 1
A(n) 73 + 5 xk(n) 13)

B. Comparison Time and Energy

Let T be a random variable for the comparison time
and f(tr) be a function representing the probability of the
comparator oscillating at time ¢. f(¢) is derived by integrating
f(,¢) in (11) along the ¢-axis

f(@)=P[T >t]=Pl-7 < fou(¢) <]
[, d)do = iZCOSh(%ﬁ)
z T z

(14)

< _ n+1@ —A(n)t
xg( 1) /I(n)e .
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By differentiating this with respect to ¢, we obtain the proba-
bility density function of T, fr(t), as

d ) 1 M
fT([) = EP[T < t] = —f ([) = ;ZCOSI’I (Eﬂ')

x> (=1 k(m)e ", (15)

n=1

The average comparison time E[T] is

00 mtanh (%z) 2% (M
E[T] _/() tfr(t)dt = —w ES (E) (16)

where the scaling factor S, which is dependent on the ratio
M/ %, is defined as

tan h(km)
kr

The function S(k) is an even function with its maximum
at (00, 1). Its value decreases as |k| becomes larger, character-
izing the automatic energy scaling behavior of this comparator.
When M = 0, i.e., vi, = 0, the average comparison time peaks
at 72/ 2.

The energy for a comparison is easily calculated from the
comparison time. Because each edge draws current / from
the supply voltage Vpp on average as it propagates, the
comparator consumes an average power of

S(k) = (17)

P =21Vpp. (18)

Therefore, the average energy consumption per comparison is

72 M
E=PxE[T] = 2IVDD§S (—)

> 19)

C. Input Referred Noise

Let g(t, ¢) be a function on the regiont >0, —7 < ¢ <=
whose value represents the probability for the comparator to
finish its oscillation with a final phase difference shift of =,
meaning output “high,” when the current phase difference shift
is ¢ at time 7. By this definition, the value of this function
must be independent of time ¢, because its dynamic behavior
is determined only by the stationary random variable A ® (At)
and current phase difference ¢. Then, g(¢, ¢) = g(¢) satisfies
the differential equation

B
Ag' (@) + 58"(#) = 0. (20)
Solving (20) with two boundary conditions
g@)y=1, g(=m)=0 2D
that are clearly given by the earlier definition of g, we obtain
2M —2M
e —e 3 ¢
8@) = (22)

ez —e T 7

Let 2(vin) = g(0) be a function representing the probability
of the comparison result being “high” when the input voltage
is vin. This function changes its value according to vi, as M
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depends on vi,

240viy)
T
h(vin) = g (O)|vin = T 2404 2A(ip) (23)
—B T —e "B

The comparator’s input-referred noise voltage v, is a random
variable with a probability density function f,, (v) that satisfies

o]

h(vin) = /OO H(Vin + Vn)fvn (Vn)an = fvn (Vn)an
- " 24)

where H (vin) is the Heaviside step function that models prob-
ability of the ideal noiseless comparator output, and therefore

Fon ) = 1 (=vy) = h' (vy)

because i’ is an even function.
Then, the comparator’s input-referred noise power avzn is
obtained as

o0 00 ,
0-"'2}1 = / v?lfvn (vn) dv}’l = / Vﬁh (Vn) dvn
o0 00

(25)

2 2 2
z% L (kT 2 2 5
_ . il — ) vZ. (26
3fo(1) (VOV(VN+VP)+VDD e (26)

IV. DISCUSSION ON CHARACTERISTICS OF
EDGE-PURSUIT COMPARATOR

The analysis in Section III reveals some useful character-
istics of the EPC compared with conventional comparators,
which are discussed in this section. In addition, to evaluate the
energy efficiency of the EPC and compare it with conventional
clocked comparator topologies [1]-[3], energy efficiency norm
values are estimated for EPC and conventional comparators
and compared with each other.

A. Input Noise Tunability

From (26), the noise rms level o,, is

2 T kT ( 2 2
= \/;v” = 7§f07 (V—OV(VN +yp)+ E) Vov. (27)

Note that the rms level of the comparator’s input-referred noise
is proportional to fy/I, which is inversely proportional to
the total capacitor size throughout the oscillator. Using this
characteristic, one can easily tune the required input-referred
noise level across a wide range for this comparator topology

Ov,
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60+

Noise Voltage (uV,,J)

w
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Simulated input-referred noise versus (a) delay cell size and (b) number of delay cells.

during both design time and runtime. On the other hand,
other comparators usually require the tuning of design factors
inversely proportional to the required noise power, rather than
the rms level, which renders wide-range noise tuning more
difficult. Fig. 7(a) shows an example of changing the total
capacitance by changing the size of each inverter cell, and as
expected, the noise rms level roughly follows the inverse of
the total capacitance.

Another example in Fig. 7(b) tries to change the total
capacitance by changing the number of delay cells in the
comparator. However, the simulated results show that the
noise changes more sensitively than expected, which is due
to positive feedback on the phase difference shift. The phase
difference shift changes the time that each stage output stays at
0 and Vpp, during which the internal nodes of each delay cell
are reset. If this time for reset becomes too short, the nodes
in the delay cell cannot be completely reset, accelerating the
phase difference shift in the present direction. As shown in the
graph, this positive feedback more affects the comparator with
a small number of stages because the time for reset is shorter.
This mechanism is similar to the regeneration of the output
signal in conventional regenerative comparators, but this phase
regeneration does not consume much energy, whereas voltage
regeneration in conventional comparators consumes a fixed
amount of dynamic energy. For this reason, the energy effi-
ciency of the EPC is maintained even for designs with a small
number of stages. This positive feedback mechanism further
increases the tunable noise range, showing a 12.5x noise level
change only by changing the number of stages from 8 to 14,
while conventional comparators require more than 100x design
parameter tuning for a similar noise level change.

B. Automatic Energy Scaling

According to (19), the EPC’s energy consumption depends
on the energy scaling factor S(M/X). To estimate how much
energy is actually saved in usual applications, we obtain the
relationship between M/ X and vj, from (7) and (27)

M _ 1 v 28)

T V2o,
Taking this equation together with the graph of the scaling
factor § in Fig. 8 into account, the energy scaling factor
remains around 1 when vj, is within the noisy region, but if v,
goes outside the noisy region, it decreases fast toward O in a
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hyperbolic manner. Therefore, the comparator can save almost
all its energy in most voltage ranges, except for a small noisy
region that is usually within the ¢Vs—mVs range.

For example, assuming an application of the EPC in a
SAR ADC where the comparator is designed to have the
same noise level as the quantization noise, a comparison with
Vin = LSB = \/ﬁavn consumes only ~0.317 times the
energy of the comparison with vj; = 0. Even assuming the
worst case of consuming the maximum comparison energy,
where the comparison occurs alternately below and above 0
to finally finish with the comparison exactly at vi; = 0 as
shown in Fig. 9, the calculated total energy for all comparisons
(vin = (OLSB, —1LSB, +1LSB, —3LSB, +5LSB - - -) during
a single ADC conversion is only ~1.86 times the energy of a
single comparison with vi, = 0.

C. Energy Versus Noise Efficiency

To evaluate the EPC’s energy efficiency and compare it with
other comparators, we shall define a norm for comparison

2

O, Vi

2
DD

N=E x 29)

which means the energy consumption per SNR assuming
maximum signal power is VSD. From (8), (19), and (26), we
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get the norm value for the EPC
2 ( ) kT(VDD(yN +7p) + Vou) Voy
s .

M Ls
EPC = ¢ VDD
Assuming yy = yp = y and Vpp(yny + yp) > Vov, (30)
simplifies to
Nepc=—$ kT
EPC="3 S

which has the dimension of energy in the form of k7 multi-
plied by some design factors.

From Nuzzo’s analysis [14] on a single-stage regenerated
comparator [2] illustrated in Fig. 10(a), its input-referred
voltage noise power a is derived as

(30)

2

M Vov

3D
/ Vbp

2

o, = O'MI + ‘782| —i—o’,%,‘,}5 +0523. (32)

Assuming that the comparator’s noise is optimized enough so

that ‘7/%/1. becomes dominant, (32) is simplified to
2kTy V.
2 ~ 2 Yov
0. =0 = 33
Vn'SS M = Cx Vth (33)

where Vi and Vi are Vrnz and Viyp,1 in the original equa-
tion in [14], which means the threshold voltage of M3 and
overdrive voltage of M; during comparison phase 1 defined
in [14], respectively.

During a comparison, this comparator discharges X; and X»
from Vpp to 0. Either node between the two output nodes
is also fully discharged. The other output node is discharged
down to around half of Vpp where the currents through M3_4
and M;5_g are balanced. Assuming that most of the energy for
comparison is used in recharging these nodes, this comparator
consumes energy

Ess =(2Cx+1..5Co) Vip

per comparison. Using (29), this comparator’s performance
2
O,
188 = 4kT
V;

norm 1is
(1+32)
DD

and following the assumption Cp = Cyx in [14], it is further
simplified to

(34)

3Co
Tacx

Vov

35
Ve (35)

Nss = Ess x

Vov
Nss= TkTy — (36)
Vin~
From Elzakker’s analysis [3] on a two-stage comparator illus-

trated in Fig. 10(b), its input-referred voltage noise power avzn

is derived as
1 I 2kTy Vov
VanCF 8m Cr Vn

by substituting g;,, with 27/ V,y, and restoring the omitted y
by the assumption y = 1 in [3]. During a comparison, the
drain nodes of the two input transistors are discharged from
Vbp to 0, each of which is connected to a large capacitor Cr.
Therefore, the energy to replenish these capacitors dominates
the total energy consumption, which is

2

O-Vn TS (37)

=4kT

Ets= 2CrV3p (38)
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per comparison. Therefore, the comparator’s performance
norm is

2

o %
Nrs = Ers x —2B8=4kTy == (39)
DD Vi

All comparators’ performance norms estimated in (31), (36),
and (39) share the same dimension and similar form factored
by kT y. Ratios among those norms are

A

Nepc:Nss:N1s = § (E)

x2/3 1 4

Vop Vi Vi
showing that the EPC has relatively smaller norms than the
other two, even when vj;, = 0 and S = 1 where the EPC does
not benefit from the scaling factor S at all. This efficiency gain
comes from the following:

(40)

1) saving energy used for output regeneration (versus a
single-stage comparator only), by 4/7;

2) increased voltage integration swing from Vi, to
2Vw/Vop, by Vo

3) EPC’s bidirectional operation similar to [15], where
both pull-up and pull-down currents are used for phase
integration, by 1/2;

4) fixed phase difference shift threshold for an output
decision that prevents a decision with insufficient signal
integration, by z2/12.

In addition to the above, the EPC can further reduce the
average comparison energy due to automatic energy scaling.
For example, the EPC consumes only around 1.86x energy
per single SAR ADC conversion as discussed in Section IV-B,

141
>
E |
R 12-
@
=
C 10
=
[
=
< 87 2 Stage 1 Stage
E \l\l
g. 64 oo ———n
i
4 8 12 16
Number of Delay Cell

Fig. 12. Simulated input-referred offset voltage versus number of delay cells.

which is comparable with the energy level for only a single
comparison of other comparators.

Fig. 11 shows the simulation results of the three comparators
compared. With similar levels of input-referred noise
[Fig. 11(a)], the EPC shows large energy savings from auto-
matic energy scaling, while the other two comparators show
nearly constant energy consumption. Fig. 11(b) shows the
simulation results when the V,, is similar among all
comparator types considered. The simulation results follow
the trend of (40).

D. Offset

The mismatch of the MOSFET causes an input-referred
offset voltage, Vos, and it makes a small delay difference, Az,
of each delay cell. Since mismatch factors among every delay
cell are uncorrelated, the standard deviation of accumulated
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Fig. 13. 15 b SAR ADC architecture with EPC and dual CDAC for high resolution.

delay difference when the edge runs a lap of N-stage delay
cells is v/N - Aty. According to [8], the voltage to time gain
of the N-stage delay cell is N - Az;/Vos, and thus the input-
referred offset voltage of the N-stage delay cells, Vos_w, is

Vos v = j—ﬁ - Vos. (4D
Therefore, the input-referred offset voltage is dependent only
on the number of delay cells. Fig. 12 shows that the Monte
Carlo simulation result and the offset voltage are reduced when
the number of delay cells is increased.

V. SAR ADC WITH EDGE-PURSUIT COMPARATOR

The EPC was applied to a 15 b high-resolution synchronous
SAR ADC that is composed of a CDAC and digital logic as
shown in Fig. 13. The EPC uses 16 delay cells, and the number
of delay cells is decided by the simulation result that includes
the parasitic capacitance. The input-referred noise voltage is
under 15 ©V. The EPC has a meta-stability issue because the
comparison time is automatically changed according to the
input voltage difference. The performance and the comparison
time of the EPC are maximized in meta-stability condition. For
this reason, the sampling rate of the ADC should be decided
by considering the comparison time when the input voltage
difference is very small. Fig. 14 shows that the transient noise
simulation result when the input voltage difference is 0, 0.5,
and 1 LSB, respectively. The maximum comparison time at
the 0.5 LSB input voltage difference is smaller than 3 us,
and thus the sampling rate of the ADC is decided to 20 kS/s.
There are some cases that the comparison time is larger than
3.3 us when the input voltage difference is zero; however, the
probability is very low and the large code is not caused when
the input voltage difference is under the 0.5 LSB.

The CDAC of the SAR ADC consists of the 10 b coarse
CDAC, the 5 b fine CDAC, and the 9 b common-mode to

Probability

-0 1 2 3 4
Comparison Time (us)

Fig. 14. Simulated probability distribution function of the comparison time
at AViy =0, 0.5, and 1 LSB.

differential gain tuning CDAC. The unit capacitance of the
coarse and fine CDACs is 16 fF, and the unit capacitance of
the tuning CDAC is 4 fF. The total capacitance value of each
plus and minus CDAC is about 16 pF to get an under 15 ¢V
kT/C noise. The 10 b differential CDAC is implemented using
a split capacitor array [16] to reduce the switching power. The
5 b fine CDAC shares top plates with the CDAC (Vinp, VINm)
and has the same unit capacitor size as the coarse CDAC.
An intentional difference between tuning the capacitors
Ctungp and Ctynem induces a small differential voltage
change as the shared bottom plates of the fine CDAC change,
allowing high resolution without significantly increasing the
overall CDAC capacitance.

Differing from a conventional bridge-capacitor tech-
nique [17], [18], the 5 b fine CDAC has shared bottom
plates for each pair of capacitors. Fig. 15 shows the detailed
operation of the bottom node switching. First, all bottom nodes
of the fine CDAC are reset to GND during the sampling phase.
After finishing the 10 b MSB decision using a differential
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Fig. 16. Operation principle of the fine-bit CDAC generating small voltage change.

CDAC, the shared bottom node of the fine DAC’s MSB
is set to Vpp [Fig. 15(a)]. It changes the differential input
voltage into the comparator by half an LSB of the coarse
DAC (Fig. 16, upward arrow) to form a middle point for
the 11th b decision. After the comparison, the voltage of the
MSB bottom node is set according to the comparison result
(0 in the example in Figs. 15 and 16), and the bottom node of
the second MSB is switched to Vpp for the 12th b decision
[Fig. 15(b)]. In this manner, the fine CDAC switches its
shared bottom nodes in the same way as a usual single-ended
SAR ADC [Fig. 15(c)]. Because the bottom node switching
injects the same charge into both CDAC top output nodes,
switching a capacitor shifts only the common-mode voltage of
the two output nodes and does not impact the SAR as long as
the two CDACs are completely matched. However, by creating
a small imbalance between the total capacitance to ground of
the two CDAC output nodes, this common-mode shift will also
translate into a small differential voltage difference [Fig. 16].
This common-mode charge injection to differential voltage

gain is fine-tuned using the two tuning capacitors Ctyngp and
Crunewm [Fig. 13].

As depicted in Fig. 17, both the bridge-capacitor
technique and common-mode CDAC technique use tuning
capacitor arrays to control the fine-to-coarse CDAC gain.
Tuning switches in these capacitor arrays have parasitic capac-
itances whose values vary as the corresponding top voltage
changes, possibly injecting harmonic voltage distortion in the
sampled signal. Compared with the bridge-capacitor tech-
nique, the common-mode CDAC technique is less affected
by this distortion because the top plate is shared between
the coarse and fine CDAC, where voltage across the tuning
capacitors always stays near the input common-mode voltage
whenever a fine comparison is performed [Fig. 17(b)]. On the
other hand, the top plate voltage of the fine CDAC does not
converge to the same level in the bridge-capacitor technique,
so the value of the parasitic capacitor can vary more. Hence,
the proposed top-plate shared fine CDAC structure shows
improved linearity over the bridge-capacitor technique by
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reducing the nonlinearity introduced by the nonlinear parasitic
capacitance of the switches controlling Ctyngp and CTUNEM-

The 5 b CDAC with common-mode shifting shares its top
node, and thus a mismatch of the fine CDAC can cause
more error than the bridge-capacitor technique. However, the
mismatch error can be calibrated using several techniques like
a redundancy capacitor. On the other hand, it is very hard to
reduce the nonlinearity from the voltage-dependent capacitor
of switches.

The common-mode rejection ratio (CMRR) is also impor-
tant design factor for the fine comparison. The maximum
common-mode voltage changing at the fine comparison is
about 30 mV, and it can change the noise and delay from
the current-limiting MOSFETs. However, the common-mode
change of about 30 mV is small, and thus the input-referred
offset voltage is linear in this small common-mode change
when we checked the simulation result. The 9 b tuning
capacitor makes the common mode to differential gain in the
fine comparison, and the differential gain is also linear in every
comparison. For this reason, the input-referred offset voltage
can be controlled by changing the tuning capacitor value and
it can cancel the CMRR effect of the EPC.

VI. MEASURED RESULTS

The ADC with the EPC was fabricated in a 40 nm CMOS
process with a total area of 0.315 mm? [Fig. 18]. Shown
as a white dot in the middle, the EPC has a very small
area of 54 um?, considering its low noise level. The EPC
is not located at the center between the CDACs because
there are many digital signal lines at the center. Therefore,
we move the EPC down to prevent the noise. The different
distance between the plus/minus CDAC and comparator leads
to different parasitic capacitances of the CDAC top node,
but this capacitance value is much smaller than the unit
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Fig. 18.
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Fig. 19. Measured average comparison energy of the EPC versus SAR ADC
bit position.
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Fig. 20. Measured DNL and INL.

capacitance and the sampling rate of the ADC is slow. Fig. 19
shows the measured average comparison energy for each bit
position. The comparison energy for the MSB and LSB bit
position differs more than 67 times, proving its wide-range
automatic energy scaling. The measured ADC results show
a maximum differential non-linearity (DNL)/integral non-
linearity (INL) of 1.9/5.2 LSB and a minimum DNL/INL is
—1/-3.2 (Fig. 20). Tuning capacitor values of the Ctyngp and
Ctunem are decided approximately by checking the output
code of the ADC when the very slow and small amplitude
is applied and is optimized to get a best DNL and INL.
However, the tuning capacitor cannot remove the missing code
perfectly and it limits the effective number of bit (ENOB)
to 12 b. Spurious-free dynamic range (SFDR) and signal-
to-noise and distortion ratio (SNDR) are 95.1 and 74.12
dB respectively at the Nyquist frequency (Fig. 21), which
corresponds to 12.02 b ENOB. Fig. 22 shows the mea-
sured frequency spectrum when the input frequency is 0.999
[Fig. 22(a)] and 9.999 kHz [Fig. 22(b)]. The measured fre-
quency spectrum shows that spurs increase when the input
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TABLE I
ADC PERFORMANCE SUMMARY AND COMPARISON
This work Tai, ISSCC Harpe, ISSCC | Lim, ISSCC | Liu, ISSCC | Lee, JSSC | Bannon, VLSIC
2014 [4] 2014 [7] 2015719] | 201615] 2011 [8] 2014 [20]
Technology 40 nm 40 nm 65 nm 65 nm 28 nm 180 nm 180 nm
. Pipelined- | Pipelined- .
Architecture SAR SAR SAR SAR SAR SAR Pipelined-SAR
Resolution (bits) 15 10 12 14 13 12 10 18
Sampling rate, Fs 20 200 32 50000 100000 100 5000
(kS/s)
Input voltage range Not
(Differential) 1.8 Vi reported Not reported 2.4V 1.8 Vi 1.2 Vi 10 Vi
Area (mm?) 0.315 0.0065* 0.18 0.0544* 0.0047* 0.125 5.74
SFDR 95.1 76.25 78.4 78.5 84.6 75.4 67 Not reported
SNDR 74.12 55.63 67.8 69.7 70.9 64.43 57.7 98.6
ENOB (SNDR-1.76)/6.02 12.02 8.95 10.97 11.29 11.5 10.39 9.3 16.09
INL, ., (LSB) 5.2 0.45 082 | 3.50 0.96 0.82 0.8 0.52
DNL,,,, (LSB) 1.9 0.44 058 | 1.75 0.58 0.53 0.4 0.10
Total Power (uW) 1.17 0.084 0.310 | 0.352 1000 350 1.3 60520
Critical Power** (uw)| 0104 [ 0.02500x | 0124 | 01411 536000 119%%* | 0.130%** | Not reported
FOMs (dB) 173.4 176.8 1749 | 176.3 174.9 176 163.6 177.7
FOM_. (dB)**** 184 181.6 178.9 | 180.2 179.7 180.6 173.6 -
* Active area  ** Power for noise critical block (comparator in SAR, amplifier in pipelined SAR)
*** Calculated value from the paper/presentation material ~ **** SNDR-+10log(Fs/2/(Critical power))
1007/ —s— SFDR (dB) 0
—— SNDR (dB) -20 SNDR =
40 72.25 dB SFDR =
90- THD — 78.03 dB
E -60 -77.92 dB
-80 4+
=
80+
-100
._____k—.—-—.—n—l—l—l-—' 120
70
: : . . . 0 2 4 6 8 10
0 2 4 6 8 10 Frequency (kHz)
Frequency (kHz) ()
0
Fig. 21. Measured SNDR and SFDR versus input signal frequency.

-20 SNDR =
signal frequency is reduced, because the bandpass filter has a 40 SFDR = 74.12 dB
lower harmonics suppression and a larger signal attenuation » 60 95.1 dB THD =
at low input frequency. Fig. 23 shows that the EPC consumes = -90.45 dB
104 nW at the Nyquist frequency, representing only 8.9% of = 80
the total ADC power of 1.17 uW. -100 4

Table I summarizes the performance of the implemented -120
ADC with the EPC, and compares it with other similar works
on SAR or pipeline-assisted SAR ADCs. To compare the 0 2 4 o 8 10
EPC’s efficiency with other ADCs adopting different archi- Freque(l:)c)y (kHz)

tectures more clearly, a new figure of merit, named FOM¢, is
derived from the Schreier Figure-of-Merit (FOMs). In FOMc,
the total power consumption term of the original Schreier
FOMs is replaced by the power dissipation of the noise-critical
blocks only, such as the comparators in SAR ADCs, amplifiers
in pipelined ADCs, and integrators in delta—sigma ADCs,
giving more emphasis on the energy efficiency of noise-critical

Fig. 22. Measured frequency spectrum. (a) f;;, = 0.999k. (b) f;, = 9.999k.

blocks. The CDAC is also a critical noise source for the ADC;
however, the performance of the SAR ADC is limited by the
CDAC mismatch. Consequently, a 15 b CDAC is more than
necessary specification considering the final ADC performance
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Comparator
104 nW (8.9%)

Calibration
294 nW
(29.4%)
-~ CDAC
621 nW
Logic 2 (53.1%)
100 nW =
(8.6%)
Fig. 23. Measured power consumption of the SAR ADC at Nyquist
frequency.

(12 b ENOB), and therefore the CDAC power is not included
in the FOM¢

Fs
— . (42)
2 x (Critical Power)

While the FOMs of the ADC is 173.4 dB, the FOM¢ of
the EPC in this SAR ADC is calculated to be 184 dB,
which compares favorably with other similar designs. This
underscores the applicability of the EPC to other low-power
SAR ADC topologies.

FOM¢ = SNDR + 101log (

VII. CONCLUSION

This paper presents an energy-efficient comparator, named
the EPC, with an automatic energy scaling capability accord-
ing to the input difference. Capacitors in the oscillation path
are recycled many times during phase-based operation, which
allows for accurate comparisons with a small area and total
capacitance. Bidirectional signal integration naturally occurs
as edges propagate, offering extra efficiency gain. A 15 b SAR
ADC using a small EPC of 54 um? shows a 74.12 dB SNDR
and a 173.4 dB FOMs at the Nyquist frequency of 10 kHz. The
EPC shows 67x automatic energy scaling between the MSB
and LSB bit decisions without any external control, saving a
significant portion of the energy for the MSB decision. It also
has a 184 dB FOM¢, which is the best number among the
designs compared.
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