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Abstract—This article proposes a behavioral model, based
on closed-form equations, of the dynamic errors in high-
speed high-accuracy successive approximation register (SAR)
analog-to-digital converters (ADCs) with charge-redistribution
capacitor-based digital-to-analog converters (CDACs). To deal
with incomplete settling of references and overcoming LC pack-
age parasitics, on-chip generation of the references must be
considered in high-performance applications. This architecture,
in combination with a bit-redundant conversion scheme, improves
conversion speed while relaxing power consumption. The main
challenge in this approach is that the reference settling and
the resulting redundancy tolerance are signal-dependent, not
only on the current error magnitude but also on the previous
conversion cycle history and parasitics. This requires costly
postlayout transistor-level simulations for performance evaluation
(in the order of days), making not always feasible a systematic
exploration of design space before integration due to compu-
tation time. To overcome this bottleneck, this work will show
that the dynamic behavior can be theoretically predicted using
a time-varying effective reference, the behavior of which is
analytically described compactly. The accuracy of the proposed
dynamic model is verified with a comparison with a 1.2-V 13-bit
65-nm SAR ADC characterized between 10 and 60 Msps at the
postlayout level.

Index Terms— Closed-form dynamic model, parasitics, redun-
dancy analysis, reference settling, successive approximation
register (SAR) analog-to-digital converters (ADCs).

I. INTRODUCTION

VER the last decade, successive approximation reg-
Oister (SAR)-type analog-to-digital converters (ADCs)
have shown impressive figures of merit in medium-to-
high-resolution and ultralow-power applications [1]. These
improvements can be justified in the use of capacitor-based
digital-to-analog converters (CDACs) and latch-type dynamic
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comparators, which take advantage of their digital architecture
specially adapted to modern CMOS technologies.

In a conventional N-bit architecture with 1 bit per con-
version, the SAR ADC uses M cycles (M > N) to digitize
the analog input signal x, using the weighted sum of the
obtained M bits, D = [Dy, ..., Dy]. Hence, the final digital
code z is evaluated through a simple arithmetic logic. How-
ever, the effective accuracy is determined by the nonidealities
in the CDAC and the reference generator. Actually, in a
high-speed high-resolution scenario, the settling behavior of
the reference becomes one of the more limiting factors in
performance. Although this issue is omitted in most of the
research publications (just focusing on the ADC core), its
importance has led to a growing interest in recent years,
particularly in applications where the settling time associated
with the package LC-resonance parasitics makes external
voltage regulation no feasible [2], [3]. Although this problem
can be partially mitigated using an internal buffer [4] or a huge
on-chip decoupling capacitor [5], the tendency toward full
on-chip integration of the references is increasing to optimize
power and area consumption in SAR ADCs [6], [7], [8], [9].

On-chip reference generation is combined with CDAC
redundancy to reduce power consumption and increase conver-
sion speed [10], [11], [12], [13], [14]. This technique consists
of the implementation of a binary search algorithm in which
the number of cycles M is greater than the resolution of the
converter N, so that if an error occurs in the first cycles, there
is a margin for correction (against the case without redundancy
with no margin). The redundant implementation is such that
all errors within the i-th cycle, which are equivalent to a
comparator decision error within the redundancy interval, can
be compensated by the correction logic without interrupting
the operation of the ADC. Despite the extra comparison cycles,
the introduction of redundancy improves the conversion speed
for a given resolution and reduces the power consumption
by relaxing the settling requirements in the references and
CDAC [10], [15].

Despite these advantages, several challenges arise in pre-
dicting the final impact on the SAR ADC performance since
both the reference settling and the sizes of the redundant
intervals become signal-dependent and sensitive to the his-
tory due to the transient evolution of the previous SAR
cycles and layout parasitics. Moreover, the tolerable error
for a single conversion results also scaled from cycle to
cycle, from the most significant bit (MSB) with i =1
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to the least significant bit (LSB) with i = M, increasing
the complexity of the problem. This issue is typically
addressed by costly postlayout simulations at the transistor
level since a theoretical analysis of the dynamic implica-
tions of references and redundancy is missing in the SAR
bibliography [16], [17], [18], [19], [20], [21], [22], [23], [24].

Most of the works on SAR ADC modeling, such
as [16], [17], and [18], assume static conditions in which only
the impact of the CDAC parasitics and capacitor mismatch on
performance is considered. In [19], [20], and [21], the nonideal
settling due to switches is incorporated with a first-order
RC model, but the reference generator is considered ideal.
Even with the inclusion of more sophisticated descriptions,
the issue of redundancy in SAR ADCs is not specifically
addressed [22], [23], [24]. In this sense, the work in [22]
introduces the nonideal effect of switches, charge injection,
and feed-through in conventional SAR ADCs, but without
any analysis of the implications on the conversion speed and
still not covering the reference settling. In [23], the reference
effects are incorporated using Thevenin’s equivalent of the
generator and analyzing the effect of switch resistances on
the resulting CDAC dominant pole. Closed-form equations
and useful guidelines for the design are then derived, but
without any development on predicting the effective number
of bits (ENOB) or accounting for history impact (from cycle
to cycle) on the reference transients and redundancy tolerance.
Although the reference behavior can be incorporated following
the simulation strategy based on the matrix exponential in [24],
this article just focuses on reducing numerical computation
time.

To deal with signal-dependent dynamic effects in high-speed
high-accuracy SAR ADCs, a novel analytical description is
presented in this work. The developed model is based on
closed-form equations in the time domain, which capture the
incomplete settling behavior due to the reference generator,
parasitic contributions of the switches (resistive, capacitive,
and charge injection), as well as detrimental comparator effects
(capacitive parasitics and kick-back noise). As a case study,
the tradeoff between accuracy and speed is analyzed in a
1.2-V 13-bit 65-nm SAR ADC prototype operating between
10 Ms/s and 60 Ms/s sampling frequencies, showing a good
agreement between the model performance predictions and the
postlayout simulations. To the best of the authors’ knowledge,
this is the first time that such a reliable comparison in terms
of ENOB (with an explicit analysis of signal-dependent errors
in reference and redundancy intervals) has been achieved.

This article is organized as follows. Section II introduces
the key concepts in high-speed high-accuracy SAR ADCs
and the considered formulation. Section III presents the pro-
posed dynamic model based on time-domain closed-form
expressions. In Section IV, transistor-level effects associated
with the real implementation of switches, comparators, and
the reference generator, including postlayout parasitics, are
incorporated. We continue in Section V with the model
validation compared to the postlayout simulations. Finally,
the discussion, conclusions, as well as two appendixes with
additional details close this article.
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Fig. 1. Fully differential implementation of an asynchronous IMCS SAR
ADC. Phase ¢y is the sampling phase, and ¢,; are the conversion phases.

II. SAR ADCs WITH CHARGE-REDISTRIBUTION CDACS

Fig. 1 shows a simplified block diagram of a fully
differential SAR ADC with charge-redistribution CDAC.
For illustration purposes, the asynchronous inverted merged
capacitor (IMCS) topology is presented [25], but the results
herein derived can be applied without lack of generality to
most bottom-sampling architectures in high-accuracy applica-
tions [23], considering both synchronous/asynchronous timing
with or without redundancy. The circuit comprises the CDAC
itself, a voltage comparator, and an output register that feeds
the conversion bits back to the CDAC and stores the M-bit dig-
ital output D at the end of the conversion operation. The CDAC
has M capacitors, C;, and an extra branch Cj to control the
full-scale (FS) range, [—R, + R], being R the ideal reference.
The differential analog input, x = x; — x_, is sampled on the
conversion start at the end of phase ¢. The sampled voltage is
then shifted to the input of the comparator (¢) with phase ¢..

In conventional SAR ADCs, the comparator outputs D;
control the voltage at the different capacitors C;, from the
MSB to the LSB. However, in a differential implementation,
the first capacitor C; can be omitted since the sign of the
injected signal produces directly the MSB, D;. According
to this scheme, the signal D; controls the set voltage at the
capacitors C;y; depending on the comparator decision. At the
end of the M — 1 cycles, the CDAC provides an estimation
of the input that should be less than the ADC N-bit LSB, i.e.,
less] < LSB = 2R/2N. Notice that the last comparator bit Dy,
is not fed back to the CDAC, and hence, its conversion residue
em+1 1s not physically generated but virtually considered.

In static conditions, the amplitude of the conversion residue
available at the comparator inputs can be related to the output
code D; in each conversion phase as follows:

i—1
2D HC 1, i >0
Z( k — ) k+1 ‘R and D; = €
ng) P 0, <0
(1)
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Fig. 2. Transient evolution of the CDAC output residue with details of the

updating steps in the two MSB cycles.

where C; is the total sampling capacitance expressed as the
integer scale factors p; and the unitary capacitance C as

M M
Ci=Co+» Ci=C-(po+> pi| with Ci=pcC.
i=2 i=2

2)

The value of the last virtual residue, €)1, must be the
following to be the ideal quantization error at the N-bit level:

lemt1| < LSB/2 — ey = ey — 2Dy — 1) - LSB/2. (3)

Based on the previous equations, the relationship between
the updating step Aeg; and the capacitor scale factors p; can
be derived. This magnitude defines, as shown in Fig. 2, the
amount of change in the CDAC between two consecutive
cycles according to the comparator decision. Considering (1),
it follows:

(I1-2D)piy1R
Agi =giy1 — 6= ——p
(i<M) Po+ D s Pk
_ +p,'+| . LSB, if D,‘ =0 (4)
| —pis1-LSB, if D; =1
while, according to (3), the virtual last step becomes
+LSB/2, if D; =0
Agy = ¢ —&y = 5
MMM —LSB/2, if D; = 1. )

Using the M-th value of (1) in (3) and working out the
sampled input signal x, the final output code z in offset binary
form can be evaluated as

X = (Z+ I/Z)LSB—R—I-SM_H
M-1

2=2""4 YD = Dpi+ Dy —1) (6

i=1

with

where the LSB in the A/D conversion must verify
R _ R
po + Z,Aiz Pi 2Vt
If the constant offset terms in (6) are grouped in variable
Zo, the output code can be finally expressed as the wanted
weighted sum of the comparator output bits
M
2= Wi Di+z, with W;=2p; . Wy=1

i=1

LSB =

)

M
o=2""=>"pi—1=py—1. ®)
i=2
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Fig. 3. Effect of the limited driving capability of the reference generator
during the conversion process.

These expressions are fully general and suitable for both
designs without and with redundancy, being the difference
found in the radix selection (binary and nonbinary, respec-
tively). In what follows, we will focus on the redundant case
because it is more general, and it can be particularized to a
nonredundant design when a binary radix is used.

In the presence of redundancy, the comparator characteristic
is not univocally defined in terms of conversion residue.
Actually, it is possible to define an interval at the comparator
input, [—Q;, +Q;], such that if decision ambiguity is allowed
only within this interval, then the digital conversion remains
perfect and identical to (8). This behavior of the comparator
decisions can be mathematically expressed as

1, ife; >+0;
D; =40, if & < —0; 9
Lor0, if|g| < Q;

where the amplitudes of the required redundancy intervals, Q;,
are related to the capacitor scale factors, p;, as demonstrated
in Appendix A, in the form

M

qi =—pir1+1+ Z Dk

Q,’ =4dq; - LSB with k—it2

(i=M)
(10)

III. PROPOSED SAR ADC MODEL

The previous description implicitly assumes static condi-
tions in the evaluation of the conversion residue and, hence,
in the corresponding output code and redundancy tolerance.
In practice, the incomplete settling in the references and
CDAC, as well as time-variant errors in the comparator, intro-
duces a signal-dependent error that is not properly captured.

In general, this time-varying error can be modeled by
considering a transient reference, Vg = Vg(¢), at the output of
the reference generator, as shown in Fig. 3, which changes
dynamically during the conversion process. This transient
behavior leads to comparison decisions that depend on the
actual reference at the comparison instants according to the
previous history. In this scenario expressions (1) and (10) are
not valid anymore since only dc conditions were considered,
and an alternative SAR ADC formulation is mandatory to
accurately predict the achievable accuracy and realize the full
potential of a high-speed design, especially (but not restricted)
when on-chip reference and redundancy are considered.
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A. Nonideal Reference Modeling

Before analyzing the implications of the dynamic errors,
let us make a revision of the SAR operation based on (4)
and (5). In such ideal static conditions, the absolute value of
the updating step depends only on the capacitor scale factors
p; and not on the comparator output. Actually, as shown in
the transient evolution of Fig. 2, the magnitudes of the jumps
from a specific cycle should remain constant, determining
the comparator output whether this magnitude is added or
subtracted.

This situation will be completely different if the generator
reference Vg(f) does not remain constant since any time
dependence on this signal results in a modification of the
step magnitude itself. As a consequence, the evaluation of
the output code should consider the actual transient residue
available at the comparison trigger instant #,;ge.r, given by the
rising edge of phase ¢.,n, in the example of Fig. 1

D — { 1» if Ei (ttrigger) + ni = 0

11
07 if Ei (ttrigger) + ni < 0 ( )

where variable n; groups any deviation on the effective com-
parator threshold due to random noise and offset in the i-th
cycle.

In this situation, the generator reference V() generally
presents, as shown in Fig. 4(a), a transient sawtooth curve.
The initial conditions at the beginning of each conversion cycle
V,§ ) (see red circles at the falling edge of the comparator phase
®comp) are produced by the charge redistribution due to CDAC
kick-back when the comparator output is fed back, while the
leading settling is motivated by the limited response of the
analog reference generator.

To introduce the proposed model, let us first assume an
ideal comparator and ideal switches in the CDAC without
layout parasitics. Moreover, the reference generator is modeled
as shown in Fig. 4(b) as a nonideal voltage source with an
output resistance, R s, and an output capacitance, C,.f = prC—
the real effects associated with the switches and reference
generator including postlayout parasitics—will be addressed in
Section IV. According to this model, the generator-ADC sys-
tem exhibits a first-order behavior, and the transient evolution
of the reference becomes

Vi (1) =R~ (R V(’)> e, {0 tCDAC:| =2

12)

where the time variable ¢ is referenced to the beginning of
the cycle when ¢, falls (as highlighted in the example of
Fig. 4(a) for the fourth conversion, i = 4); the signal V%) ) is
the effective comparison reference within the i-th conversion
cycle; and rx;} is the time constant in the exponential function
that models the settling of this cycle.

The available CDAC settling time in each cycle tCDAC
comprises two contributions

@)
tehac = Trigger T [y (13)

The first term f;;g0. is related to the time interval up to the
comparator trigger from the fall of ¢,,,, which is typically a
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constant value defined by the SAR logic implementation. The
second term tgo)mp is related to the decision time associated
with the comparator. This could be also constant, as in a
synchronous design, or it can be optimized following an asyn-
chronous timing, as a function of the residue amplitude (to take
advantage of the faster decision for greater amplitudes) [26].
At the i-th conversion cycle, the time constant t,(ef depends
on the output resistance R,,; and the effective capacitance at

the reference net Cf,iu),

(l) — 1/( o (EL)t) .

The value of C,mt can be evaluated as the parallel connection

of C,y and the capacitor in series between the capacitors
sampling the reference directly connected to the driver, Cf’,;,
and the remaining no-sampling capacitances, C,(,'S)R

(14)

@) @) @ @
C CYLSR _ C nsR .
ﬁ = Cref+ ——2=  with
Cor +Coir Cror
M—1
s(llg - Z Ck+1 and Cftls)R - Z Ck+l + CO + Cu)mp
k=1 k=i+1

ngi)t Cr of T

5)

which also includes the comparator parasitic contribution
(Ceomp = DcompC) for greater generality. Notice that the
denominator of the second term in C(Em represents the total
capacitance at the comparator input, given by

M
C= <p0+pcomp+zpi> -C

i=2

Cior = C(l) + C:li)R = Prot *

(16)

The transient behavior given by (12) in our proposal is
based, as in [23], on the dynamic evolution of a first-order

system, being the time constant t;’q} and initial conditions

V(’) the high-level model parameters. The model differences
between our work and [23] are precisely found in how
these parameters are determined. Thus, in [23], the effects of
switches were considered in the evaluation of the dominant
pole, i.e., 1/15’6}, but without any development on the evalua-
tion of the initial conditions after the first conversion cycle,
where the signal-dependent impact of the CDAC kick back is
significant. Without this information, the term V, Ro in (12) is
undefined, and therefore, the model is incomplete. Although
in that conditions, (12) is still useful for deriving design
guidelines under worst case scenarios of the initial conditions,
it does not have the capability of predicting performance, for
instance, compared to postlayout transistor-level simulations,
nor less the impact of dynamic errors on redundancy.

In order to fill this theoretical gap, these issues are herein
addressed with a novel study of the CDAC kick-back depend-
ing on the previous history. This is achieved by determining
the initial conditions V(’) in (12) for all conversion cycles
as a function of the conversion bits D;, to complement the
missing information on the transient model. This study will
allow predicting performance as demonstrated next, as well as
studying the impact of the transient error on redundancy (see
details in Appendix A).
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Fig. 4. (a) Transient evolution of the references considering a nonideal
reference generator. (b) Simplified block diagram of the generator-ADC
system.

B. Analysis of the CDAC Signal-Dependent Kick-Back

The initial conditions V) due to CDAC kick-back can be
evaluated by imposing the charge redistribution just after the
comparator decision is taken (and a new conversion cycle
starts) since the generator buffer cannot deliver instantaneous
current. The application of charge redistribution considers the
generator and the CDAC outputs as high-impedance nets. This
leads, as detailed in Appendix B, to an algebraic second-order
equation system from which both the initial conditions for the
conversion reference and the comparator input are derived.
In the case of the reference, the value for the first conversion
cycle can be particularized for the IMCS topology in Fig. 1
as

pref .
pref+ Pz(l - p2/ptot)

2 _
Ro —

R. (17)

From this value, the initial conditions for the rest of the
cycles are iteratively evaluated as

i-1
i re| = - hl’* hi 0, i— i .
Vé;): p f+2k_i219k ; /p”~V;g 1)<té‘£AC) with
pref+ Zk:z Pk — hi /Ptor
i1
hi = pn(1=2D), i=2, v,§‘>(;<CgAC) =R (18)

k=1

where V,gi)(té%AC), represented by the green squares in
Fig. 4(a), is the voltage at the end of the previous cycle
evaluated from (12), and variable h; is the signed code, which
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Fig. 5. Computation flow diagram of the proposed behavioral model.

captures the history of comparisons within the conversion
process.

Once the evolution of the effective comparison reference is
determined, the CDAC transient behavior can be finally evalu-
ated by applying the charge conservation as in (1) considering
that now that the real reference is V%)(t’ )

i1
ei(t) =x — ZM V().

=1 Prot

(19)

This equation of the conversion residue at the comparator
input is the core of our behavioral model, together with the
decision rule (11) and the description of the effective reference
evolution by (12), (17), and (18).

C. Computation Flow of the Proposed Model

The transient evolution of a given stimulus can be computed
according to the flow diagram in Fig. 5. The first comparison
is done after inversion (when ¢, rises) considering that the
reference is properly settled at initial conditions. Based on the
comparator bit D, the CDAC is reconfigured and a first event
due to CDAC kick-back on the reference generator occurs.
At this instant, the voltage jump V,gi) is computed according
to (17). Once the initial condition is determined, the transient
evolution of the reference is computed with (12) up to the first
trigger instant ¢ = f;g00-. With the information of the effective
reference at this instant V,§2> (1rigger), the residue and the new
comparator decision, that is, D, and &2(#;geer), are evaluated
according to (11) and (19), respectively.

As commented before, the comparison time tc(é)mp in (13)
could be considered fixed as in synchronous topologies or
variable as in asynchronous implementations, incorporating
the signal-dependent delay in the decision as a function of the
residue amplitude £5(Zigqer) at the comparator input [26]. The
delay information is used according to (13) to determine
the CDAC settling time, té%AC, and to define the value
of the reference at the end of the second conversion
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proposed theoretical model and electrical simulations in a 2-V FS 13-bit SAR
ADC case study operating at 15 Ms/s using the IMCS structure.

cycle, VI?) (tg[),AC). Based on this value, the effect of CDAC
kick-back in the cycle can be evaluated using (18), and a
new cycle evolution starts. This process is then iteratively
performed until the last decision. At the end of the conversion
instant, all the comparator bits, D = [Dy, ..., Dy], would
be available and the final ADC output code can be evaluated
using (8).

D. Model Comparison With Electrical Simulations

The quality of the proposed model has been verified by
extensive simulations, which compares the agreement between
the behavioral model implemented in MATLAB and an
equivalent electrical simulation with Spectre within Cadence
DesignFrameWork II, in terms of dynamic evolution and
achieved performance in the ENOB. As an example, Fig. 6
shows the transient associated with the references Vg(¢) using
the proposed theoretical model and the electrical simulations
for a differential amplitude x = 0 V.

As a case study, a 2-V FS 13-bit SAR ADC fully
differential implementation based on the IMCS topology in
Fig. 1 is considered. As mandatory in high-accuracy appli-
cations, the architecture uses bottom sampling to reduce
the signal-dependent errors associated with the compara-
tor and to increase immunity against nonlinear parasitic
capacitance at its input. For dealing with dynamic settling
errors, the case study uses three extra bits for redundancy.
Hence, 16 cycles (M = 16) are required for a single con-
version after inversion. The implementation has a unitary
capacitance C = 1.26 fF being the digital weights in (8),
W = [3584, 2048, 1024, 512, 448, 256, 128, 64, 60,
32, 16, 8, 4, 4, 2, 1] and the redundant interval in (10),
q = [512,256,256,256,64,32,32,32,4,2,2,2,2,0,0, 0]
LSBs.

The simulations in Fig. 6 consider the following conditions:
1) the SAR logic uses a synchronous implementation with
15-Ms/s sampling frequency and conversion cycle tgl))AC of
4 ns; 2) the CDAC includes no mismatch and an ideal model
of switches with low-ON and high-OFF resistances; 2) the
reference generator parameters are R, = 30 Q and C,s =
32 pF; and 3) the comparator considers an event-driven model
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Fig. 7. Histogram comparison of the updating step amplitude at the 10th

step between the proposed theoretical model and electrical simulations in a
2-V FS 13-bit 15-Ms/s SAR ADC case study with nonideal references.

in Verilog-A with zero parasitic input capacitance Ceopp = 0
(i€, Peomp = 0), a comparison time z{) = of 850 ps and an
input-referred comparison noise of 0.2 LSB,,;.

Notice that the agreement between our theoretical model
and the electrical simulations is very good, being the
marginal discrepancies motivated by the considered charge-
redistribution approach: 1) ideal one in our situation and
2) small but nonnegligible effect of switches resistances in
simulations. Although omitted in Fig. 6, the same level of
correspondence is found in terms of performance using a full-
scale 4.9-MHz sinusoidal input, being the ENOB in both cases
around 12.5 bits.

The advantages of the proposed model become even more
relevant when analyzing the tolerances of redundancy. As an
example, Fig. 7 shows a histogram comparison between elec-
trical simulations and the proposed model of the absolute
updating step |Ag;| for the 10th conversion cycle (using the
previous sinusoidal input). In a static situation, we should
expect, according to (4), a constant value given by half the
weighting expressed in LSBs, that is, |Agjg| (in LSBs) =
Wi0/2 = 16. However, this behavior is not anymore present
when dynamic errors are included. As predicted with (19),
the distribution still has a higher probability of occurrence
around the ideal value of 16 LSBs, but it shows a nonnegligible
dispersion due to the settling errors. In any case, the maximum
deviation around the mean value at 15 Ms/s is well below
the redundancy tolerance (g;90 = 2), and hence, they can be
robustly addressed by the considered scheme without affecting
performance—this justifies in concordance with comparator
noise level (in the order of 12.5 bit), why an almost ideal
situation is achieved when operating at 15 Ms/s.

Compared to electrical simulations, the proposed behavioral
model provides a significant reduction in the computation time.
In this sense, it is worth noticing that even in this simple
example (with ideal switches and comparator), the CPU time
in the electrical simulations is more than 39 h (using a state-
of-the-art Xenon-based computation server) due to the small
integration step needed to resolve differential equations with
enough accuracy to reach 13-bit effective resolution. This time
is reduced below 0.6 s with the proposed behavioral model.
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Fig. 8. Evolution of the SAR ADC ENOB with the sampling frequency for

the 2-V FS 13-bit SAR ADC case study with nonideal references.

To complement the study, Fig. 8 shows a situation in which
the limits of redundancy are stressed due to dynamic errors.
It presents the evolution of SAR ADC effective resolution for
a full-scale input sine wave versus the sampling frequency
fs € [20, 60] Ms/s for both the proposed behavioral model
and the electrical simulations. Up to 37 Ms/s, the considered
redundancy scheme can deal with dynamic errors due to the
incomplete settling in the reference. The behavioral model
correctly identifies the onset of performance degradation in
terms of ENOB. Above this frequency, both the behavioral and
the electrical simulation show the same trends with very low
differences between them. Notice that the model is actually
conservative, in the sense that it tends to overestimate the
degradation, which is safer for design exploration purposes.

IV. MODELING OF TRANSISTOR AND
POSTLAYOUT EFFECTS

Up to now, the proposed behavioral model only relies on
high-level parameters linked to the SAR architecture (the
redundancy scheme and the distribution of the CDAC weights)
and to the first-order response of the reference driver (R,,; and
Crep). It is thus suitable for the exploration of the design space
and the identification of architectural tradeoffs, in a purely top-
down approach. However, this model can also be refined to
incorporate the effects associated with the physical transistor-
level implementation: namely, the signal-dependent charge
injected by real implementation of switches, comparator,
and reference generator including postlayout parasitics. This
extended model lends itself well to bottom-up approaches,
where real building blocks are available down to the transistor
and physical levels to fine-tune a model that can predict
system-level performance.

A. Impact of Switches in the CDAC Kick-Back

Let us first focus on the charge injection due to switches
commutation (from ON- to OFF-states and vice versa), which
introduces a nonnegligible effect on the SAR ADC transient
response. Phenomenologically, the charge injection lowers the
initial conditions VI&) [the red dots in Fig. 4(a)], which causes
a greater jump in each conversion cycle. Hence, it leads
to greater settling requirements in the generator buffer to
achieve the target resolution. The decrement, which is related
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Fig. 9. Simplified kick-back single-ended model of the CDAC and compara-
tor interface.

to the switches size and supply voltage (Vpp), can be eval-
vated similar to the case in Section III-A. Applying the
charge-redistribution technique, the initial condition for the
second cycle from (17) should be modified as

prefR - Clpsw,ZVDD
Dref + Dsw2 + p2(1 — pa/ Pior)

where the scale factor py, » is related to the switches capacitive
parasitics, Csy2 = psw2C, and the parameter o considers the
contribution of the nMOS and pMOS transistors. In our case
study, the designs of switches were done to assure the same
transistor contributions, and hence, @ ~ 2.

Similarly, the rest of the initial conditions after each com-
parator decision are modified from (18) in the form

(2)
VR() =

(20)

Vi)
i—1
h i—1 h [ @i-1) [ —
= DPref + Z(pk + pxw,k) - = e Vi (thAl()j) T
=2 Drot
i
_apsw,(i)VDD / Pref + Z(Pk + psw,k) - hiz/pl‘ut .
k=2
21
Notice that these initial conditions are computed

iteratively—they are signal-dependent since they rely on
the conversion history of the cycle, through the terms #A;
in (18). The additional contributions in (20) and (21) with
respect to (17) and (18) are dominated by the term py,; in
the numerator, which decreases the value of the reference and
thus increases the voltage peak due to CDAC kick-back. This
additional term should also be compensated by the generator
buffer at the end of the conversion phase, leading to greater
settling requirements when compared to the ideal situation
for a given accuracy and, hence, extra power consumption.

B. Comparator Kick-Back

In high-performance SAR ADC designs, it is essential to
control the kick-back of comparator [27], [28]. To achieve
this, multistage architectures are commonly used, which
involve at least one preamplifier, working as a clocked inte-
grator to reduce power consumption, followed by a dynamic
latch for fast output value reconstruction [28], [29]. Since
the disturbance of the dynamic latch referred to the input is
divided by the front-end preamplifier’s gain, its contribution is
of second order. Therefore, the global kick-back will be mainly
dominated in practical cases by the preamplifier contribution.

As shown in Fig. 9, the comparator kick-back can be
analyzed considering the effective aggressor capacitance c;cx
of the comparator, which modifies the CDAC residue ¢; at its
inputs. The differential voltage at the output of the preamplifier
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Vpre 18 a signal, which tends to O at the end of each conversion
cycle, since the clocked integrator-based preamplifier is always
rested to Vpp or ground Vgg depending on if an nMOS or
pMOS input pair, respectively [28].

In this situation, the residue suffers two different aggression
events: 1) a first voltage jump at the trigger instant (#;;44.) and
2) a second step in the opposite direction when the comparator
is reset at the end of the conversion after comparator decision
is taken at t((l‘Z)AC' In this way, the net differential kick-back
contribution egp; at the end of i-th conversion cycle becomes

Chick

Cot oo {Upre (té%AC) — Upre (ftrigger)}
where the aggressor voltage v, difference between the two
events results scaled by the capacitive divider in the structure
being C,,, the total capacitance in (16).

This contribution can be added in the flow diagram of Fig. 5
in additional step by simple replacing the residue generation
in (19) by the perturbed one with the kick-back term

g = (eq (19)) + ek

EKB,i = (22)

(23)

It is worth highlighting that the contribution of kick-
back tends to be negligible at the end of the conversion
process when the preamplifier output is completely set
Vpre (t&ae) ~ Upre (tigger) ~ 0, and hence, &; ~ 8(64(19»
Actually, in the behavioral simulations results of Sectlon Vv,
we omitted the kick-back effect and no limitations in perfor-
mance predictions were observed compared to the electrical
ones with kick-back. Under this considerations, the impact of
the real comparator implementation will be mostly concen-
trated in defining the comparison time %) in (13) and the

comp
parasitic capacitance at its inputs Ceopp = PeompC in (16).

C. Impact of Switches in the Settling Time

The inclusion of switch parasitics (both resistive and
capacitive) is a really challenging task in SAR modeling since,
strictly speaking, the generator-CDAC system is a high-order
dynamic system [24]—actually, for the SAR ADC case study
of the previous example, the order is greater than thirty: 15
branches, factor (x2) due to the differential structure, plus
the reference, the common mode, and the comparator nets.
To handle such complexity, several strategies are needed to
make the closed-form expression feasible, trying to reduce the
order of the system. Thus, in [23], a second-order equivalent
is developed under some circuit simplifications based on
the ON-resistance of switches and neglecting their capacitive
contribution. Even with this drastic reduction (which could be
not feasible at high speed), the time-domain solution is finally
simplified to a first-order system, being the time constant
defined by the resulting dominant pole.

Aware of this modeling problem, in our work, we have
taken a different approach. Instead of analyzing the complete
structure (assuming a simplified model for the switches),
we have a priori imposed the functional form of (12) as starting
point, being the impact of switch parasitics (resistive, but also
capacitive) concentrated in a modification of the time constant

ref with respect to the ideal values in (14). In that way, the
impact of switch parasitics would be effectively captured by
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Fig. 10.  Adaptive procedure for estimating the effects of resistive and
capacitive parasitics at the transistor level.

two different parameters: 1) the effective time constants r(€; in
each segment and 2) the modification of the initial conditions
in (20) and (21) through the switches factor py,, ;.

As shown in Section V, the high accuracy of this approach
has been confirmed in a practical integration in a 65-nm
process. The question arising now is how we can perform
the extraction of these parameters to achieve such a level of
accuracy. This issue is addressed next.

D. High-Precision Extraction of SAR ADC Parameters

The values of the time constants r,ef for each segment
and the switch parasitics py,; can be initially set according to
the designer’s expertise, evaluated by block-level simulations,
or taking first-order estimations based on device sizes. As an
example, the capacitive term can be estimated assuming that
the transistors are biased in the ohmic region, in the form

powi®y-(W-L-C,+Cjps)/C (24)

where (W, L) defines the transistor size, C,, is the gate
capacitance per surface, C; p.s is the drain/diode junction
capacitance, and y is a factor depending on the switch imple-
mentation and the charge, which is effectively transferred.
Similarly, the impact of switch resistance in time constant rf’e}
can be incorporated using the simplified expressions in [23]
as an initial guess.

However, in this work, we opted to follow a realistic
bottom-up approach in which the switches parameters (ti’e;,
Dsw,i) as well as the comparator parasitics (Pcomp and cicr)
in (16) and (22) are estimated with high precision from one
electrical simulation with extremely low-computation time.
This is achieved by stimulating the ADC with a dc input
stimulus, x = x,, over a single conversion cycle at a low
sampling frequency, f;,. For this simulation, we record the
reference voltage Vg(f), the comparator input &(¢), and the
comparator output code set D. Then, the initial parameter
values (rmf, Dsw,is Pcomps and cyicr) are refined to minimize
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the error between the electrical simulations and the proposed
model, as shown in Fig. 10.

The minimization procedure focuses not only on the
quiescent value but also on the whole transient response during
the different segments through the conversion cycle. In such a
way, the complete dynamic response, even high-speed effects,
which would be relevant at a higher sampling frequency (i.e.,
fs > fs) results, captured. In the first step, the attenuation
of the input signal at the comparator input after the inversion
phase is used to estimate the comparator input capacitor factor
Deomp- Next, the effective time constants are estimated from
the derivative of V() in each segment before the comparator
trigger. Afterward, the initial conditions V;é; are calculated by
fitting the exponential segments according to (12) with the
obtained ‘L’ié} to match the residue &;(fige.r) at the comparator
trigger instant. We then use the recorded comparator decisions
to build the history (4;) and determine in an iterative manner
the switches parameters py,; using (20) and (21).

Notice that although this model-tuning approach is based on
one electrical simulation at the transistor level, the computa-
tion time is quite reduced since a unique dc input level is used
at a low sampling frequency, and it is repeated only once for
a given switch selection. Moreover, we will see the validity of
this hypothesis, in the simulation results at the full transistor
level, thus allowing a direct extrapolation to any signal within
the complete full scale.

E. Effects of Reference Buffer and Postlayout Parasitics

Following the same strategy as for the SAR ADC parame-
ters, the effects of the reference buffer and postlayout parasitics
can be incorporated in the proposed description. This is
especially relevant for high-speed high-resolution applications,
and it is practically by: 1) imposing the functional form (12)
as starting point and 2) adjusting the model parameters—these
are the buffer and switches effective time constant, rr(g’), as well
as the terms associated with switches (py,,; ), comparator (peomp
and cgir), and buffer (C,./)—to minimize the errors between
the actual transient response of the complete system and the
model response. These parameters are again estimated based
on the adaptive procedure in Fig. 10 using a short transient
simulation for a single dc stimulus.

V. MODEL VALIDATION AT THE POSTLAYOUT
TRANSISTOR LEVEL

This section presents the validation results of the pro-
posed model at full transistor level with postlayout parasitic
backannotation. The transient and performance predictions
given by the model are compared to a 1.2-V 65-nm prototype
of the SAR ADC previously introduced in Section III-D. The
aim of this comparison is double: 1) to provide a reliable
estimation of the achievable accuracy in terms of ENOB using
the model computation flow in Fig. 5 and 2) to validate the
robustness of the parasitic extraction procedure in Fig. 10 in
an SAR ADC design, using a unique dc test stimulus, down
to the physical level. In this sense, the herein presented results
are based on a single characterization run with f;, = 10 Ms/s
and x, = 0V, being the total accumulated time around 20 min.
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Fig. 11. Layout of the core of the 1.2-V 65-nm SAR ADC prototype
integrated in a one-poly nine-metal TSMC CMOS process.
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Fig. 12. Analog reference evolution during the SAR ADC operation

considering the transistor effect of the CDAC switches and comparator
kick-back.

The prototype, currently under fabrication in a 65-nm
CMOS process, has a resolution of 13 bits, a full scale of 2 V
with 0.5-V common mode, a unitary capacitor C = 1.26 fF,
and three extra cycles for redundancy, i.e., M = 16. It can be
reconfigured in both synchronous and asynchronous modes.
For simplicity, we focus now on the synchronous case, but
the asynchronous approach can be analogously studied incor-
porating the signal-dependent comparator delay [26].

The redundancy scheme was derived following the split-
capacitor approach for redundancy distribution in [11], [12],
and [13]. This approach starts from the classical (binary radix)
capacitor scale factors without redundancy, in our case N =
13 bits. Then, it distributes the scale factor associated with
the capacitor C, within the rest of the SAR ADC queue
performing a binary expansion. In that way, the complexity
of the digital correction logic is reduced while avoiding over-
ranging [13].

The core of the SAR ADC, shown in Fig. 11, has an
occupied die of 0.28 mm?, while the reference generator
is based on an open-loop source follower with an on-chip
replica input voltage stabilization for a robust generation. Its
silicon area and power consumption are 0.6 mm? and 4.8 mW,
respectively. The switches in the CDAC use a CMOS topology
to control the charge injection and clock feedthrough, except
the input and bottom-sampling switches that are bootstrapping
to assure that the sampling is not limiting in performance
up to the second Nyquist’s band. The comparator design,
based on the two-stage architecture in [28], comprises a
switchable low-power preamplifier integrator with zero bias
current followed by a strong-arm dynamic latch.
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Fig. 13. Comparison of performance between the proposed model and the

postlayout transistor-level simulations with Cadence Spectre in a 1.2-V 13-bit
65-nm SAR ADC prototype.

A. Time-Domain Comparison

Fig. 12 shows a comparison of the transient evolution of the
proposed model and the postlayout transistor-level simulations.
The reference at the output of the generator is depicted during
a complete conversion process, showing a notable agreement
between theoretical predictions and simulation results. The
inset in Fig. 12 illustrates how the comparator kick-back,
which occurs at the trigger edge, is translated to the reference.
For the MSBs, the comparator perturbation is completely
restored after reset. For the LSBs, the induced perturbation
by the comparator can alter the transient matching of the
procedure in Fig. 10, but with negligible impact on perfor-
mance at the end of conversion since the CDAC is almost in a
quiescent situation (in consonance with our previous analysis
in Section IV-B).

B. Performance Comparison

This section presents the validation results for the proposed
model and the postlayout transistor-level simulations. As a
figure of merit, the ENOB is considered for a reliable com-
parison. The results as a function of the sampling frequency
are shown in Fig. 13 (the inset presents the 25-Ms/s output
spectrums as a particular case). In all the cases, the ENOB
was evaluated from a full-scale sinusoidal input stimulus at
Nyquist’s frequency. Again, the proposed model can accurately
describe the degradation in performance when increasing the
sampling speed. This degradation is a consequent of the
reduction of the available CDAC settling time in each cycle,
t(c%Ac in (12), when increasing sampling frequency. In the
best knowledge of the authors, this is the first time that a
behavioral model based on closed-form expressions with low-
computation resources achieves such a level of accuracy in
the ENOB prediction at the transistor level, even more when
postlayout effects are considered.

To make the computation time feasible at postlayout and
transistor levels due to a great number of devices (24543
bsim transistors, 124 poly-silicon resistors, two BJTs, and par-
asitics), several simulation strategies were considered: 1) the
number of the points in the FFT was decreased down to 1024;
2) coherent sampling was considered to avoid windowing;
3) the transient noise was disabled; and 4) a random noise
source with an equivalent 0.2 LSB,,,;; distribution was included
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Fig. 14. Monte Carlo mismatch analysis of a 1.2 V 13-bit 65 nm SAR ADC
prototype considering post-layout transistor-level simulations with Cadence
Spectre and the propose model. (a) Post-layout simulations. (b) Proposed
model.

at the input of the comparator at transistor level for a trust-
worthy comparison with the behavioral model. Despite these
strategies for speeding up simulation, the accumulated CPU
time in the electrical simulations was greater than 20 days,
compared to less than 5 s for our proposal.

In all these simulations, it is worth reminding that parasitic
extraction of the model according to the procedure in Fig. 10
was carried out using a single 20-min simulation with a dc
input stimulus at 10 Ms/s. This means that the complete curves
from 20 to 55 Ms/s were estimated by the model based on pure
theoretical extrapolated predictions, as an additional indicator
of the quality and robustness of the proposal.

VI. DISCUSSION AND FUTURE WORK

This article focuses on the presentation and validation of
the behavioral model in a realistic design scenario at the
postlayout transistor-level simulation. Although the develop-
ment of a complete design methodology from the proposed
model is beyond the scope of this article, the accuracy and
simplicity of the model open the door to multiple applications
ranging from the evaluation of tradeoffs when considering
mismatch, process, voltage and temperature (PVT) variations,
redundancy, and calibration, up to the systematic exploration
of wider design space, including other redundant schemes due
to the reduced simulation time.

As an illustrative example, Fig. 14(a) and (b) shows a Monte
Carlo mismatch analysis of the SAR ADC of the previous
section at 30 Ms/s using postlayout transistor-level simulations
and our proposed model, respectively. In electrical simulations
(#runs = 120), mismatching was considered in all devices,
being the performance dominated by the CDAC capacitor
array as usual in high-speed high-resolution designs. In our
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model (#runs = 2000), mismatching was introduced using an
error term in the scale factor, p; (1 + e,;), where random
variable e,; was generated according to the technology mis-
match report. The agreement between theory and simulation
results is quite remarkable, all with a significant reduction in
accumulated computational costs, from several weeks to just
seconds.

Similarly, the proposed dynamic model can also be used in
a top-down/bottom-up design optimization loop in which first,
a suitable set of settling requirements are determined based on
behavioral simulations and preliminary parasitics estimations,
then, these values are used as target specifications to size the
reference generator and switches at the transistor level, and
if needed, the parasitic estimations can be refined in a new
iteration following the proposed modeling procedure in this
article.

VII. CONCLUSION

This article presents a behavioral model based on
closed-form expressions for high-speed high-accuracy SAR
ADCs with charge-redistribution CDACs and on-chip
reference generation. The model can capture the incomplete
settling behavior due to the reference generator, switches
parasitic contributions (resistive, capacitive, and charge injec-
tion), and considers comparator effects (capacitive parasitics
and kick-back noise), as well as layout parasitics in the
physical implementation. It provides an efficient platform to
explore the impact of design specifications on the achievable
ENOB, overcoming current computation bottlenecks when
analyzing complex tradeoffs between performance, redun-
dancy, and operation speed for a given target resolution at
the transistor level, especially when postlayout parasitcs are
included. The proposed description is complemented with a
theoretical analysis of signal-dependent errors due to CDAC
and comparator kick-back on the reference and redundancy
intervals.

As a case study, the tradeoff between accuracy and con-
version speed is analyzed in a 1.2-V 13-bit 65-nm SAR
ADC at the postlayout level characterized between 20- and
60-Ms/s sampling frequencies, showing negligible discrepan-
cies between the ENOB model predictions and the postlayout
transistor-level simulations with a notable reduction in com-
putation time (from several weeks to seconds). To the best
authors’ knowledge, this is the first time that such a reliable
comparison has been achieved.

APPENDIX A
DYNAMIC REDUNDANCY INTERVALS

One advantage of the proposed model is that as the dynamic
evolution is completely resolved in the time domain, it is
possible to estimate the impact of signal-dependent settling
errors on the amplitude of the redundant intervals themselves.

For clarity, let us analyze first the effect of redundancy if the
dynamic errors are neglected. In static conditions, a decision
error occurred within the redundancy interval at the i-th cycle,
ie., Di =1wheng < OorD; =0 wheneg > 0, can be
only recovered if the magnitude of the error, i.e., the updating
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step Ag;, in (4) can be compensated by the remaining steps
driving a final residue in the N-bit quantization error, i.e.,

if (D; =0 when 0 <¢; <+Q;) or
(D; =1when — Q; <¢g <0)

M
— lems1l = |ei + Ag; + D Ag| <LSB/2.  (25)
k=i+1

The correctable worst case situation is found when an error
occurs at the i-th cycle, which is followed by a streak of
comparator decision with the opposite value, i.e., D; = not(D;)
with k € [i + 1, M]. In these conditions, the amplitude of the
redundancy interval for the i-th cycle is such that the residue
precisely lies on the boundary ¢; = +Q;, and the residue at
the end of the M-th cycles takes its maximum or minimum
values—that is, €)+; = £LSB/2. In accordance with this,
using (25), the following expressions as a function of the
incorrect decisions in red are derived:

M
g =+0; > +0; + A¢gi|p—o+ Z Agy
k=it1

+LSB/2

M
g =—0; —> —0;+ A¢gi|p-1 + Z Agy
k=i+1

D=0

= —LSB/2 (26)

which considering (4) and (5) directly lead to the demonstra-
tion of the relationship between Q; and p; in (10) in static
conditions.

To find an equivalent relationship when settling errors
cannot be neglected, let us define the redundant interval as
[—0;7, +0;P], where the superscripts account for any
possible dissymmetry in the upper and lower limits due to
dynamic errors. Under the same considerations as in (26),
when an error in the i-th cycle is followed by a streak of
comparator decisions with the opposite value, the following
expression is obtained for the upper limit:

Being D={D" " 0,1,..., 1}
(@) (M)
0" = ¢ (tepac. DUV — eps (D(i_l), 0,1,..., 1 )
@) (M)
+ LSB/2 27

while for the lower limits, it produces

Being D = {D¢D, (1), 0,..., (/8)}

—07 =g (tcpac, DYDY — eprpy (D(i_l), 1,0,..., 0 )
(] (M)

—LSB/2. (28)

Once evaluated the transient evolution according to the
procedure in Fig. 5, these equations predict the dynamic
behavior of the effective redundant interval. However, it could
be interesting to relate them to the ideal values in static
conditions, denoted as [—Qgid), +Q§id)]. To do that, let us
introduce the error between the actual and the ideal reference
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at the i-th cycle, Ae', ie., VW = R — Ae. With this
definition, if we assume that this error is practically null at
the M-th cycle, where the quiescent situation is expected, the
following expressions of the redundancy boundaries depending
on the previous history can be determined:
i1

0P ~ ngid) I Z 2Dy 1: 1) pr+1  Ae® (tcpsc. DOD).
k=1 tot

(29)

The redundancy interval would be, therefore, signal-
dependent. The worst case is found when the history produces
all “0” for the upper limit or all “1” for the lower limit, since
in these cases, there is a constructive addition. In this situation,
the redundant interval is also symmetric as in (10).

APPENDIX B
EVALUATION OF THE CDAC KiICK-BACK

The impact of CDAC kick-back on the effective converter
reference can be described considering the charge injection
that occurs when the capacitors in the CDAC sample the
references. In each conversion step, the initial conditions are
derived based on the charge redistribution before and after the
comparator feedback to the CDAC.

The network has two coupled nodes: 1) the comparator
inputs and 2) the buffer output providing the reference Vg(r)
in Fig. 1. The charge distribution in the reference node
can be applied at the beginning of the conversion phase
since the buffer cannot deliver the required charge instan-
taneously, hence establishing a suitable for determining the
initial conditions Vﬁg in (12).

In this way, for the first conversion cycle (i = 1), the
following two equations must be initially satisfied:

M—1
Z Ck+1 + CO + Ccomp &1
k=1
M—1
—-C (83+—(1 — 2D1)v,§%;) +[ Y Gt + Cot Coomp |63
k=2
(30)
Cre1(1 —2Dy) — CgrerR
—-C, (egm _2D) — v,g?) — Crer VY G1)
0+ —

where &;%F is the initial residue in the i-th cycle, that is, ¢;
gi(t’ = 07) and ¢, is the attenuated input signal due to the
capacitive divided when Cy,,, is considered, given by

&1 =x-Ct/Co. (32)
Using this and the definitions of Cy, and C; in (2) and (16),
(30) and (31) can be rewritten as follows:
Crx 0+

Cix =Cipp—— = Cmr52
Crot

c
— Cy(1—2D)VR (1 —2Dy) (czc’x _ c283+)

tot

— CrerR
—Vé?(Cz + Crer)

(33)

1929

from which, working out the input signal x, the size of the
first step is determined as

@ CRrer .
’ Crer+C2—C3/Cio

which can be directly rewritten as (17) considering the scale
factors with respect to the unitary capacitance C.

Repeating the same process for the rest of the conversion
cycle, i € [2, M — 1], two additional relationships are derived

for the unknowns {V™", s?jfl

R (34)

i—1

Z Cin ((1 —2Dg)e™ — V,?,l,,d) + Cip1(1 — 2Dy)ef™
k=1

— Crer Vi o

=" Cen (1 =200y = V™) = CrarViy™” 35)

k=1
i—1 )
S Cor (e = (1= 2D Vi)
k=1
M—1
+ Z Cit1+ Co+ Ceomp 8z'end
k=i

i

=3 Cou (g?jl — (- 2Dk)v,§f,“’)

k=1
M-1

+ Z Ck+1 + CO + Ccomp 8?:1 (36)
k=i+1

where & = ¢;(t' = t(CiL))AC) is the final value of the residue
and V,Q{Lnd =via = té’fmc) is the reference in the i-th cycle.

From these relationships, expression (18) can be directly
evaluated for the rest of the cycles considering again the

introduced scaled factors with respect to C.
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