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SUMMARY  This paper analyzes a pseudo-differential dynamic com-
parator with a dynamic pre-amplifier. The transient gain of a dynamic pre-
amplifier is derived and applied to equations of the thermal noise and the
regeneration time of a comparator. This analysis enhances understanding
of the roles of transistor’s parameters in pre-amplifier’s gain. Based on the
calculated gain, two calibration methods are also analyzed. One is calibra-
tion of a load capacitance and the other is calibration of a bypass current.
The analysis helps designers’ estimation for the accuracy of calibration,
dead-zone of a comparator with a calibration circuit, and the influence of
PVT variation. The analyzed comparator uses 90-nm CMOS technology as
an example and each estimation is compared with simulation results.

key words: dynamic amplifier;, dynamic comparator, load capacitance,
bypass current, calibration, and PVT variation

1. Introduction

ADC:s are necessary components for baseband systems and
have been mainly studied to reduce their FoMs, which
are one of evaluation indices. Many researches on reduc-
ing FoM — decreasing power consumption, accomplishing
high conversion frequency, and increasing resolution — of
an ADC have been presented [1]. Low FoM can be eas-
ily obtained by low power consumption. In order to get
low power consumption, some parts, especially an opera-
tional amplifier in conventional ADCs, have been removed.
Current ADCs have more simple structures, thus power con-
sumption of ADCs has been reduced only to satisfy physical
limits [2].

A comparator is the essential building block in an ADC
to convert an analog signal into a digital signal. To sup-
press its power dissipation, recently published researches
have used dynamic comparators [3]-[5]. Since current flows
only when they are triggered, they are more power efficient
than comparators dissipating static current. When a com-
parator is as accurate as an ideal comparator which means
no mismatch, there is no need to implement an amplifier
in front of a comparator and power consumption would be
close to the lower boundary satisfying thermal noise condi-
tion. However, mismatch always exists in an actual com-
parator and offset voltage occurs. One of the methods to
reducing mismatch is to make a transistor large [6]. This
method increases parasitic capacitance and power consump-
tion, which is proportional to load capacitance. To sup-
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press mismatch and power consumption, calibration meth-
ods were proposed for dynamic comparators [4], [S]. How-
ever, this topology, an inverter chain, has deficiency, be-
cause, regeneration depends on the gain of an inverter — or
the intrinsic gain of a transistor —, and as process is scaled
down, its accuracy will become worse.

To address this issue, a latch with a dynamic ampli-
fier, whose gain is approximately 5 times in 65-nm process
[7], is proposed by D. Schinkel, et al. in 2007 [8]. This is
called a double-tail latch-type comparator, which attained
high accuracy with low power. However, this requires two
phase of latching clocks. In 2008, We proposed a mod-
ified version of the double-tail latch-type comparator [9].
We removed the tail current of the second stage, which was
triggered by inverse phase of a latching clock, and gener-
ated a trigger signal by using the outputs of a pre-amplifier.
This modification can suppress the influence of skew be-
tween two phases of latching clocks [9] and guarantees the
second stage is turned on after the output of a pre-amplifier
reaches certain voltage. However, both comparators suffer
kick-back noise. To suppress the kick-back noise, in 2010,
a pseudo-differential topology was introduced [10].

Those comparators with calibration circuits should be
analyzed for their characteristics and optimizations. Ther-
mal noise [7], [11]-[15] and mismatch [16] analysis meth-
ods about a dynamic comparator were already reported. In
this paper, calibration methods for the pseudo-differential
dynamic comparator will be analyzed in 90-nm process.
The gain of a dynamic amplifier will also be deduced for
this analysis. This paper is organized as follows: Sect.2
analyzes the general characteristic of a dynamic amplifier
and a pseudo-differential dynamic comparator. Section 3
and Sect. 4 analyze two conventional calibration methods of
a load capacitance and a bypass current. Two calibration
methods will be compared in Sect. 5 and the analysis will be
concluded in Sect. 6.

2. Comparator under Analysis

Pseudo-differential dynamic comparator will be briefly an-
alyzed in this section. Its schematic is described in Fig. 1.
This comparator is comprised of two stages. The first stage
is a dynamic amplifier, or a pre-amplifier, which integrates
differential input signals as time passes. The second stage
actually performs the regeneration. In this paper, the aspect
ratio of all transistors are designed as 2 um/100 nm.

Before analyzing the comparator, we describe its tran-

Copyright © 2012 The Institute of Electronics, Information and Communication Engineers
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Fig.1  Pseudo-differential dynamic comparator [10].
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Fig.2  Transient waveform of the comparator from simulation results
(Vag = 1.0V and Vip com =0.5V).

sient performance. As shown in Fig.2, when CLK{ gy i
low, M5 and Mg are on while M3 and M, are off. Here, Vg4
means a supply voltage and Vi,_com is an input common-
mode voltage. Then, parasitic capacitors on nodes Outp_jy
and Out, i, are charged up to supply voltage. The second
stage is turned off, because M;5 and M¢ are off. After
CLK|ych becomes high, M3 and My are on; while Ms and
Mg are off. Accordingly, electric charge on the node Outy_jy
and Out, ;¢ flows into gnd. Drain currents of M3 and M, are
determined by input signals of M; and M,. Differences of
flowing electric charge per time at the nodes Outp_j,, and
Out, iy induce a voltage difference at the nodes, and the
voltage difference becomes larger as time passes. If volt-
ages on the node Out,_j,; and Out,_j, drop sufficiently, then
the second stage regenerates the voltage difference between
node Outp_j, and Outy_jp.

Before we address the performance of the compara-
tor, we presume that rising time of CLK{] yp, is very short
and transistors of M3 and My are in the deep triode region
when CLK{ 4 is high. In actual case, it may be too difficult
to sharpen the slew-rate of CLKy,,. When the slew-rate
of CLK| 4p isn’t sufficiently larger than the slew-rate of a
pre-amplifier, the drain current of M; (or M;) starts to flow
and output voltage of a pre-amplifier drops before CLK| ycp
reaches the supply voltage. And M3 (or My) is first in the
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Fig.3  Simplified schematic of a dynamic amplifier when the CLKj ych
is high.

saturation region and goes to the deep triode region as the
drain current of M; (or M,) flows down. However, to sim-
plify the analysis, we set the rising time of CLKj ., to 1 ps
as the simulation condition and M3 and My are in the deep
triode region when CLK( 4 is high.

2.1 Gain of Dynamic Amplifier

Pre-amplifier increases the difference between the differen-
tial input signals. To figure out its gain, Gmp, let us sim-
plify the first stage of dynamic comparator when CLKj ych
is high as depicted in Fig. 3. The output of a pre-amplifier is
described as below;

Vout_int = Vad — Ilsf (1)

C

where Ipg is a drain current of the input transistors, C is a to-
tal load capacitance on its output node, and 7 is a integration
time. When there is no additional capacitor on the output
node, C equals to Cpg, a parasitic capacitance induced by
transistors connected to the node. Ideally, when a transis-
tor is in the saturation region, Ips follows the square-law as
shown in Eq. (2);

1 w
Ips ideal = E,UCOXI x Vi (2)

Vet = Vos — Vin (3)

where u is a mobility of charge carriers, Cox is a gate ox-
ide capacitance per unit area, W is a channel width, L is
a channel length, Vs is a gate-source voltage, and Vy, is
a threshold voltage. However, as process is scaled down,
Ips no longer follows Eq. (2). One of the reasons could be
channel-length modulation [6]. When we consider channel-
length modulation, Eq. (2) is modified as below;

Ips = %ﬂCOX¥V§ff (I +2(Vps — Vbs_sat)) “4)
where Vpg means a drain-source voltage, Vpg_g, is a satu-
ration condition of drain-source voltage, which equals Vg,
and A indicates a channel-length modulation coefficient.
Figure 4 shows the influence of channel-length modulation.
When M3 (or My) is in the deep triode region, Viy_ine Which
is a voltage of node Out;,, can be approximated as the drain
voltage of M| (or M;). When Vo _in is decreased from Vg
to Vps, an average drain current, E, is expressed as below;
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Fig.4 Influence of channel-length modulation.
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Substituting Eq. (5) into Eq. (1), then the integration time
can be represented as;

. (Vaa — Vps) C

Ips

(6)

Based on the above equations, the gain of pre-amplifier
is deduced. From Eq.(4), a transconductance, g, and a
signal current due to gp,, ips1, are expressed as below;

w
Im = ﬂCOXZVeE (1 +A(Vps — Vps_sa) @)
iDS1 = YmVin ®)

where vj, is an input signal. As described in Eq.(8), gm
amplifies input signal.

However, there is one more factor affecting the gain
of pre-amplifier, which is A representing the influence of
channel-length modulation. From Eq.(4), an output con-
ductance, gps, and a signal current due to gps, ips2, are ex-
pressed as below;

1 w
gps = EIUCOXIVezﬂf/l )
iDs2 = gpSlout (10)

where v,y 1S an output signal integrated on a load capaci-
tor. Substituting Egs. (5) and (6) into Eq. (1), then an output
differential signal, voy_gifr, Of a pre-amplifier is deduced;

Uout_diff = Voulp_int (t) - Voutn_int (t)
2(Vaa = W
= —Mvin,diff (11)
Veff

where vi,_gif 1S an input differential signal, 2v;,. Substituting
Eq. (11) into Eq. (10), then

2(Vaa =V,
Mvin‘ (12)
Veﬁ

ips2 = —gps
As shown in Eq. (12) and Fig. 5, the signal current due to
gps has the opposite sign of v, and attenuates an integrated
output signal by gy,. ips» becomes larger as the integrated
output signal increases —or Vo _jne decreases from Vyq. A
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Fig.6  Influence of channel-length modulation on ipg (Vgg = 1.0V, Vg
=0.2V, and vj = 1 mV).

total signal current, ipg, is a sum of ipg; and ipgy.
ips = ips1 + ips2
w
= ﬂCOXfVeﬂ‘ (I+A @2 Vps=Vaa—Ver)) Xvin ~ (13)

From Eq. (13), as A decreases — or channel length increases,
the total signal current increases. Figure 6 is simulation re-
sults of Eq. (13). In Fig. 6, the vertical axis is (ips/Ips). This
is because ipg; from Eq. (8) also includes the influence of
channel modulation and the channel modulation effect af-
fects ips; as the same as Ips. To remove this influence and
to show only influence of gps, ips is divided by Ips. In
Fig. 6, (ips/Ips) is normalized by its maximum value. From
Eq. (1), the horizontal axis of Fig. 6 could be relabeled as
time and then the area of the waveform would be propor-
tional to charges integrated on a load capacitor. Therefore,
as channel length increases, area of the waveform increases
and the gain of pre-amplifier becomes larger. An average
total signal current, E, is

- 1 ! 1 Vbs
ips = — | ipsdt= —f ipsdVps
t fo‘ Vbs = Vaa Jv,,

w
,uCOXIVeff (I +A(Vps = Ver)) X vin

= Im(Vou _in=Vps)Vin- (14)

From Egs. (1) and (14), a transient gain, Gamp_rans» 15 €X-
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pressed as below;

Vout _El _ ~2(Vaa — Vbs)

Gamp_trans = =

Uin Cl)in Veif
1+ A(Vps — Verr)
1+ 2 (Vaa + Vps =2 Ver)

5)

From Eq. (13), if A is smaller than 1/(Vyq — Vegr), ips always
has the same sign as vy,. Thus, in the saturation region and
satisfying this A condition, |Gamp_gans| always increases as
Vout_int reaches Veg.

However, when input transistors enter the triode region,
ips doesn’t always have the same sign as vi,. Drain current
in the triode region is

1 w
Ips 4 = E,UCOXI (2 Ve — Vps) Vps. (16)

From Eq. (16), a transconductance and an output conduc-
tance in the triode region are

w
Im_ri = ,LlCoxz (Vbs + Vout) (17)

w
gpS_ui = ﬂCOXI ((Vesr + vin) — (Vs + Vour)) (18)

where an input signal and an output signal are considered.
A total signal current in the triode region, ips_gi, 1S

IDS_tri = Jm_trilin + IDS_trilout

_ ,UCOXK (Vbs +vout) Uin
L \+ ((Veff+vin)_(VDS +vout)) Uout

). (19)

Differential value of the total signal current in the triode re-
gion, ips_i_diff» 18

IDS _tri_diff

iDSp_tri - iDSn_tri

VDS (Uinp - Uinn)
— ,LlCOXK +2 VinpUoutp — Uinnvoutn)
L |+ (Veg — Vps) (voutp - voutn)

- (U(2>utp - U(z)utn)
w
~ ,uCon (Vpstin_ait + Vet — VD) Vour_diff)

w
= uCox— (VDS — (Vert = Vbs) lGamp,transD Vin_diff
(20)

|G amp_irans| T€aches its maximum value when ips_gi_gig be-
comes 0 A and reduces as Vpg drops from the value.

ips_ui_dift = 0

— Vps = Y Vet 21

1 + 1/|Gamp_trans|

From Eq.(21), the maximum gain is attained when Vpg
reaches V.g. Equations (15) and (21) are compared with
simulation results in Fig. 7. In Fig. 7(a), the estimated gain,
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Fig.7  Gain of pre-amplifier (a) Veg = 0.2V, (b) various Vg, and (c)
various channel length when Vg is 0.2 V.

when input transistors are in the triode region, is also cal-
culated by the gain equation deduced from the saturation
condition. Thus, the difference with the simulation results
becomes large when Vpg is smaller than V.. When Vg is
designed between 0.15 V and 0.35 V, the estimation is valid.
For V. smaller than 0.15V, it is close to the sub-threshold
region, and Vg larger than 0.35 V may induce carrier veloc-
ity saturation [6], [17];

HMn (Eﬁ) = Hno

 RE— 22
1+77'Veff ( )

where p,, is the low-field surface electron mobility and 7 is
an empirical coefficient. In both the former and the latter
cases, the drain current doesn’t satisfy Eq. (4). Therefore,
there may be large difference between the estimation and
the simulation results in the above cases.

As shown in Fig.7(b) and Eq.(15), |Gamp_rans| in-
creases as V. decreases. Compared with an amplifier which
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Fig.8 Simplified schematic of a pre-amplifier and drain current variation
of input transistors by input common-mode voltage.

consumes static current, this relation is reversed. This is be-
cause, in terms of Ipg, a signal proportion of small Vg is
larger than one of large Vg as shown in Fig. 8 [10]. As this
ratio is large — or Vg is small —, integration time relatively
becomes long. Thus, in dynamic amplifier, |Gamp_rans| 1S in-
versely proportional to Veg. A ratio of the signal current to
the drain current is deduced from Eq. (15);

ips _ 20
Ips  Ver

(if A is ignorable) (23)

2.2 Thermal Noise

The gain of pre-amplifier increases signal power of the sec-
ond stage, thus it reduces dead-zone of the comparator.
Thermal noise of a dynamic amplifier was already reported
in recently published papers [7], [11]-[15]. In this section,
we compare simulation results to estimation with Eq. (15).
Assuming an input signal of the second stage is decided
when gain reaches its maximum, integration time and the
gain of pre-amplifier become

(Vaa = Ve) C
[(Vps=Verr) = d% =h. @4
Ips
Gamp = Gamp_traHS(VDS:Veff)
_ _2(Vaa = Verr) y _ 1 ) (25)
Veﬁ 1+ 2 (Vdd - Vef‘f)

When a time constant, 71, is sufficiently larger than #;, then
an input-referred thermal noise due to a transistor is ex-
pressed as below;

vﬁ Mos = 2kTygm X 5 (26)
(C - Gamp)
C
T = ——— 27
! Aps _ieal

where k is a Boltzmann constant, 7" is an ambient tempera-
ture, vy is a noise factor, and gy, is an average transconduc-
tance. Substituting Egs. (24) and (25) into Eq. (26), then

2 _ 2kTy
n_MOS C

x (145 Vaa = V) x . 28)

| ampl

An initial noise on the output node also exists and its input-
referred value is expressed as below;
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Assuming the gain of pre-amplifier is sufficiently large, ther-
mal noise of the second stage may be ignored and the input-
referred thermal noise of the comparator is deduced as be-
low;

- 2kT

= —
C |Gamp|
X (2)’(1+d (Vdd_Veff))‘i'; exp (—t—l)] 30)
2 | amp| T1

From Eq. (30), thermal noise can be modified by load ca-
pacitance and input common-mode voltage. Figure 9 com-
pares the estimation and simulation results when y is 2/3.
Figure 9(c) shows channel-length modulation decreases the
gain of pre-amplifier and increases the input-referred ther-
mal noise.
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Fig.10 A division of total regeneration time.

2.3 Regeneration Time

As analyzed in the previous sections, small Vg increases the
gain of pre-amplifier and decreases dead-zone. However,
a regeneration time increases as Veg becomes smaller. For
simplicity, we divide regeneration into three segments as de-
picted in Fig. 10. #; is the integration time of pre-amplifier,
t, is the response delay of the second stage, and 73 is the
regeneration time of the second stage. #; is determined by
Eq. (6) by substituting Vg into Vpg. 1, is decided as calcu-
lated results are close to simulation results and the time is set
as 17 ps in this paper. Without this variable, the estimation is
very different from simulation results as shown in reference
[10]. Assuming an inverter chain of the second stage enters
unstable equilibrium after (¢, + #,), #3 is expressed as below
(171, [18];

75 AV
= X ln (31)
|Giny| — 1 gm_M9¥o_2nd X (iGampl Uin)

1]

where AV is a voltage difference between the output volt-
ages of the second stage, Gj, is a low-frequency gain of
each inverter implemented in the second stage, 7, is a time
constant at the output node of each inverter, g, mo is a
transconductance of Mg (or M) in Fig. 1, and r,_5,q is an
output resistance of the second stage. Therefore, total re-
generation time is
2 (Vag — Verr) C
heg = ( aa — | eff) th
Ips
T2 AV
+ XIn
|Ginv| -1

. (32)
Im_M9¥o_2nd X ('Gamp| Uin)

In Fig. 11, Eq. (32) is compared with simulation results. As
shown in Eq. (32) and Fig. 11, small Vg increases regener-
ation time.

2.4 Mismatch

Although the size of every transistor is the same, mismatch
contribution is different due to their position. Table 1 and
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Fig.11  Regeneration time affected by (a) input common-mode voltage,
(b) load capacitance of the first stage, and (c) input differential signal (Vgq
=1.0V, Vin_com = 0.5V, AV = 0.9 Vyq, and vj,_gir = 1 mV).

Table 1  Mismatch contribution of each transistor pair (Vgg = 1.0V,
Vin_com = 0.5V, and a number of the Monte Carlo simulation is 500).

A pair of transistors | Oy oftset [MV]

M, and M, 9.12
M3 and My 1.58
M; and Mg 0.529
M; and Mg 0.491
My and M, 0.654
M, and M, 1.82
M;; and M4 1.26
M;s and M4 2.32

Total | 9.85

Fig. 12 show the mismatch contribution of each transistor
pair in the comparator depicted in Fig. 1. Simulation data
demonstrate that offset voltage is dominated by a pair of in-
put transistors. From simulation data, they occupy about
86% of the entire mismatch. Mismatch variation is inversely
proportional to the size of a transistor [6];
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Therefore, by increasing size of the input transistors, offset
voltage may be suppressed without increasing power con-
sumption of the comparator described in Fig. 1. Because its
power consumption, P, is proportional to load capacitance
of a pre-amplifier and the second stage;

Pc o« fCV3y. (34)

However, this method may significantly increase input par-
asitic capacitance. For example, when we implement a
sample-and-hold circuit in front of the comparator, this input
parasitic capacitance attenuates signal. Consequently, this
may expand the input-referred dead-zone of the comparator.
However, calibration can suppress mismatch despite a small
size as described in Fig. 13. To effectively reduce offset volt-
age, calibration should compensate mismatch induced by a
pair of input transistors. Equation (1) shows that when there
is mismatch due to input transistors, Ipg changes from the
designed value and the output of a pre-amplifier also varies
from the ideal value. To compensate the mismatch, calibra-
tion of load capacitance [4], [5] and bypass current [9], [10]
has been commonly selected. In the following sections, we
will discuss the characteristic of each calibration method.

3. Capacitance Calibration

The capacitance calibration [4],[5] changes load capaci-
tance where a signal is integrated as depicted in Fig. 14 [19].
In Fig. 14, transistors of Dpuymmy and DBpymmy are imple-
mented for analysis, and their number of unit transistor is
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Fig.15  Error reduction by a slew-rate calibration on the output nodes of
a pre-amplifier (a) before calibration and (b) after calibration (in both cases,
a differential input signal is 0 V).

1. Without these transistors, offset voltage doesn’t become
0V when a calibration code is in the middle of its maximum
code. In actual design, these transistors are not required.
The capacitance of a PMOS capacitor varies whether tran-
sistor is turned on or off, and this calibration uses the dif-
ference between the capacitance of the two states. From
Eq. (1), the slew rate, Ips/C, is inversely proportional to load
capacitance. When the calibration is conducted, these slew
rates become closer together and the offset voltage is com-
pensated as described in Fig. 15.

3.1 Input-Referred Compensated Voltage

Based on Eq. (1), let us estimate the input-referred compen-
sated voltage of the capacitance calibration. First, differen-
tiate Eq. (1) with respect to capacitance;

dvout_im _ E

= 224 35
1C o2l (35)
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Substituting Eq. (6) into Eq. (35), then

dvout_im Vdd - Velf
= 36
dc C (36)
From Egs. (25) and (36), an input-referred variation is de-
duced as below;

dVout_int ) Veit ( A
ot int = 2 x(145 Vaa=Ven) )= As
( dc input—referred 2C 2 ‘
(37)
Vin_cal = A1ACcq (38)

where AC, is a changed capacitance by calibration code
and viy_cq 1s an input-referred compensated voltage due to
AC¢,. The load capacitance, C, in Eq. (37) differs between
calibration codes.

Ncode Cd
in =ACX dN
Vin_cal 1 LNcal_l C+ Cd (NCOde _ 2Ncalfl) Code
(Cd = Con - Coff) (39)

where Co, and Cg are capacitances of a unit-sized transistor
capacitor which is turned on and off, respectively; Ncoge 1S @
calibration code; and N, is a calibration resolution. The
input-referred compensated voltage is calculated by con-
ducting integration of Eq. (39) with respect to capacitance.

C
Dinp_cal = A1C X In (1 + Fd (Ncode - 2Ncml—1)) (40)

bimn_cat = A1 C X In (1 - % (Neode 2Nwl*1)) @1
Vin_diff _cal = Vinp_cal — Vinn_cal

C+Cq (NCode - 2N°“‘_1)
C — Cy (Ncoge — 2Nea~1)

=A]C><ln( ] (42)

The input-referred compensated voltage of Eq. (42) is a lit-
tle bit complicated. Assuming the load capacitance doesn’t
vary from the capacitance when calibration code is in the
middle of its maximum code, the input-referred compen-
sated voltage can be simplified.

Vinp_cal = A1 X (NCode - 2N°“‘_1) Cq (43)
Vinn_cal = _Al X (NCOde - 2Ncal_1) Cd (44)
Vin_diff cal = 241 X (NcOde - ZN“”_l) Cq (45)

Estimations of Eqgs. (42) and (45) are almost the same and
Fig. 16 compares Eq. (45) with simulation results.

3.2 Mismatch

Every component has mismatch, thus PMOS capacitors for
calibration also induce offset voltage. Assuming calibration
code, Ncoge, 1S at the center which is 2V°@~! let us deduce
an offset voltage, ov_ccal, due to the calibration capacitors.
From the Eq. (38), offset voltage is

ov_ceal = |A1loc_ceal (46)

463
— 50
E < Simulation results >
o 40 J-|— Estimation S S < o
tF
£
S 2
ol
& 20
22
= g
o 10 fy
£
=]
© 0
32 40 48 56 64

Calibration code (resolution is 6 bits)

Fig.16  Input-referred compensated voltage by the capacitance calibra-
tion (Vgg = 1.0V, Vip_com = 0.5V, calibration resolution is 6 bits, and unit
PMOS capacitor size is W/L = 600 nm/100 nm).
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capacitor size is W/L = 600 nm/100 nm and a number of the Monte Carlo
simulation is 100).

o> =2 + 02 @7

C_Ccal C_Ccalp C_Ccaln

where o c_ccalp i a capacitance mismatch due to calibration
capacitors in positive side, oc_ccan 1S @ capacitance mis-
match due to calibration capacitors in negative side, and
O c_ccal 18 a total capacitance mismatch caused by calibration
capacitors attached on both sides. Assuming each PMOS
capacitor, whose digital code D[i] is the same, is located as
close as finger structure, then their mismatch will be cor-
related. These simulation results are shown in Fig. 17. In
Fig. 17, standard deviation of capacitance is normalized by
standard deviation of a unit PMOS capacitor which is turned
on, oc_on. When calibration code is at its center, oc_ccal_p
and 0 c_ccal_n are written as follow;

2 2 2 2
TC_cap = o T (20Coff)” + (4ocoft)

RS (ZNC 20'C,0tf) + (2Nc 1O'C,on) + 0-(22_011E (48)
O%_Caln = O%,on + (ZO-C—(’")2 + (40'C_on)2
RS (ZN" 2O'C_on) + (2N" 1U'C_oﬂf) + O%,on (49)

where oc on and oc_of are standard deviations of unit
PMOS capacitances which are turned on and off, respec-
tively. From Eqgs. (48) and (49), the offset voltage due to the
calibration capacitors is derived.

o = (z + &) X (0'2 + 02 ) (50)
C_Cal — 3 3 C_on C_off

2 4N
Ov_Ceal = A1l X \/(5 + 3 )X (O-é_on + O%,off) G
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Comparison between Eq.(51) and simulation results is
shown in Fig. 18. Assuming resolution of the capacitance
calibration is 6 bits, oy _ccq 1 about 0.758 mV from the es-
timation. From the simulation results of Table 1, the offset
voltage of a comparator is about 9.85 mV. Then, the offset
voltage of a comparator with the capacitance calibration will
be 9.89 mV, and this value is almost the same as the Monte
Carlo simulation results of 9.88 mV. Compared with the off-
set voltage of a comparator, offset voltage induced by the
capacitance calibration is negligible.

3.3 Thermal Noise

The capacitance calibration has robustness about thermal
noise. Additional load capacitance reduces thermal noise of
a pre-amplifier and initial noise. From Eq. (30), when Vyq is
1.0 V; Vin_com 18 0.5 V; a unit PMOS capacitor size is W/L =
600 nm/100 nm; and calibration resolution is 6 bits, thermal
noise, v, (o), is estimated to be 0.288 mV — from the sim-
ulation data, thermal noise was 0.259 mV. The capacitance
calibration reduces thermal noise power by 85.9% from the
value without the capacitance calibration.

3.4 PVT Variation

If circuits are implemented on a chip, their performance is
affected by circumstances such as a process variation, a volt-
age fluctuation, and a temperature change. These are called
PVT variation. They degrade compensation accuracy if the
surrounding condition is varied after calibration was con-
ducted. Influence of process is fixed in the factory and this
doesn’t affect the offset after calibration. In this section,
only voltage fluctuation and temperature change are consid-
ered.

From Eq. (25), Gamp is decided by a ratio of Vyq to Veg
and A. If temperature is changed, then Vi, and A are var-
ied. Influence of voltage fluctuation on Gy, is easy to un-
derstand. In Eq. (45), A is inversely proportional t0 Ganp,
thus input-referred compensated voltages also change and
the variation differs in each calibration code. If an error due
to PVT variation, oy_pyr, is uncorrelated with an offset af-
ter calibration, oy _ofseto, then a total offset voltage, oy _ofsets
can be expressed as
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P _ 2 2
OV _offset = TV _offsetd T TV_PVT (52)

From Eq. (45), if input common-mode voltage, Viy_com, 1S
fluctuated, then

Avin_dgiff _cal
Aini_ :7XAVin_m
Vin_diff _cal dVir com co
AVer  (Vaa=Verr) 51— 5AV,
=2 A |x| S e 2 T
Verr 1+5 (Vaa—Ver)
x (Neoge = 2%7") Ca. (53)

From Eq. (53), when a standard deviation of calibration code
1S OCode, errors due to changes of Vg, A, and (Vgg — Vegr) are
expressed as

AV,
;ff X Cq0Code (54
€

(Vaa—Ver)
1+ (Vaa—Verr)
Error due to (Vg — Vegr)

_4 AVeg

=2]A,| X /12—
1+ 5 (Vaa — Verr)

Error due to Vg = 21A4| X

Error due to 1=2|A;|x XCy0code (55)

X Cq0 code- (56)

If variations of V.g and A are uncorrelated, then oy _pyT due
to input common-mode voltage, ov_pyT_vcom, 1S deduced as
below;

OV_PVT_VCOM

o[ AVer - AAVer Y f (Vaa=Ven) A Y’
: Vet 2+A(Vaa—Ver)] \2+A(Vaa—Verr)

X Cda—Code~ (57)

If supply voltage, Vyq, is fluctuated, then oy _pyr due to sup-
ply voltage, ov_pvT_vdd, i$

AAV, 2
Ov_pvT_vdd =2 |A1|X \/(def‘/ﬁ)) XCyocode-  (58)

If temperature is fluctuated, then oy _pyt due to temperature,
OV_PVT_T> 18

OV_PVT_T

o[-V, AV VL (V= Ve ALY
! Vee  24A(Vaa—Ver)) \2+A(Vag—Ver)
XC40Code- (59)

Figure 19 compares the estimation with simulation results.
Calibration is conducted when Vyqis 1.0V, Viy com 18 0.5V,
and T is 27°C. Figure 19 also shows SNDR decrease which
is calculated from estimated ov_ofser. Assuming an input
signal is a sine wave and the architecture of an ADC is flash,
SNDR decrease is expressed as

(2v,/(2 «/Z))2

SNDR = 1010
g V2/12 + 0
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12
= SONR — IOIOg[l + WO'%,)
q

—> SNDRgecrease = —IOIOg[l + Eazv) (60)

Vi
where N is resolution of an ADC and V,, is 1 LSB. In Fig. 19,
V, is supposed to be three times of the least changeable volt-
age in calibration which equals 4.5 mV. From the estimation
and the simulation results, if input common-mode voltage is

varied about 60 mV or temperature is changed from 27°C to
120°C, ENOB will decrease about 1 bit.

3.5 Limitations
Input-referred compensated voltage of 1 LSB and calibra-

tion range are limited by Cy,, Cog, and calibration resolu-
tion. From Eq. (45), input-referred compensated voltage of
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1 LSBis
Uin_diff _cal_lLsB = 2|A{] Cq
A
= Ve X (1 +5 (Vaa - Veff))
Con — Cof
% 0! off (61)
CPL + 2Nea=1 (Con + Coﬁ)
and the maximum calibration range is
Vin_diff cal_max = Nclilllw 2|Aq] (2N°al_lcd)
A
= Ve x (14 5 (Vaa = Vo)
Con— C
« on off (62)
Con + Coff

If a unit PMOS capacitor size is W/L = 600 nm/100 nm,
the maximum calibration range is +£52.6 mV. When a unit
PMOS capacitor size is W/L = 600 nm/100 nm and calibra-
tion resolution is 6 bits, the input-referred compensated volt-
age of 1 LSB is about 1.44 mV and the calibration range
reaches 5 times of oy _ofser including mismatch due to the
capacitance calibration. And, in this condition, the capaci-
tance calibration increases load capacitance by 77.6 fF.

In the capacitance calibration, additional load capac-
itance delays regeneration time and increases power con-
sumption as shown in Egs. (32) and (34). In Sect. 5, Table 2
compares those indices based on simulation results.

4. Current Calibration

The current calibration [9], [10] changes the drain current of
a pre-amplifier by adding additional transistors, as described
in Fig. 20. From Eq. (1), the slew rate is proportional to the
drain current. When calibration is conducted, the slew rates
become closer to each other and the offset voltage is com-
pensated as described in Fig. 15. To generate the gate volt-
age of a bypass transistor, a charge pump [9], [10] or a resis-
tor string can be selected.

4.1 Gain of Dynamic Amplifier

Bypass transistors flow additional drain current, thus gain
differs from Eq. (15) due to the additional transistors. gps,
Uout_diff» and the integration time differ from Egs. (6), (9), and

(11);
. (Vaa — Vps) C

(63)
Ips_in + Ips_cal
gps = 9gps_in + 9gDS_cal (64)
2(Vga — Vps) Ips i
Vout_diff = — vV X ——— Uin_dif (65)
eff Ips_in + Ips_cal

where variables with subscripts “in” and “cal” are parame-
ters of an input transistor and parameters of a bypass tran-
sistor, respectively. A total signal current is

iDS = Gm_inVin + (gDS_in + IDS_cal) Vout- (66)
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Fig.20 A pre-amplifter with the current calibration.

Substituting Eqs. (63) and (66) into Eq. (15), then

~2(Vaa = Vps)

Vet _in

_ (gps_in + gps_cal) X (Vaa — VDS)]
2(Tos o + Tow o)

Gamp _trans —

X1

Ips_in 67)
Ips_in + Ips_cal

If channel length and Vg of an input transistor and a bypass
transistor are the same, then Eq. (67) is reduced as below;
_2(Vaa — Vbs)

Veff_in
1+ (Vps—Ver) y W;

144 (Vag+Vps—2Ver)  Wint+Wea

Gamp_trans =

(68)

Compared with Eq. (15), gain is decreased in the current cal-
ibration. This is because the drain current of the calibration
transistor doesn’t amplify signal. Comparison between the
estimation and simulation results are shown in Fig. 21.

4.2 Input-Referred Compensated Voltage

Input-referred compensated voltage of the current calibra-
tion is estimated by using Eq.(67). This equation means
how large signal portion of an input transistor amplifies
when signal portion of a bypass transistor is 0 V. Conducting
the same calculation, small signal ratio of output to calibra-
tion input is

~2(Vaa — Vps)
Velf _call
(gps_in+9ps_ca) X (Vaa—Vbs)

2 (E"‘IDS,CM)

Gamp_cal _trans —

xX|1-

y Ips_cal . 69)
Ips_in + Ips_cal

When a step size of compensating voltage is vq, then

Gamp _cal
Gamp

_ Nea—1

Vin_diff _cal = (NCOde — 20 )Ud- (70
A differs as Vg varies. If A of an input transistor and A of
a bypass transistor are close to each other, then we could
figure out Vps where Gamp_trans becomes its maximum value
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Fig.21  Gain of pre-amplifier with bypass transistors (a) various channel
length of a bypass transistor and (b) various Veg_cat (Vga = 1.0V and Vg =
Veff cal = 0.2V, and (W/L)cy = 2 um/100 nm).

as shown in Eq.(21). Based on the assumption, an input
transistor and a bypass transistor could be substituted with
an equivalent transistor whose effective Vg 1S Veg_c;

1 w w
5 ((ﬂCOX)in (Z)in * (ﬂCOX)m] (Z)cal) Vesz_c
= Ips_in_ideal + IDS _cal_ideal (71)
(ﬂCOX)in (%)invezﬂr_in+ (”COX )Cal (%)Calvezﬂr_call
(uCox )iy (%)ilf #Cox)ear ()

Substituting Eq. (72) into Egs.(67) and (69), Gamp and
Gamp_cal Of the current calibration are calculated and Eq. (70)
becomes

(72)

Veffc=

cal

Vin_diff cal ~ gm__cal (NCOde - 2N““_l) Vd- (73)
m-in

Figure 22 compares the estimation with simulation results.
Input-referred compensated voltage of 1 LSB is designed
as 1.5mV. To cover 50, calibration resolution is set as
7bits. Under the condition of Fig.22, vy is calculated as
about 4.06 mV. However, to match the simulation results, vg
should be 4.42 mV and this error causes gradient difference
between the estimation and the simulation results in Fig. 22.

4.3 Mismatch

A bypass transistor induces mismatch and increases offset
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voltage. Assuming vy _gir is OV, let’s deduce an offset volt-
age, 0y_ical, due to a pair of calibration transistors. From
Eq. (73), offset voltage is

Jm_cal

OV _Ical = OV _Ical_mis (74)

Jm_in
where 0y _ical_mis 1S @ mismatch of bypass transistors. Fig-
ure 23 shows the comparison between Eq. (74) and simula-
tion results.

4.4 Thermal Noise

A bypass transistor not only induces thermal noise but also
decreases the gain of pre-amplifier, thus expands dead-zone.
Input-referred thermal noise due to an input transistor and a
calibration transistor is expressed as below;

2 _ 2 2
Unmos = Vn_mos_in T Un_MOS_cal
— 2kT7 ( gm_cal)
C iGamp| 9Im_in
-
ool 1= 9ps-in*gps_ca) X (Vaa = Verr_c) (75)

2 (m+IDS_cal>

In the initial noise of Eq. (29), time constant is changed due
to a bypass transistor;

C
Alps_ideal + AcallDs _cal _ideal

2

(76)
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of a bypass transistor (Vgq = 1.0V, Vin_com = Vin_com_cal = 0.5V, (W/L)cal
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lation is 500).

Assuming the gain of pre-amplifier is sufficiently large, ther-
mal noise of the second stage may be ignored. Conse-
quently, the input-referred thermal noise of the current cali-
bration is deduced as below;

1)_2 _ 4kTy (1 gm_cal)
=
C iGamp‘ 9Im_in
-1
o | = @psin + gpsca) X (Vag = Vet )
2 (IDS_in + IDs_cal)
2kT t
+————exp (——‘) (77)
CGimp ()

Figures 24 compares the estimation with simulation re-
sults.

The current calibration can reduce regeneration time
due to the drain current of a bypass transistor. However,
additional transistors attenuate a ratio of the signal current
to the drain current expressed in Eq. (23), and the results are
shown in Fig.21. The additional transistors also increase
dead-zone as shown in Fig. 24.

4.5 PVT Variation

PVT variation degrades compensation accuracy. In this sec-
tion, only voltage fluctuation and temperature change are
considered.

From Eq.(73), compensated voltage will be varied
as voltage and temperature are changed. This is because
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transconductances of an input transistor and a bypass tran-
sistor are affected by those variation. Thus, input-referred
compensated voltages also change and the variation differs
in each Ucal_diff - From Eq. (73), OV_PVT is

OV_PVT =

Jm _cal % (Agm_cal _ AGm_in

Jm _cal

2
) XUV40 code - (78)

‘m_in 9Im_in

Figure 25 compares the estimation with simulation results.
Calibration is conducted when Vyq is 1.0V, Viy_com 18 0.5V,
Vin_com_cal 18 0.4V, (W/L)¢a is 1 um/100 nm, and T is 27°C.
Figure 25 also shows SNDR decrease, which is calculated
from estimated oy offser-

5. Comparison

In Table 2, two calibration methods are compared. Compari-
son criteria are the same step size of input-referred compen-
sated voltage and covering a range of 50y _ofset- Thus, for
the comparison, the capacitance calibration is set as 6 bits
and a unit PMOS capacitor is sized as W/L = 600 nm/100 nm
when input common-mode voltage is 0.5V. In the cur-
rent calibration, size of a bypass transistor is designed as
W/L = 1 um/100 nm. This is because, a narrow width in-
creases mismatch and is hard to cover a calibration range
of 50V ofiset, and a wide width increases thermal noise.
When (W/L).q is designed as 1 um/100 nm, as expressed in
Egs. (33), (74), and (75), input-referred offset voltage and
thermal noise voltage caused by bypass transistors are 1/ V2

Table 2  Comparison of the calibration methods.
Calibration w/o w/ calibration circuit
calibration C it C ¢
Comparison circuit apacitor urren
Calibration
resolution [bits] 0 6 7
due to 0 0.702 6.49
OV _offset cal.
[mV] after | g g5 0417 | 0.969
cal.
v, [mV] 0.689 0.259 1.12
treg [pS]
130 347 123
@ Vin com = 0‘5 V
SNDR decrease [dB] B B B
@1 LSB = 4.5 mV 17.7 0.580 3.62
Energy per | ¢4 ) 246 67.2
a comparison [fJ]

(A step of input-referred compensated voltage is 1.5 mV
and calibration covers about 56v offset)

of those caused by input transistors, respectively. To sup-
press influence of PVT variation as addressed in Sect. 4.5,
input common-mode voltage of a bypass transistor is set as
the same voltage of an input transistor.

In the maximum available range, the current calibra-
tion can compensate wider range than the capacitance cal-
ibration. From Egs. (62) and (73), the maximum available
range of each calibration method is calculated. When the
influence of A is negligible in the capacitance calibration, its
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maximum range is expressed as

Vin_diff _cal_max ~ X Veff- (79)
When Viy_com and Vin_com_cal are the same in the current cal-
ibration, its maximum range is expressed as
Weal
Vin_diff _cal_max ~ —= X Vel‘f~ (80)
Wi
In the above condition, W.yu/W;, is larger than (Co, —
Coﬁ)/(con + Coﬁ)~

6. Conclusions

This work analyzed a dynamic amplifier and a pseudo-
differential dynamic comparator with calibration circuits.
The analyzed comparator uses 90-nm CMOS process as an
example. The gain of dynamic amplifier was expressed by
a ratio of Vyq to Ve and A of an input transistor. The esti-
mations thoroughly explained the influences of each param-
eters and were compared with simulation results. Based on
the deduced gain, the capacitance calibration and the current
calibration were analyzed. Two calibration methods have
different pros and cons. The capacitance calibration has a
narrower dead-zone, but a slower response speed. By us-
ing back-ground calibration, the capacitance calibration can
become more tolerant to PVT variation. The current cali-
bration is faster and more robust to in PVT variation if input
common-mode voltages of the input transistors and the by-
pass transistors are the same. The dead-zone of the current
calibration can be reduced by increasing the load capaci-
tance of a pre-amplifier.
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