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Abstract— We propose a comparator with control-
lable offset voltage variation for stochastic flash ADC.
The proposed comparator is based on a conventional
StrongARM comparator, and additional transistors
control the differential pair’s currents to control the
offset voltage variation. The circuit simulation results
show that the standard deviation of the offset volt-
ages variation is changed from 17.4 mV to 74.7 mV
by digital control when a reference voltage V,.; is 0.9
V.

I. INTRODUCTION

As CMOS processes are scaled to smaller technology
nodes, the performance of LSIs has improved. However,
the performance of analog LSIs has degraded due to the
variation of MOSFET’s threshold voltage [1]. An analog-
to-digital converter (ADC) becomes especially inaccurate
because the offset voltage of the comparator depends on
the variation. For example, in the case of a flash ADC, a
resistor ladder or a similar circuit is used to generate com-
parators’ trip points corresponding to each digital code.
As the resolution of the flash ADC increases, the 1 LSB
becomes smaller, and the constraints of reference voltage
fluctuations and the comparator offset voltage variations
become more severe. Various calibration methods have
been studied to solve them. As a candidate for over-
coming it, a stochastic flash ADC was proposed [2]. A
stochastic flash ADC uses variations in the input offset
voltage of a comparator as the trip points. Since the in-
put offset voltage distribution is the probability density
function (PDF) similar to the Gaussian distribution, the
transfer function of the stochastic flash ADC is the cumu-
lative distribution function (CDF) of the offset voltages.
The input voltage range of the stochastic flash ADC is
narrow because it is from —o to 4o, where the CDF is
close to the linear characteristics.

A swapping method of CDF was proposed to extend
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the input voltage range of the stochastic flash ADC [3].
However, this method needs more comparators, and kick-
back noise affects the input voltage range depending on in-
creased comparators. As another approach, a flash ADC
architecture that selects the minimum number of com-
parators based on order statistics was proposed to solve
the kickback noise issue and improve the linearity of the
transfer function [4]. However, available ADC’s resolution
decreases, and the input voltage range of [4] is narrow be-
cause the offset voltage variation of comparators used in
stochastic flash ADC is almost the same as the previous
ones.

Thus, stochastic flash ADC requires extending the in-
put voltage range and externally calibrating the offset
voltage distribution of the comparator. In this study, we
propose a comparator with controllable offset voltage vari-
ation for stochastic flash ADC that exploits offset voltage
variation such as.

II. STRONGARM COMPARATOR’S OFFSET VOLTAGE

In this study, we use the StrongARM comparator shown
in Fig. 1 [5]. V4 and V4 of the strongARM comparator
are precharged to Vpp if CLK is Vgg, where V4 and Va/
are the voltages of node A and A’, respectively. V4 and
Var of StrongARM comparator go down when CLK rises
from Vgg to Vpp. If input voltage V;,, is higher than ref-
erence voltage Vyer, Ippn1 is also larger than Inrpo. Ingna
and Iy, are the currents that flow from A and A’ to Vgg
through M,,; and M,,, respectively. Thus, V4 reaches
Vob — [Vinp| (Vinp is the threshold voltage of PMOS) ear-
lier than V4 in Fig. 2. As a result, the output of the
StrongARM comparator is decided according to V4 goes
Vss and Vy: recharges Vpp. tg is the time when V4 and
V4 start to go down from Vpp, t; and to are the time
when V4 and Vyu reach Vpp — |Vipp| in Fig. 2. If Vj,
is equal to V,.y and no MOSFET variation exists, ¢; is
equal to to because Ip;,1 and Ipp,2 are the same. If MOS-
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Fig. 1. StrongARM comparator.

Fig. 2. Operation phases for the StrongARM comparator.

FET has threshold voltage variation, ¢; is not equal to ¢,
because of the current mismatch between Iy;,1 and Iprp0
even when Vj, is equal to Vi.s. For example, if M,’s
threshold voltage Vipnarn1 is larger than M,,5’s threshold
voltage Vipnnne, t1 > to because Ip;,1 is smaller than
Ivin2 even when Vi, and Vs are the same. If the varia-
tion of Vipnarne and Vipnane exists, input offset voltage
Vosi is the voltage that satisfies Vi, + Vos1 = Vies.

M, and M, s work in saturation region until ¢; or ts.
The drain currents Ips,1 and Ip;,2 are expressed as

@(vm —Virn — AVinarni)? (1)

IMnl = 9

@(Vref - ‘/thn - A‘/thn,lwrﬂ)z (2)

IMnZ = 9

where AVipnmn: and AVippane are the variation in
threshold voltages of M,,; and M,s, respectively. Also,
is the current amplification factor of MOSFET, and Vi,
is the threshold voltage of NMOS without variations. V;

and V,.y can be written as a function of the current and
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Fig. 3. StrongARM comparator with expanded the offset voltage
variation.

threshold voltage based on (1) and (2) as follows:

1210

21
BM 2 + thm + AVtthVInZ (4)
n2

Ininy = Ingnz is satistied when S,1 = Bn2, Vin + Vos1 =
Vres. Thus, the offset voltage in Fig. 1 can be expressed
as

Vrcf =

Vosi = AVibnsing — AVinnarn - (5)

III. A STRONGARM COMPARATOR WITH
CONTROLLABLE OFFSET VOLTAGE VARIATION

As described in the previous section, the StrongARM
comparator’s offset voltage varies because of the cur-
rent mismatch between Ipr,1 and Ip,o according to
the threshold voltage variation. If the current variation
caused by the threshold voltage variation is enlarged, the
comparator’s offset voltage variation will be extended. We
propose the comparator in Fig. 3 to enlarge the current
variation. M5 and Mg are added so that the currents I
and 4/ are more varied when V4 and Vs go down. [Ix
and I 4 become Iprn1+ Iass and Ingno + Iy, respectively.
If the variation of Vinnarnis Viknamn2s Vinnars and Vipnare
exists, input offset voltage Vg2 is the voltage that satis-
fies Vin+Vos2 = Vyep in Fig. 3. M5 and Ms have the drain
voltage Vp and Vps that are lower than V4 and Vs, that
precharged to Vpp. Thus, M5 and Mg operate in triode
region. The drain currents Iy;5 and Iy;¢ are expressed as

\%

Ins = Bs(Var = Vinn — AVinars — 7B)VB (6)
Vi

Inte = Bs(Va — Vin — AVinnare — 5 Wi (7)
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where AVypnars and AVy,nare are the threshold voltages
variation of My and Mg, respectively. The currents 4
and 4 can be written based on (1)-(7) as follows:

Ip = Iy +Ius

= %(Vzn - Vvthn - AVvthnMnl)2
VB
+ /85(VA’ - ‘/t}m - AVt}mM5 - T)VB (8)

Iar = Inno2+ Lie
= %(V}ef - V;ihn - A%hnMn2)2
+ /86(VA - V;Ehn - Av;fhnMG - 2B/ )VB’ (9)

If each current amplification factor is 8,1 = Bne = B5 =
B6 = PBn, Vin and Vyy can be written as a function of
the current and threshold voltage based on (8) and (9) as
follows:

‘/in:

2001 +21
\/M1+M5 =2V X AVipnms +Kin

B
“H/;Shn + AV;fhnMnl

21 prno+21
‘/ref\/w —2Ver X AVipnme+Kres

+Vthn + AVthnM'rL2

where

Vi
Kin=—2Vp x (vAf—an—f)

Vi

- ) (13)

T4 = 14 is satisfied when V;,, + Vosa = Viep. Thus, the
offset voltage in Fig. 3 can be expressed as

Kref = _QVB/ X (VA_‘/thn_

21 +21
Vos2 = \/anﬁMﬁ —2Ver X AVipnme+Kres
21 prn1+21
- \/1\4151\/15 —2Ve X AVipnms +Kin
+ Vosi. (14)

The offset voltage Vg2 is varied with the magnitude of 14
and I,/ and the threshold voltage variations of M5 and
Msg in addition to the conventional offset voltage Vpgi.
As a result, the variation of Vgo is larger than Vpg1. In
addition, it is possible to control the offset voltage Vogo
if the magnitude of I4, 4. and the variation of the Mj
and Mg can be controlled.

In this study, we propose to control the currents of
MOSFET Mj5 and Mg in order to control the offset volt-
age variation. The currents are controlled by adding M7
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Fig. 4. A comparator with controllable offset voltage variation.

and Mg, and switches SW7, SWs, as shown in Fig. 4.
SW; and SWs turn on when digital signal S is high. On
the other hand, if SW; and SWs turn off, the magnitudes
of Ipn;5 and Iy are smaller than in the previous case
because the currents flow through M7 and Mg. In addi-
tion, AVipnars and AVip,are of (12) are small because the
threshold voltage variations of M5, Mg, M; and Mg are
averaged by connected in series. Thus, the comparator in
Fig. 4 has smaller offset voltage variation when S is high
and has larger one when S is low.

IV. SIMULATION RESULTS

In this study, ROHM 0.18 um CMOS process is used,
and a circuit simulation was performed using HSPICE
from Synopsys. We simulated the offset voltage of the
comparator a thousand times for Monte Carlo analysis
considering a standard deviation of 3 mV as the MOS-
FET’s threshold voltage. The power supply voltage Vpp
and CLK frequency were 1.8 V and 100 MHz. We evalu-
ated the offset voltage variation of the StrongARM com-
parator with extended offset voltage variation and the
comparator with controllable offset voltage variation.

A. Simulation results of StrongARM comparator with
expanded offset voltage variation

We analyzed the variation of the StrongARM compara-
tor with an extended offset voltage variation. All gate
lengths and widths of the MOSFETs are designed with
minimum sizes to extend the threshold voltage variation.
To obtain the offset voltage distribution of the conven-
tional StrongARM comparator and the comparator in
Fig. 3, Monte Carlo analysis was carried out with 1000
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Fig. 5. The histogram plots of the offset voltage variation of the
conventional StrongARM comparator and the comparator in
Fig. 3.

iteration runs at the reference voltage (Vier = 0.9 V).
Fig. 5 illustrates the histogram plots of the offset volt-
age and frequency for both comparators. It can be seen
that the standard deviation of the offset voltage variation
varied from 5.5 mV to 101.0 mV. Therefore, the compara-
tor in Fig. 5 can increase the standard deviation of offset
voltage by approximately 18.4 times compared to the con-
ventional StrongARM comparator with almost the same
sizes MOSFETs.

B. Simulation results of the comparator with control-
lable offset voltage variation

We analyzed the offset voltage variation of the com-
parator with controllable offset voltage variation by con-
trolling the currents MOSFET M5 and Mg. We assumed
switches SWj; and SW5 in Fig. 4 to be ideal switches.
To verify the distribution of the comparator with control-
lable offset voltage variation when digital signal S is High
or Low, Monte Carlo analysis was carried out with 1000
iteration runs at the reference voltage (Vier = 0.9 V).
Fig. 6 illustrates the histogram plots of the offset voltage
and frequency for the comparator with controllable offset
voltage variation when digital signal S is High or Low.
It can be seen that the standard deviation of the offset
voltage variation is changed from 17.4 mV to 74.7 mV by
changing S from Low to High. Therefore, the compara-
tor in Fig. 4 can increase the standard deviation of offset
voltage variation by approximately 4.3 times according to
digital control.

V. CONCLUSION

We proposed a comparator with controllable offset volt-
age variation that is based on a conventional StrongARM
comparator and additional transistors for controlling the
offset voltage variation. The circuit simulation results
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Fig. 6. The histogram plots of the offset voltage variation of the
comparator with controllable offset voltage variation.

show that the standard deviation of the proposed com-
parator can be changed from 17.4 mV to 74.7 mV by in-
creasing the magnitudes and variation of the differential
pair’s currents at the reference voltage (Viey = 0.9 V).
The proposed comparator is effective for circuits that re-
quire external calibration and extending the comparator
offset voltage variation such as stochastic flash ADC.
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