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Abstract A novel dynamic latched comparator with offset
voltage compensation is presented. The proposed compara-
tor uses one phase clock signal for its operation and can
drive a larger capacitive load with complementary version
of the regenerative output latch stage. As it provides a larger
voltage gainup to 22 V/V to the regenerative latch, the input-
referred offset voltage of the latch is reduced and metasta-
bility is improved. The proposed comparator is designed
using 90 nm PTM technology and 1 V power supply volt-
age. It demonstrates up to 24.6% less offset voltage and
30.0% less sensitivity of delay to decreasing input voltage
difference (17 ps/decade) than the conventional double-tail
latched comparator at approximately the same area and
power consumption. In addition, with a digitally controlled
capacitive offset calibration technique, the offset voltage of
the proposed comparator is further reduced from 6.03 to
1.10 mV at 1-sigma at the operating clock frequency of
3 GHz, and it consumes 54 pW/GHz after calibration.

Keywords Dynamic comparator - Latched comparator -
Voltage sense amplifier (SA) - Low-offset low-power
high-speed

1 Introduction

Due to fast-speed, low-power consumption, high-input
impedance and full-swing output, CMOS dynamic latched
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comparators are very attractive for many applications such
as high-speed analog-to-digital converters (ADCs), mem-
ory sense amplifiers (SAs) and data receivers. The con-
ventional dynamic latched comparators use positive
feedback mechanism with one pair of back-to-back cross
coupled inverters (latch) to convert a small input-voltage
difference to a full-scale digital level in a short time.
However, the accuracy of such comparators is limited by
the random offset voltage resulting from the device mis-
matches such as threshold voltage V,,, current factor f3
(=pC,,W/L), and internal-parasitic/external load capaci-
tance mismatches [1-3]. Therefore, the offset voltage is
one of the most important design parameters in designing
dynamic latched comparator.

Conventionally, as shown in Fig. 1, a pre-amplifier has
been used preceding the regenerative latch stage to reduce
the latch offset voltage. It can amplify a small input voltage
difference to a large enough voltage to overcome the latch
offset voltage and also it reduces the kickback noise [4].
However, the pre-amplifier based comparators suffer from
both the large static-power consumption for a large band-
width and the reduced intrinsic gain with a reduction of the
drain-to-source resistance ry; due to the continuous tech-
nology scaling [5]. Therefore, for the high-speed low-
power CMOS applications, a dynamic comparator without
pre-amplifier is highly desirable. This can be realized in
terms of a dynamic comparator with digital offset cali-
bration techniques. Recently, dynamic comparators with
offset calibration techniques have been proposed [6-8].
However, those approaches show a higher sensitivity of the
speed variations and offset voltages to a different input
common mode voltage or require a tight timing relation-
ship between clock’s true and complementary phases.
Furthermore those conventional approaches cannot drive a
large load due to its weak drivability.
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Fig. 1 Typical block diagram of a high-speed voltage comparator

In this article, a novel dynamic latched comparator with
offset voltage analysis and compensation is presented. The
proposed comparator demonstrates lower offset voltage
and it can drive larger load than the conventional dynamic
latched comparators at approximately the same area and
power consumption. The digitally controlled capacitive
offset voltage compensation circuit is designed and simu-
lated using 90 nm PTM technology [9] and 1 V power
supply voltage.

The remaining sections of the article are organized as
follows. Section 2 provides an overview of the previous
works about the dynamic latched comparators in terms of
their advantages and drawbacks, and Sect. 3 describes the
proposed dynamic latched comparator and its operation
principle with the random offset voltage analysis. Section 4
introduces a capacitive offset voltage calibration technique
applicable to the proposed comparator, followed by simu-
lation results and comparison with the previous works in
Sect. 5. Finally, conclusion is drawn in Sect. 6.

2 Previous works
With the advantages such as fast-speed, ideally zero

static-power consumption, high input-impedance and full-
swing output, the dynamic latched comparator shown in

(a) (b) i

Fig. 2(a) has been most widely used [10, 11]. However, this
comparator has only one tail current transistor M1 which
controls the currents flowing through both the differential
input pair (M2 and M3) and the latch (M6-M9). Therefore,
in order to increase the drive currents of the latch, it is
inevitable to size up the transistor M1. If the size of tran-
sistor M1 is increased, the drain currents of the both input
transistors M2 and M3 will increase during the evaluation
phase (Clk = Vpp). This, in turn, reduces the time duration
for which the input transistors operate in the saturation
region, because Di nodes discharge from Vpp to ground in a
very short period. Consequently, lower amplification of the
input voltage difference will be made between Di nodes and
a small V,;, mismatch between transistor M6 and M7 can
yield a large input-referred offset voltage. In addition, since
it shows large variations of speed and offset voltage with a
different input common-mode voltage V., [11], it is less
attractive in applications that need wide input common-
mode ranges such as ADCs [12].

To circumvent these drawbacks, the comparator with
separated differential input-gain stage and output-latch
stage shown in Fig. 2(b) was introduced in [12]. This stage
separation makes this comparator be able to operate at a
lower supply voltage (Vpp) and have a more stable offset
voltage and speed over wide input common-mode voltage
(V.om) ranges. However, this comparator requires both Clk
and Clkb signals and the highly accurate timing relation-
ship between those clocks is required for its optimal
operation. Since the voltage difference formed between Di
nodes during the evaluation phase (Clk = Vpp) is time
varying, the speed and offset voltage are affected by the
clock skew between Clk and Clkb signals. If a simple
inverter is used to generate Clkb, Clk should be able to
drive an additional inverter (at the cost of increased clock

)

Clk

Fig. 2 a Conventional dynamic latched comparator [10, 11], b comparator 1 [12], and ¢ comparator 2 [6]
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loading) that drives the largest transistor M12 for a small
delay. If Cikb is lagging the Clk, it results in increased
delay. If Clkb is leading the Clik, it results in increased
power dissipation due to the short circuit current path M12
to M10/M11 though M8/M9.

The comparator from [6] without offset calibration
technique is shown in Fig. 2(c), where the Clk skew
problem is resolved by replacing Clkb with Di nodes. As a
result, the performance is not affected by clock skew and
the clock load is reduced. In addition, the input-referred
offset voltage and noise are reduced since this comparator
has larger Di nodes capacitance and has double transcon-
ductance (g,,) at Di nodes. However, these improvements
are compromised with the increased delay since the current
drivability of the output load is weakened due to the fact
that transistor M12 and M13 use Di node voltages instead
of Clkb signals, which are slow exponential decaying
shape. Furthermore, the maximum drive current of each
Out node is reduced to half of the single tail-current tran-
sistor (M12) in the comparator 1 of Fig. 2 since M12 is
divided into two transistors (M12 and M13) in the com-
parator 2 of Fig. 2.

3 Proposed comparator
3.1 Operation principles
The schematic and simulated waveforms of the proposed
comparator [13] are shown in Fig. 3. The circuit is designed

and simulated with HSPICE using 90 nm PTM Tech-
nology [9] at Vpp =1V, fu =3GHz, C,.,=T7T{F,

Di+

Temp. = 25°C, and input common-mode voltage V,,,, of
0.6 V. The basic structure of the proposed comparator stems
from the comparators from [12] and [14]. The proposed
comparator provides lower input-referred offset voltage and
faster operation at the same area and power consumption
while the advantages from the previous works are maintained.

During pre-charge (or reset) phase (Clk = 0 V), both
PMOS transistors M4 and M5 turn on and Di nodes’
capacitances are charged to Vpp, which, in turn, make both
NMOS transistor M16 and M17 of the inverter pair on and
Di’ nodes discharge to ground. Sequentially, PMOS tran-
sistor M10, M11, M14 and M15 turn on and Out nodes and
Sw nodes are charged up to Vpp while both NMOS tran-
sistors M12 and M13 are off.

During evaluation (decision-making) phase (Clk = Vpp),
each Dinode capacitance is discharged from Vpp to ground in
a different rate proportional to the magnitude of each input
voltage. As a result, an input dependent differential voltage is
formed between Di+ and Di— nodes. Once either Di+ or Di—
node voltage drops below Vpp — 'V'tp, the inverter pairs
(M18/M16 and M19/M17) invert each Di node signal into the
regenerated (amplified) Di’ node signals. Then the regener-
ated and different phased Di’ node voltages are relayed to the
output-latch stage by M10-M13. As the regenerated Di’ node
voltage isrising from 0 V to Vpp with a different time interval
(or a phase difference which increases with the increasing
input voltage difference AV;,,), M12 and M 13 turn on one after
another and the output latch starts regenerating the small
voltage difference transmitted from Di’ nodes into a full-scale
digital level: Our+ node outputs logic high (Vpp) if Di+' node
voltage is rises faster than Di—' node voltage and Our+ out-
puts logic low (0 V) otherwise. Once either of Outr node

(b) AVin: 50mV ——  5mV—
gl R T AT
gl | J \

3 _D}{\ Dit A\ //

Volt
)
?
N
T~
| ]
1

2 .T':,Our;“. - m— = -
ST = M1y
A N/

: \\, ow- b ’

|
800.0p 10n 1in 14n
Time(s)

Fig. 3 a Schematic of proposed comparator; b Signal behavior of proposed comparator (AV;, = 50 mV (Grey), 5 mV (Black) with Vpp = 1 V,

fox = 3 GHz, Cyp,9 = 7fF, Temperature = 25°C and V o, = 0.6 V)
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voltages drops below Vpp — 'V'[p, this positive feedback
becomes stronger because either PMOS transistor M8 or M9
will turn on.

Transistor M14 and M15 are used to reset Sw nodes to
Vpp during pre-charge phase to prevent the pre-charge
voltage mismatch between Sw nodes due to v,, mismatch
between transistor M6 and M7 and to increase the voltage
gain formed between Sw nodes during the evaluation phase
by increasing the time duration for which transistor M12
and M13 operate in the saturation region.

As shown in Fig. 4(i) and (ii), the initial input voltage
difference of 5 mV is amplified up to 110 mV before the
transistor pair M6 and M7 in the latch (M6-M9) turn on.
Therefore, the input referred offset voltage resulting from
the mismatch between transistor M6 and M7 is attenuated
by the voltage gain of G; x G, x G5 (= 22 V/V); where
G, is the voltage gain between Di nodes and In nodes, G, is
the voltage gain between Di’ nodes and Di nodes, and Gj is
the voltage gain between Sw nodes and Di’ nodes. In a
similar way, the offset voltage of the output latch stage is
attenuated by the gain of G1 x G2 and the offset voltage
resulting from the mismatched inverter pair is attenuated
by Gl.

In summary, the two additional inverters inserted
between Di and Di’ nodes enable the proposed comparator
to have less input referred offset voltage in the output latch
by amplifying (regenerating) the weakened Di node signals
to Di’ node signals. The output latch stage of the proposed
comparator is the complementary version of the latch stage
in the conventional design, which makes the proposed
comparator deliver bigger load currents.

Volit

Time [s]

120m |

100m -
80m
60m +
40m +
20m

(i) | = =V = Vinl
~110mV

Volt

1. ‘i‘n 1.2n
Time [s]

Fig. 4 i Detailed waveforms of Fig. 3(b) and ii absolute values of the
voltage differences at between Di, Di’, and Sw. nodes
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3.2 Offset voltage analysis
The offset voltage of the comparator results from the
device mismatches, and the offset voltage of the proposed

comparator can be expressed as

Vos_total

1 1
=, /V2. .. 4+ V2 ¥ V2
OS _Diff . Input 2 7 OS__Inv. Pair 2 2 " OS__Output Latch
\/ G G2 x G2

(1)

where VOS_Diﬁ’. Inputs Vos_inv. pairs and VOS_Ouput Lareh are the
offset voltages resulting from the mismatched transistor

pairs in each stage, respectively. G, is the voltage gain
between Di nodes and /n nodes, and G, is the voltage gain
between Di’ nodes and Di nodes.

To optimize the comparator in terms of the minimal
offset voltage, the offset voltage contributions of each stage
have to be verified first. Therefore, all transistors (but the
inverter pairs) are designed to have the same aspect ratio of
W/L = 1 um/0.1 pm. In order for the inverter pair to have
the proper gain and correct functionality, PMOS transistors
of the inverter pair are designed three times larger than
NMOS transistors (W,/W,, = 1.5 um/0.5 pm). To simulate
1-sigma offset voltages for each stage, the random mis-
match in threshold voltage V, and current factor f
(=uC,W/L) for each transistor pair are modeled as follows
(11,
oy, = Av, op = A—ﬁ

where A,,, and Ag are process dependent parameters and
are assumed to be 4.5 mV pm and 1% pm, respectively in
this mismatch analysis. As shown in Fig. 5 (in grey), the

(2)

25 T — T T T

= =¥~ Total
£ 1| —O— Diff. Input
g —&— Inv. Pair
20+ -
% —0— Output Latch
-
® Z 154 .
E o
D
®» o
~— T 104 -
-
z %
® ¥
- S T
=
£ : =
£ A A
0 —t— i ' ' : —

05 06 07
Veom [V]

Fig. 5 Offset voltage contributions of each stage before (Grey) and
after (Black) optimization
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Fig. 6 Simplified schematic of the dynamic differential input gain
stage

input referred offset voltages of each stage of the com-
parator with respect to the different the input common
mode voltages are extracted from 100 times of transient
Monte-Carlo simulations (Vpp = 1V, f.u = 3 GHz). As
expected, the offset voltage resulting from the mismatched
transistor pairs in the regenerative output-latch stage is the
smallest since it is reduced by the gain of G; x G,. The
offset voltage from the mismatch between the inverter pair
is reduced by the gain of Gy, and it is also small comparing
to the offset voltage of the differential input stage.

As a result, the dominant part of the overall input
referred offset voltage is caused by the mismatch between
the differential input pair transistors. If less than 2 mV of
1-sigma offset voltage is required, each stage should have
less than 1.2 mV of 1-sigma input referred offset voltage,
which means the size of the input differential pair (M2/M3)
has to be sized up around 140 times larger than the initial
size (1 pm). In the same way, other transistors also have to
be sized up and the overall power consumption and the area
increase considerably. Therefore, the technique to reduce
the offset voltage without increasing power and area of the
comparator is required and it has to be located between the
input differential stage and the inverter pair to maximize
the efficiency.

3.2.1 Offset voltage in differential input gain stage

The differential input stage of the proposed comparator is
simplified for offset analysis as shown in Fig. 6. During
evaluation phase (Clk = Vpp), the input differential pair
discharges each Di node voltage from Vpp down to 0 V
with a different time rate proportional to each input volt-
age. Assuming A = y = 0 for simplicity, since both tran-
sistor M2 and M3 operate in the saturation region between
the time #; and #, (¢;: time at which transistor M1 is just
turned on at the rising Clk edge and transistor M2 and M3

start operating in the saturation region, #,: time at which
either of transistor M2 or M3 moves out of the saturation
region and goes into the linear region), the drain-to-source
current of transistor M2 and M3 are constant over [t;, f,].
Therefore, these currents can be expressed as

dVpi_ (l) dVDi+ (t) _

Cpin =22 — -I 3
Di dt D2 dt D3 ( )

Integrating both sides of (3) over [#;, 7] and applying the
initial condition: Vp(t;) = Vpp, the following equations
are obtained,

Cpiy

Ipo
Cpi_

1
t Vpir(t) = Vpp — D3 (4)

Vpi—(t) = Vpp — C
Dit

Then the dynamic voltage gain formed from inputs to
Di nodes can be defined as (where AVp(t) = Vp,_(t) —

Vpir(®) and AV, = Vi — Vi)
AVp;(t
AV_Diﬁ‘.Inpul(t) = A?/< ) (5)

Applying the small signal approximation: 2(Vgsz3 — Vi)
>AV;, and assuming that Cp; = Cp,,=Cp,;, Eq. 5 can be
expressed as

Av_pigmpu(t) = = 2222 ¢ (6)
Cpi
where
1%
8m23 = ,uncwcﬁ (Vcom - VDl (t) - th2,3)
and

Vp1(t) = (Ipa + Ip3) X ra =~ Constant

Equation 6 reveals that as long as the input transistor pair
M2 and M3 operates in the saturation region, the dynamic
gain Ay, py(1) keeps increasing linearly as time increases. To
maximize the gain 'AV, Diff(t)', 'gmz,ny2,3 should be
maximized because the integration time ¢ is proportional
to Cp/Ipy 3 from Eq. 4. Since g, in the saturation region is
larger than the one in the linear region except for the sub-
threshold operation, the input transistor pair M1 and M2
keeps operating in the saturation region longer by reducing
the size of transistor M1. However, higher gain is obtained
at the cost of the increased delay since the reduced Ip, 3
increases the discharging time of Di node voltages during
the evaluation phase.

The offset voltage (Vog,pyr) of the input differential
stage can be derived as [15] while the input transistor pair
(M2 and M3) is operating in the saturation region.

Vos_pift. inpur = Vos23 = Ves2 — Ves3 (7)
| Ryl AL, AB

— 2 2| A AP Ay, 8
2\ 5 ) ®
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Aﬂ AV, )

+
Coi P

Since mismatches are independent statistical variables,
the random offset voltage (Vs pig) can be expressed as the
variance of Eq. 9

- Ves23 — Vi [ ACp;
o 2

2
Vos_pift. input

_ VGSZ,B—Vm 2 ACDi 2 Aﬁ 2
_mﬁ+( > ){(Cm>+<F)

(10)

Equation 10 reveals that (i) the threshold voltage
mismatch is directly referred to the offset voltage; (ii) the
influence of Di node capacitance mismatch (which consists
of the mismatch between the gate capacitances of inverter
pair (M18/M16 and M19/M17) and the mismatch between
the drain diffusion capacitances of the input transistor pair
(M2 and M3)) and the current factor / mismatch on the
offset voltage increase with the increasing common mode
voltage V,,,,. Since the random device mismatch param-
eters are related to the size of transistors, the offset voltage
can be reduced at the cost of the increasing size of the
transistors, hence increasing area and power consumption.
Equation 10 also presents that the offset voltage can be
compensated by controlling the threshold voltages or the
drain currents of transistor M2 and M3 and the size of the
capacitances at Di nodes.

3.2.2 Offset voltage in regenerative output latch stage

The inputs of the regenerative output latch stage are at the
gates of transistor M10-13 which are connected to Di—’
and Di+' nodes. During the evaluation phase (Clk = Vpp),
each Di’ node voltage rises from 0 V to Vpp with a dif-
ferent time interval if V;,, # V;,_. Therefore the output
latch stage can make a decision whether logic high or low.
However, both Di’ node voltages rise up exactly at the
same time rate if V;,,, = V;,_ and no mismatch exists. This
makes both branches of the output latch stage maintain a
balanced state [2], which means V., (f) = V,,,_(f) during
all the transient time. However, if a mismatch exits at the
output latch stage, the circuit will be unbalanced and make
Vouirr(t) # Vour—(#). In order for the circuit to be balanced,
a voltage Vos oupur 1arer, Should be applied between the
output of the inverter (M18/M16) and Di—' node to com-
pensate the mismatch when Di’ nodes rises. To calculate
the offset voltage Vos oupur iarcn Of the output latch stage,
two random mismatches, current factor f (=uC,,W/L) and
threshold voltage V,;,, are considered as they are the dom-
inant factors to cause the offset voltage in this analysis.
Although the operation regions of the transistors of the
output latch stage vary with time, at the time point when

@ Springer

Di’ node voltage is around the threshold voltage of the
transistor M12 (M13) V,,,15(13), those transistors just turn on
and operate in the saturation region. Once Vpiz13 (Sw)
node voltages drop down below Vpp — Vie7y from Vpp,
transistor M6 and M7 also start turning on and operate in
the saturation region since both their drain and gate volt-
ages are dropping down at the same rate under the balanced
condition. At this time, the transistor M10 and M11 operate
in the linear region since both V,,, and V,,_ are still
around Vpp, and the effects of the reset transistor M 14 and
M15 on node Vpiy13 are negligible because they are
designed to be much smaller than transistor M12 and M13.
The effects of the transistor M8 and M9 on Out+ nodes are
also ignored because they are in the cut-off region.
Therefore, the output latch stage can be simplified as
shown in Fig. 7 for analysis.

First, mismatch between transistor M12 and M13 is
considered and other pairs are assumed to be perfectly
matched. The load capacitance C;, and C;, are assumed to
include the parasitic capacitances at Out+ nodes and at this
time, Cr; and C;, are assumed to be the same and it is
denoted as C.

Ipp=5 Ip=5L=1+AlL (11)
dV ,— dav.

I// _ —C out I// — _C out+ 12

i n— > " (12)

Since V,,_ =V, and dV,,_/dt = dV,, /dt in the
balanced condition [2], it is fair to say that

n=n=r (13)
Also, from KCL and KVL, the followings are obtained

L=0L-1 I=L-1I" (14)
IRy = LRy, (15)

From (11) and (13)-(15),

Fig. 7 Simplified schematic of the output stage combined with latch
when Di’ node voltages (V'p,) are reaching around V53 during
evaluation phase
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Al Al Rio—R I
1 _Alp _ Ko 11 (1 ) (16)

L I R h

From Egs. 16 and 8, the following equation is obtained

VDi’ - th ? ABIZ 2
Vc21512,13 = l( > ) <ﬁ +AV,
12

Vi — Vin AN
XP+ pr__ Tmi2 (j] (17)
2(Vop — Vpir — [Vipiol) \Ii

The Eq. 17 shows the influence of transistor M10 and
MI11 (which are used as both reset switches and input
transistors for the output-latch stage) on the output-latch
stage offset voltage Vos ouspur tarcn- In the double-tail
comparators from [6, 12], since both the output branches of
the output-latch stage are activated by Clkb signal (not by
the signals generated from the dynamic pre-amplifier stage),
only the pair of the input transistors transfers the gain
generated from the previous stage. However, since the
proposed comparator and comparator from [14] have two
pairs of the input transistors which are linked each other, the
offset voltages caused from one pair are compensated by the
other input transistor pair. Therefore, the additional term
followed by the negative square root term in Eq. 17
compensates the former offset voltage term caused by
transistor mismatch between M12 and MI13. As Vp;
increases from V,, to Vpp — |le and I'\/I; increases,
Vos_oupur 1aren 18 Turther reduced since the influence of the
additional denominator term increases. While larger NMOS
transistor M12 and M13 are desirable for low offset and
large drive currents, larger PMOS transistor M10 and M11
are also required to have low offset by increasing I'1/1, ratio.
Therefore, there is an optimal ratio between Wiy, and
Wioa1y at a limited area for minimum offset voltage.

For mismatch between transistor M6 and M7, u,C,,
mismatch is considered instead of current factor [ mis-
match to find out the optimal ratio between the width of
transistor M6(M7) and M12(M13). From the fact that
Ip1» = Ipg and Ipi3 = Ip7, we have

V(2)ss,7
-~ & A,uncox 2(VoutJr(f) - VD12(13) - th6)2 n AV2
~ le 1, Cnx 4 6,7

(18)

Equation 18 shows that the offset voltage caused by the
mismatch between the transistor M6 and M7 is a function
of the sizes of the transistor M6(M7) and M12(M13). It
seems as W¢/W, increases, Vg6 7 decreases. However, as
W decreases, the random mismatches of Au,,C,, and A4V,
increase. Therefore, there is a particular Wg/W), ratio that
makes an optimum tradeoff between them to have the
minimum Vg6 7.

In a similar way, the offset voltage Vs10.11 caused by
the transistor mismatch between M10 and MI11 can be
found as follows.

, 2(DB10\’ | a2
Vosionn = |(Vop = Vpr — V) B + AV
gn2\] 7’
X [1 + (Vo — Voi — [Vip1ol) (}L/H
1

(19)

To calculate the offset voltage resulting from the
capacitance mismatches at Out nodes (which includes the
load capacitance and parasitic capacitance), it is necessary
to assume that C;; = C and C;, = C + AC. Applying this
relationship to Eq. 12,

=1 5 =I1"+Al (20)

From (8), (14), (15) and (20), the following result is
obtained.

V2 _ <VDi/ - Vm>2(AC>2
OS_Cload — 2 C

g — ’ -2
% |:1+ VDI thlZ <I_1>:|
2(Vop — Vpr — |Vipio]) \Ui

(21)

Equation 21 shows that the offset voltage caused by
the capacitance mismatch at the output nodes is affected
more by the relative capacitance mismatch AC/C than the
absolute capacitance mismatch AC. In addition, the Eq. 21
can be added to Eq. 17 because it has the same additional
term in Eq. 17.

4 Offset calibration techniques

Based on the offset voltage analysis and Monte-Carlo
simulation, the proposed comparator was optimized for the
minimal offset voltage. As a result, as shown in Fig. 5 (in
Black), 1-sigma offset voltage was reduced from 12.5 to
6.5 mV at 0.6 V of input common mode voltage at the cost
of 9% increase in the power dissipation (152 pW from
136 uW). To further reduce the offset voltage of the pro-
posed comparator without pre-amplifier, digitally con-
trolled capacitive offset voltage compensation technique is
developed in this research.

As explained in Eq. 10, the offset voltage can be com-
pensated by controlling Di node capacitance, current or
threshold voltage of the differential input pair (Vi,3)
[6-8]. The current calibration technique introduced in
[6] exploits additional one pair of NMOS compensation
transistors in parallel with the differential input pair and a
charge pump. Even though these calibration techniques
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consume no static power, the calibration process has to be
done frequently since the charged voltage in the compen-
sation capacitor (which is connected to the gate of one of
NMOS compensation transistor pair) falls down due to the
leakage current. In addition, the calibration speed and
accuracy are limited by the size of the charging/discharging
current sources of charge pump. The digital calibration
technique from [16] uses additional capacitance arrays to
calibrate the offset voltage. Although the calibration reso-
lution and the maximum offset coverage range are limited
by the minimum unit capacitance and the number of bits of
the capacitance arrays, this technique does not require the
calibration refresh process and does not consume static
power as well. In addition, the increase of the node

Table 1 Performance comparison

capacitance at Di node reduces the input referred noise.
However, it slows down the speed of the comparator since
Di node voltages in the comparators from [10, 12] and [6]
are directly linked to the latch stage. The degree of speed
degradation is more severe when this technique is applied
to the internal nodes (Di£) of the comparator from [6]
since those internal node voltages are directly applied to
the both input transistor pairs of the second stage. On the
other hand, the speed of the proposed comparator is rela-
tively less sensitive to the increase of the Di node capaci-
tance due to the fact that the Di node voltages in the
comparator are buffered by the inverter pair (Table 1).
Figure 8 shows the proposed offset calibration tech-
nique using 4-bit capacitor array, which consists of 4-bit

Ref. [12] Ref. [6] Ref. [7] Ref. [8] This work
o Vos (before cal.) (mV) 8 13.7 12.8 31.8 6.03
o Vos (after cal.) (mV) - 1.68 3.8 4.3 1.10
Clock frequency 1 GHz 250 MHz 500 MHz 1.4 GHz 3 GHz
‘Delay [ps)/log(AV;,) (ps/decade) 44 24.3 - - 17
Power 113 pW 40 pW 39 uW 350 pW 162 pW
113 pW/GHz 160 uW/GHz 78 WW/GHz 250 uW/GHz 54 uW/GHz
Process 90 nm 90 nm 90 nm 0.18 pm 90 nm
(a) (b) =
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Fig. 8 a Proposed offset voltage calibration technique using Di node capacitance compensation. b Offset voltage calibration logic. ¢ Signal
waveforms of the proposed offset calibration process with the intentional Vo, of +20 mV and f-; = 3 GHz
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Fig. 9 Input referred offset 25
voltage before and after offset
calibration obtained from 1000
samples of transient Monte-
Carlo simulations

Vos [mV]

L Min/Max : =20.64 mV/+18.00 mV
20 - Min/Max : -2.76 mV/+3.33 mV

=== Before Calibration
— After Calibration

i | 1 Sigma = 6.03 mV

1 Sigma =1.10 mV

0 200

shift register, divide-by-two circuit, D flip-flops, and 4-bit
capacitor arrays, while the size of the unit capacitance is
implemented with PMOS transistors (W/L = 120 nm/
100 nm). The proposed comparator operates above the
clock frequency of 3 GHz. However, the calibration logic
timing needs more time and the calibration logic uses the
half clock frequency using the divide-by-two clock fre-
quency divider. Therefore, the timing requirement for the
offset calibration logic is relaxed with an extra clock cycle
added after switching on each binary weighted capacitor.
Before calibration, as shown in Fig. 7(c), the output of the
comparator outputs logic low (0 V) regardless of the input
differential voltage of £2 mV due to the intentional input
referred offset voltage of 20 mV. After calibration, how-
ever, the proposed comparator can distinguish the input
differential voltage that is even less than 2 mV. The
required calibration time is only about 4 ns at f.;, = 3 GHz
and the reset signal (RST) can be simply generated using
3-bit shift register, inverters, switches and an AND gate,
which is initiated by the enable signal (En).

5 Simulation result

The proposed comparator with a capacitive offset voltage
calibration circuit is designed and simulated in HSPICE
using 90 nm PTM process. To compare the input referred
random offset voltages of the proposed comparator before
and after offset calibration, 1000 times of transient Monte-
Carlo simulations are performed with the random mis-
match model from Eq. 2, where A,,;, = 4.5 mV pum and
Ap = 1% um, and the total input referred offset voltage
was measured by applying slowly varying slope signals to
the comparator inputs. As shown in Fig. 9, 1-sigma offset

PR S T SR N T S T 1
10000 100 200
# of Occurrence

400 600 800
# of Samples

voltage of 6.03 mV was reduced to 1.10 mV with switch-
ing frequency of 3 GHz and the power consumption of
162 uW after the offset calibration.

6 Conclusion

A novel dynamic latched comparator is proposed, designed
and simulated using 90 nm PTM technology. The proposed
comparator requires one phase clock signal for its opera-
tion and can drive a larger capacitive load with a com-
plementary version of the output-latch stage of the
conventional comparator design. As it provides a larger
voltage gain up to 22 V/V to the regenerative latch, the
input referred latch offset voltage is reduced and metasta-
bility characteristic is improved. The simulation result
shows 24.6% less offset voltage and 30.0% less sensitivity
of delay to the decreasing input voltage difference (17 ps/
decade) than the conventional double-tail latched com-
parator at approximately the same area and power con-
sumption. In addition, with a digitally controlled capacitive
offset calibration technique, the offset voltage of the pro-
posed comparator is further reduced from 6.03 to 1.10 mV
at 1-sigma at the operating clock frequency of 3 GHz and it
consumes 54 uW/GHz after the calibration.
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