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Abstract—We employ on-chip inductors to improve the sampling
speed and power consumption of regenerative comparators. Since
these inductors are far smaller than those used in typical RF de-
signs, the addition of inductors has little impact on area. Simula-
tions based on accurate inductor models indicate more than a dou-
bling of comparator sampling speed for a given power consump-
tion, or a halving in power consumption for a given sampling speed.
We present a detailed analysis of the new scheme. The technique is
verified with test measurements of 16 comparators, implemented
in 0.18-um digital CMOS, sampling at 3.84 GHz.

Index Terms—Flash analog-to-digital converter, monolithic in-
ductor, regenerative comparator, regenerative time constant.

1. INTRODUCTION

OMPARATORS are used in analog-to-digital converters

(ADCs), data transmission, switching power regulators,
and many other applications [1]. Sampling speed and power
consumption are key metrics in comparator design. Although
the sampling speed and the power consumption of comparators
continue to improve as transistor gate length decreases, perfor-
mance improvements for a given technology are difficult to at-
tain. For example, in 0.18-ym CMOS, a sampling frequency
above 2 GHz is difficult to achieve [2]-[4]. This is because the
speed of a regenerative comparator strongly depends on gate
length and is ultimately related to the transistor f; [1]. In a
regenerative comparator, the ratio of the transconductance of
the cross-coupled transistors to the parasitic capacitance deter-
mines speed. For a given CMOS technology, alternative circuit
techniques, such as time-interleaving, are required to further
increase sampling speed. With time-interleaving, parallel com-
parators running with offset clocks are employed to increase the
overall sampling rate. However, time-interleaving requires mul-
tiple, accurately-spaced clocks, and furthermore mismatches in
interleaved comparators can cause distortion and spurious tones
[5].

We present a method that improves comparison speed for a
given power consumption, in a given CMOS technology. Alter-
natively, this technique can be used to reduce power consump-
tion for a given sampling speed. In Section II, we review regen-
erative CMOS comparators, focusing on time constant analysis.
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Fig. 1. Regenerative comparator.

Section III presents a circuit technique that employs inductors
to reduce the time constant of comparison. We discuss the prac-
tical implementation of inductors in a comparator in Section IV.
Simulation data presented in Section V verify the improvement
in power consumption and speed. We present measurement of
the performance of prototype comparators in Section VI.

II. BACKGROUND

As shown in Fig. 1, most comparators have two components:
a preamplifier, formed by the combination of a transconduc-
tance and a load resistance (Rpoad), and a regenerative latch,
formed by the combination of a negative resistance (usually im-
plemented with cross-coupled transistors) and a load resistance.
In the figure, Vinp, and Vi, are the differential inputs and V,, and
V.. are the differential output signals. The operation of the com-
parator is controlled by the complementary clocks Clk and Clk.
While Clk is low, the comparator is in tracking mode. During
this phase, the latch is disabled, and the transconductance of the
preamplifier is enabled. The preamplifier amplifies the differ-
ence between the input signals (i.e., Vinp — Vinn) so that the
output voltage difference (i.e., V},-V;,) tracks the input signal.
When Clk goes high, the preamplifier is disabled, preventing
the analog input from further influencing the comparison. In-
stead, the negative resistance is enabled, forming a regenerative
circuit that amplifies V}, and V;, to digital logic levels (latching).
At the beginning of the next cycle, Clk returns low. The pream-
plifier removes any memory of the latched output (resef) from
the previous cycle and tracking begins again.

Pre-amplification has some important benefits. The pream-
plifier attenuates kickback noise. In addition, the input-referred
offset of the latch is reduced by the gain of the preamplifier.
The gain of the preamplifier also decreases the probability of
metastability [6], [7]. However, for comparators operating with
multi-gigahertz sampling frequencies, a low preamplifier gain
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Fig. 3. Waveforms during tracking, latching, and reset.

is preferred, so that a large bandwidth can be assigned to the
preamplifier. For example, the comparator in [8] has a pream-
plifier gain of 3.

We base our analysis on the regenerative comparator shown
in Fig. 2. Transistors M;_5 provide the transconductance of the
preamplifier, while the cross-coupled transistors M3_4 generate
negative resistance during the latching phase. We base our ex-
planation on this comparator, but our analysis is applicable to
any comparator, similar in structure, to that shown in Fig. 1.
Fig. 3 shows typical output voltage waveforms (i.e., V;, and V},)
during the operation of the preamplifier (reset and tracking) and
during latching.

We now use small-signal analysis to estimate the speed of the
comparator. First, the time constant of the preamplifier is de-
rived. Once the latch is disabled, the preamplifier clears the dif-
ferential voltage at the output nodes from the previous latching
phase, and the output begins to track the input signal. We use the
simple small-signal model shown in Fig. 4 to model the pream-
plifier phase. In the figure, g,,_in is the transconductance of the
input transistors M;_», and R and C represent the total resis-
tance and capacitance at the output nodes during the preampli-
fier operation. The output voltages V}, and V;, satisfy

Vj dV,

? | C P _
R dt
V

dV,
n C n
R + dt

Gm_in - I/—i]]]] + =

Gm_in * .Vin]) + = =0. (1)
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Fig. 5. Small-signal model of the comparator in the latching phase.
The output difference voltage Vg = V,, — V;, is given by
—t/Tpre
v{llﬂ‘(r) v])rr\ initial * /7o
+_qm_'“ R (2)

where the time constant of the preamplifier 7, is given by
Tpre = RC'. The initial condition Vjre_initial iS the final differ-
ential output voltage at the end of the previous latching phase.
The first term in (2) represents the reset process, whereas, the
second term is related to fracking. We see that a smaller 7p,re
leads both to faster reset and tracking.

Fig. 5 shows the small-signal model of the comparator in the
latching phase. In the figure, gum _regen 18 the transconductance of
the cross-coupled nMOS transistors (Ms_4). R and C” repre-
sent the total resistance and capacitance at output nodes during
latching. The output voltages V}, and V;, satisfy

Vi dV;
m_regen - T’/:n C! ? 0
Gm.reg TR
I rﬁ-ﬂ,,
Gm_regen * 1” R! C! = 0. (3)
Solving for Vg = Vj, — V;,, we get
v{llﬂ‘( ) vhtrh initial * /ngen (4)

where the regeneration time constant Tyegen is given by

el
Tregen — — 1 - (5)
Om _regen — 7

The initial condition Waten_initial 1S the final output voltage at
the end of the preamplifier phase. We see that Vg grows ex-
ponentially if g, _regen 1S greater than 1/R (i.e., making Tregen
positive). Although this analysis is valid only for small signals,
it does give us a reasonable estimate of latching speed.

From (4), we see that a large output voltage at the end of
tracking (Watch_initia1) i preferred. On the other hand, the
gain of the preamplifier is limited because of the preamplifier
gain-bandwidth tradeoff. For a given capacitance C", increasing
Gm_regen Teduces the regeneration time constant Tyegen from
(5). gm_regen can be increased either by using wider transistors
or by using larger bias currents. However, increasing transistor
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width also increases parasitic capacitance, so that ultimately an
increase in speed requires additional power consumption. The
next section describes a technique that decreases regenerative
time constant Tegen Without increasing power consumption.
This is achieved with the help of inductors.

III. NEW COMPARATOR STRUCTURE

A. Addition of Inductors

We introduce inductors both to increase the bandwidth of the
preamplifier and to reduce the regenerative time constant 7;egen.
The new comparator structure is shown in Fig. 6. The load re-
sistor Ry, is replaced by a combination of a resistor I and an
inductor L. Inductors have been used for bandwidth extension
in continuous-time circuits, such as amplifiers [9]. However, we
show that inductors can be used in comparators to improve both
tracking and latching speed.

B. Qualitative Analysis

To understand how this scheme works, we first study the ef-
fective resistance and capacitance of the load. Fig. 7(a) shows
the load of the proposed comparator, comprising of resistor I,
series inductor ., and a parasitic capacitance C'. In Fig. 7(b), we
model the entire load as a parallel combination of a resistance
R and a capacitance Ceugr. In (6), we calculate the total admit-
tance (V) of the load and then derive expressions in (7) and (8)
for R and Cog in terms of R, L, C, and frequency w

1 1
= — 4+ jwC = — + jwCy 6
R+ij+Jw RoHJer A (6)
where
w22
Rg =R+ i (7
and
L
Cer =C — ———5—5. (8)

RQ + W2L2
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Fig. 7. Concept of effective resistance and capacitance. (a) The output load. (b)
Equivalent load formed with R.¢ and Clage.
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Fig. 8. Simplified small-signal model (latching) with inductance L.

Thanks to the introduction of inductance I, R.g is increased
and Cyg is decreased, reducing the regeneration time constant
Tregen- [Please refer to (5) for the regeneration time constant
equation.]

If L is too large, the effective reactance becomes inductive,
instead of capacitive. In (8), Cog becomes negative if the induc-
tance I is large. If the effective capacitance is negative, then the
overall load behaves as an RL load (a resistor and an inductor).
The regenerative circuit becomes an oscillator if the capacitance
is exactly cancelled (i.e., Cogp = 0). However, oscillation only
occurs with a large value of inductance,! and in practice the in-
ductor itself contains significant parasitic capacitance, further
reducing the risk of oscillation.

C. Regenerative Time Constant

The concept of the equivalent resistance and capacitance
(Ree and Cog) gives us a good intuitive understanding of
how the introduction of inductors improves latching speed.
However, it is not straightforward to calculate R and Coug
since (7) and (8) require an estimate of frequency w. For more
quantitative analysis, we model the comparator in the s domain.
Fig. 8 shows a simplified small-signal model of the comparator
in the latching phase. This model includes the transconductance
of the cross-coupled devices and the added inductance L.
From this small-signal model, the output voltage difference
Vag(= V) — V,,) satisfies

- I{(
Vaire(s) + le( g

From (8), C'ir > €' — L/R?2. As an example, if R = 1000 €, then L (in
nanohenry) must be greater than C' (in femtofarad) for C.¢r to be negative.

+sC - Vag(s) = 0.  (9)

—Jm _regen *
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Fig. 9. Regeneration time constant improvement versus inductance for two
values of capacitance (20 and 40 fF). The solid/dotted lines show the estimated
regeneration time constant [1/s; from (12)], while the discrete points are de-
rived from simulations of circuit shown in Fig. 8.

Rearranging (9), we get a quadratic equation

(.‘32 + s+ .8) . I”:ﬁﬂ(.‘?) =0, with
R _ g?n —_regen

L C
1 Jm _regen * R
i - 1
g LC (10)

From (5), we know that g, _regen? must be greater than 1 for
the latch to function, and therefore, (3 is negative. Since any
quadratic equation of the form s 4+ a:s + 3 = 0’ with real o and
negative (3 has one positive real root and one negative real root,
we let the two roots of the quadratic equation be positive s; and
negative so. From (10), V; in the time domain is given by

Vair(t) = By - €' + By - *2* an
where the constants By and B are determined by the initial
conditions of Vy; and its derivative. Since so is negative, the
second term in (11) decays as latching proceeds. 1/s; is the new
regeneration time constant and from the quadratic equations s;
is given by

(=g

D \/(w—g)z-l-al(%g}?_l)

In Fig. 9, we plot (solid/dotted lines) the new regenerative
time constant Tyegen(= 1/s1) versus inductance, for capaci-
tance values of 20 fF and 40 fF. In these plots, we normalize the
time constant to that of a similar comparator without inductors.
We assume R = 500 €2, g _regen = 3 MA/V, and ignore the
output resistance of transistors. The time constants predicted by
Spectre simulations are overlaid on the plots in Fig. 9 (discrete
points). These simulations indicate that the estimate of time con-
stant (1/s1) very accurately predicts the improvement in perfor-
mance.

From Fig. 9, we see that we can achieve significant im-
provements in comparator performance with practical values

12)
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of on-chip inductance. For example, with C' = 20 fF and
I. = 18 nH, the regeneration time constant is reduced by

62%. This allows a 163% increase in sampling speed, with
the same probability of metastability [6], [7] and without an
increase in power dissipation. In practice, the inductor itself
also introduces parasitics. However, we see in Section V, that
even when the parasitics of a practical inductor are considered,
we still achieve very significant reductions in the regeneration
time constant. We note that since 7yegen falls continuously as
inductance increases, an exact inductance value is not needed?
This technique becomes more attractive as feature sizes shrink:
since the parasitic capacitances become smaller, we see from
Fig. 9 that a smaller inductance is required for the same im-
provement in regeneration time constant.

For a given sampling speed, power consumption is reduced
with the addition of inductors. Thanks to the inductors, the
transconductance of the cross-coupled transistors required to
achieve a given regeneration time constant can be smaller,
so that a smaller bias current is sufficient. The probability
of metastability is reduced for a given sampling speed, since
this probability decreases exponentially with reduction in the
regenerative time constant [6], [7].

Two prototype comparators, one designed for improved speed
and the other designed for improved power consumption are
discussed in Section V.

IV. INDUCTOR DESIGN

‘When monolithic inductors are used in RF circuits, for ex-
ample, in a low-noise amplifier (LNA) [10] or in a voltage-con-
trolled oscillator (VCO) [11], the design goals are to achieve
a certain inductance value and a high quality factor (i.e., a
small series parasitic resistance). The skin effect, proximity
effects [12], eddy currents [11], and substrate loss all degrade
the quality factor. Eddy currents generate nonuniform current
flow in the inner turns, and this usually mandates a relatively
large, hollow center in the inductor. To reduce these effects,
monolithic inductors tend to be large, typically two orders of
magnitude larger than neighboring transistors. Area is a major
consideration when the comparators are used in a flash ADC.
As an example, we consider the addition of two 11-nH induc-
tors to each comparator. If we adopt a conventional RF inductor
structure (e.g., 10-pm metal trace width, 5-zm metal trace
spacing, and 30% hollow center area), simulations indicate that
the overall diameter of a 7 turn inductor is 290 yim. The two
inductors alone would occupy 0.17 mm 2, a far larger area than
that of a typical comparator.

The required area can be dramatically reduced by consid-
ering the required characteristics of the inductor, in particular
parasitic resistance. In the proposed comparator, the inductor is
connected in series with the load resistance. We can tolerate a
large inductor parasitic, if this parasitic resistance is considered
as part of the load resistor. For example, if a 1-k(2 load resistance
is required and if the inductor has a parasitic resistance of 500
€2, then a 500-2 load resistor in series with the 500-£2 parasitic

2Using a larger inductance is better for a bigger ratio of latching speed to
power consumption. However, the inductance is limited by: a) the available area;
b) the self-resonant frequency and c) the output voltage ringing during the reset
phase due to under-damped behavior of the output load.
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resistance functions in a similar way [9].3 Since the parasitic re-
sistance does not need to be minimized, a narrow metal width
can be used.

The use of thinner metal lines in the inductor has significant
benefits. The self-resonant frequency is increased, since a re-
duction in inductor area also reduces the parasitic capacitance
between the inductor and the substrate. Simulations indicate a
much higher self-resonant frequency than the targeted low-giga-
hertz sampling frequencies. A stacked inductor structure can be
used to further reduce layout area. Since the self-resonant fre-
quency is very high, the reduction in self resonant frequency due
to stacking is not an issue. For a given area, a stacked inductor,
comprised of two metal winding layers in series, exhibits four
times more inductance than an inductor built with single metal
layer [13].

V. PERFORMANCE COMPARISON

To validate the ideas presented in Sections III and Section IV,
three prototype comparators (COMP T, TI, and TIII) are de-
signed in 6-metal 0.18-pum digital CMOS. A reference design
COMP Idoesnotincorporate inductors. COMP ITincorporates
an inductor load, but is designed to have the same power con-
sumption as COMP 1. COMP TIT has the same inductor load as
COMP TI, but runs with half the bias current (i.e., half the power
consumption). P-type poly-silicon is used to implement load re-
sistors. The values of the load resistors are chosen so that each
preamplifier has the same low-frequency voltage gain.

A stacked inductor is formed with the second (M?2) and fifth
metal (M5) layers. We choose these metal layers to maximize
the self-resonant frequency. Fifteen turns of metal width 0.3 gm
and metal spacing 0.3 pum, gives an overall inductor size of 30
pm by 30 pgm. The simulated inductance, series resistance, and
self resonant frequency are 18.0 nH, 661 €2, and 8.4 GHz, re-
spectively. The inductor occupies around 1% of the area of a
typical RF inductor of the same inductance value.

We use Spectre simulations, including extracted parasitics, to
compare the performance of the three comparators. A dummy
load capacitance of 4 fF is connected at the output nodes to rep-
resent the input capacitance of the next stage. Two overdrive
tests with the input frequency set at the Nyquist frequency are
performed. Fig. 10(a) shows the clock signal, while Fig. 10(b)
and (c) shows the input voltage waveforms for the two over-
drive tests. With the input waveforms of Fig. 10(b), the output
of the comparator should not change. On the other hand, with
the inputs shown in Fig. 10(c), the comparator output should al-
ternate between 0 and 1. The minimum clock periods for which
COMP T, COMP TI, and COMP TIT pass both overdrive tests
are shown in Table 1. Although COMP I and COMP II have
the same power consumption, COMP IT is 2.6 times faster than
COMP I. COMP T and COMP TIII have the same maximum
operating frequency, but the power dissipation of COMP IIT is
halved thanks to the introduction of the inductors.

We also use Spectre simulations to estimate the time constants
of the preamplifier phase and of the latching phase. In these sim-
ulations, the sampling frequency is 1 GHz and the comparator

3In [9], the inductor parasitic resistance is used as part of the load resistance
in an inductively peaked amplifier.
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TABLE 1
SUMMARY OF COMPARATOR PERFORMANCES (SIMULATION)
Comparator Minimum clock period Tregen Tore F.
COMP | 650 ps 55 ps 38 ps 1
COMP I 250 ps 33 ps 36 ps 7.8
COMP 111 650 ps 41 ps 62 ps 3.3

6(2_].1’1]]

A

o 32 um X 32 um
’ inductor

250 um

\/

Fig. 11. Die photo of the comparator.

input is a 500-MHz differential pulse train. Table I summa-
rizes the time constants of the preamplifiers and of the latches.
With the same power consumption, COMP II requires much
less time for regeneration than COMP 1. The regeneration time
constant Tyegen 0f COMP IIT is smaller than that of COMP I,
indicating that the same latching speed can be achieved with
less than half the power consumption. COMP IT has roughly the
same preamplifier time constant (73,y.) as COMP I. COMP III
has a larger preamplifier time constant because a larger load
resistance is required to achieve the same preamplifier voltage
gain at dc. (Tpre is proportional to the output resistance.)

We now consider a “figure of merit” that incorporates power
consumption (power), the maximum sampling frequency at
which the comparator passes the overdrive tests ( fms), and the
probability of metastability ( P, ).The proposed figure of merit
F.. for a comparator is given by

frns

c = - log
power ¢ P

(samples/joule). (13)
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Fig. 12. Eye diagram of the comparator output.

The natural log is used to prevent P,, from being over-stated.
The relative values of the figure of merit, F,., for COMP I,
COMP TI, and COMP TIT, are summarized in Table I, quan-
titatively showing the benefits of the inductor load.*

VI. MEASUREMENT RESULTS

A prototype comparator with a differential inductor was fab-
ricated in 0.18-pm digital CMOS. Fig. 11 shows a die photo
of a single comparator. Fig. 12 shows an eye diagram of a com-
parator output recorded during 16.2 hours continuous operation.
We use a sampling frequency of 3.84 GHz and the sinusoidal
analog input frequency of 1.9 GHz (= 2027 /4096*3.84 GHz),
that is close to the Nyquist frequency. This choice of frequency
is made to achieve coherent sampling [15]. Thanks to coherent
sampling, the input voltage to the comparator, at the sampling
instant, can have almost any voltage value, over a range equiv-
alent to the peak-to-peak amplitude of the sinusoidal input, and
can be arbitrarily small. The comparator’s output is decimated
by 64, and then buffered to facilitate testing of the prototype.
With a 1/64 decimation rate, a metastability error rate of less
than 2.9*10~!2 is indicated.

Fig. 13 shows the measurement of the overdrive test and
Fig. 13(a) explains the methodology used for this measurement.
We apply a differential reference voltage Vier (i.e., Viefp -
Vietn in Fig. 6) of 206 mV, and a sinusoidal input with an

4P, from [14] is used. — T e T : low-
frequency small-signal gain of preamphﬁer Te: allowed time for regeneratlon)

TV sin(2af,t)

TA) M\ A Vit =

/ ! - ' 206 mV
- . ! 0 mv
P b |

Corresponding
digital output

il o o ] o

(a)
Comparison of digital output rate

10% <
B%
-_?2
-
T 6%
£
- —
® Measured
2% A — Calculated
L]
0% * T . T . T |
202 04 206 208 211 13 215 217 219

Vin (mV)
(b)

Fig. 13. Overdrive test at 3.2 GS/s with 1.584-GHz input frequency. (a)
Analog input and reference. (b) Comparison of measured rate of 1’s with
that predicted from calculation.

amplitude Vj, (i.e., Vinp - Vinn in Fig. 6). For the input amplitude
greater than Vi.f, the comparator generates a digital output
of “1,” and generates “0” for the input amplitude smaller
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TABLE 11
SUMMARY OF THE COMPARATOR (FABRICATED)

Merit Value
Maximum sampling frequency
Power consumption

Differential inductor area

3.84 GHz

1.85 mW (1.8 V x 1.028 mA)

32 um % 32 pum,

(10 turns, metal width = 0.4 pm¥*)
Inductor parameters (simulated)  11.88 nH, 203 €2, Q = 0.68 (at 4 GHz)
30 fF

Minimum: -19 mV, maximum: 28 mV
standard deviation : 14.8 mV

Comparator input capacitance
Comparator offset

M—; ** 10 pmy/0.18 pm
Ms—g** 6 pm/0.18 pm
Mr—pp** 4 pm/0.18 pm
RE* 1 KQ

* Metal width is limited by the lith ography limitations.
** See Fig. 6.

than Vi.s. As the amplitude of the input sinusoid is increased,
the differential input signal amplitude becomes greater than
the differential reference for a larger duty cycle, increasing
the expected number of 1’s. To evaluate the overdrive test
result at the Nyquist rate, we count the number of output 1’s
over 4096 samples. We use a 3.2-GHz sampling frequency
and a 1.584-GHz (= 2027/4096* 3.2-GHz) input frequency.
Fig. 13(b) compares the measured rate of 1’s, with what
is predicted for an ideal comparator. In this calculation, we
incorporate the measured 4-mV input offset of the comparator.
We see that the comparator performs very accurately with
only a small deviation from the calculation.

Table II summarizes performances of the comparator, and
gives the transistor sizes, load resistance, and information about
the inductor. We implement the inductor as a differential in-
ductor, comprised of two metal layers in series (M2 and M5).

VII. CONCLUSION

A technique which improves the speed of regenerative com-
parators, without increasing power consumption, is presented.
The technique is applicable to all types of regenerative com-
parators with resistive loads. The introduction of an inductor
reduces the effective load capacitance, significantly improving
latching speed. The technique does not require an exact value
of inductance. Both power consumption and the probability of
metastability are reduced. The technique becomes more bene-
ficial as gate lengths shrink, since the same relative improve-
ment can be achieved with a smaller inductance. Since para-
sitic resistance does not need to be minimized, the inductors oc-
cupy far less area than those typically used in RF design. We
estimate that these inductors require around 1% of the area of
those of the same inductance in a typical RF design. Simulations
based on extracted layout data and accurate models of practical
on-chip inductors show that the use of inductor loads leads to
more than a factor-of-two improvement in sampling rate or al-
ternatively a halving of comparator power consumption. Mea-
surements of a prototype comparator implemented in 0.18-zm
CMOS show that the proposed comparator structure achieves a
maximum sampling speed over 3 GHz.
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