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Analysis and Design of Continuous-Time Comparator

Takahiro MIKI†a), Member

SUMMARY Applications of continuous-time (CT) comparator include
relaxation oscillators, pulse width modulators, and so on. CT comparator
receives a differential input and outputs a strobe ideally when the differen-
tial input crosses zero. Unlike the DT comparators with positive feedback
circuit, amplifiers consuming static power must be employed in CT com-
parators to amplify the input signal. Therefore, minimization of comparator
delay under the constraint of power consumption often becomes an issue.
This paper analyzes transient behavior of a CT comparator. Using “con-
stant delay approximation”, the comparator delay is derived as a function
of input slew rate, number of stages of the preamplifier, and device param-
eters in each block. This paper also discusses optimum design of the CT
comparator. The condition for minimum comparator delay is derived with
keeping power consumption constant. The results include that the optimum
DC gain of the preamplifier is e∼e3 per stage depending on the element
which dominates load capacitance of the preamplifier.
key words: comparator, continuous time, analysis, optimization, relax-
ation oscillator, pulse width modulator, single-slope A/D converter

1. Introduction

Applications of continuous-time (CT) comparator include
relaxation oscillators [1], pulse width modulators [2], and
single-slope A/D converters [3]. Examples of their config-
urations and waveforms are shown in Fig. 1. In these ap-
plications, the delay of the CT comparator td causes errors
in oscillation frequency, duty cycle, and A/D conversion re-
sult. Although some of these errors can be calibrated (e.g.,
by applying an intentional offset to the comparator), post-
calibration drift caused by variations of temperature and
supply voltage often becomes a problem. This drift can be
minimized by making the original delay shorter. Therefore,
the reduction of the comparator delay is one of the keys for
realizing these systems.

This paper analyzes transient behavior of the CT com-
parator and discusses its optimum design. In the next sec-
tion, CT comparator and discrete time (DT) comparator are
compared. In Sect. 3 two examples of CT comparator are
simulated and role of the preamplifier is investigated in ad-
vance of analysis. Section 4 derives an approximation for-
mula that describes the delay of the CT comparator having
a multi-stage preamplifier with a differential/single-end sig-
nal converter and a common-source inverter in the backend.
Section 5 discusses optimum designs of the CT comparator
and is followed by the conclusion of this paper.
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Fig. 1 Application of CT comparator; (a) relaxation oscillator, (b) pulse
width modulator, (c) single-slope A/D converter.

2. Comparison of CT and DT Comparators

CT comparator has different function from discrete-time
(DT) comparator. The former receives a differential input
signal, and outputs a strobe ideally at the instance of zero-
crossing of the input signal. The latter receives a strobe (or a
clock edge) in addition to the input signal and outputs polar-
ity of the input at the input strobe. It should be emphasized
that the strobe is output in CT comparator whereas input in
DT comparator.

Amplifiers are usually used in CT comparators whereas
positive feedback circuits in DT comparators. An example
of output waveform of the amplifier with step input is shown
Fig. 2 (a). This waveform is expressed by a well-known for-
mula shown in the figure: the output slew rate at t = 0 is
vingm/C and vout(t) asymptotes to the finite value vingmR. In
the positive feedback circuit shown Fig. 2 (b), the voltage of
the output port is initialized to the input voltage vin and then
positive feedback is formed right after the strobe. The output
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Fig. 2 Examples of output waveforms of (a) amplifier and (b) positive
feedback.

Fig. 3 DT comparator using (a) amplifier, (b) positive feedback.

waveform is obtained by a simple analysis and described in
the figure assuming gmR � 1. The output slew rate at t = 0
is identical to that in the amplifier, while the vout(t) expo-
nentially increases toward infinite. Therefore, the output of
the positive feedback is faster and never caught up by that of
the amplifier. Because of this advantage, the positive feed-
back is widely employed in DT comparators. On the other
hand, CT comparators cannot utilize the positive feedback
because of the lack of the input strobe, which is a serious
constraint in designing CT comparators.

Note that it is possible and sometimes seen to design a
DT comparator like Fig. 3 (a) where an amplifier amplifies
the input to a near rail-to-rail signal. However, it is better to
utilize the positive feedback as shown in Fig. 3 (b) because
of the advantage discussed above. Especially dynamic com-
parators are the first candidates because they do not consume
any static power. A dynamic comparator is analyzed in [4].

3. Investigation in Advance of Transient Analysis

Before the transient analysis, two examples of CT compara-
tors are designed and simulated. The brock diagrams of
these CT comparators are shown in Fig. 4 (a). Type A con-
sists of a differential/single-ended signal converter (D/S) and
a common-source inverter having a PMOS driver (PINV).
Type B has a preamplifier (PA) at the frontend of them. Cir-
cuit diagrams of each block are shown in Fig. 4 (b). The PA
is a wideband differential amplifier having resistive loads.
The D/S acts as a high-gain amplifier if the input is small

Fig. 4 Simulated CT comparators with and without preamplifier;
(a) block diagram, (b) circuit configuration.

signal, while acts as a switched current source if the input is
large enough to turn one of the differential pair completely
on. The PINV follows the D/S to obtain a rail-to-rail output.
The output voltage of the D/S vD/S is defined here as follows
for the convenience of analysis:

vD/S(t) ≡ VgpDC − VD/S(t), (1)

where VD/S(t) is the node voltage (i.e., the voltage refer-
enced to the ground) of the output and VgpDC is the DC node
voltage of the PMOS gate when the input voltage vin is zero.
Note that, in DC operation, vD/S = 0 when vin = 0 because
VD/S = VgpDC.

Rising waveform is chosen as the polarity of the input
ramp vin. Because of this polarity, VD/S initially stays at VDD

and the PINV does not consume any current before its out-
put starts rising. Moreover, the current consumption of the
PINV after the output strobe can be minimized by disabling
its bias current using this output strobe. It should also be
noted, with this input polarity, the output voltage of the D/S
defined by (1) is initially stays at the negative voltage VgspDC

(≡ VgpDC − VDD) and is also rising waveform.
The total static currents in these CT comparators are

designed to be the same. The key parameters are attached
in Fig. 4 (a). It should be noted that these comparators can
have systematic offset, which substantially shifts the timing
of input zero-crossing. The input referred systematic offsets
of these comparators is less than 15 μV.

The simulation result is shown in Fig. 5. In this sim-
ulation, each comparator is followed by 2 stages of CMOS
inverter (not shown in Fig. 4). The output delay of Type B
is 3.1 ns which is 240ps shorter than that of Type A though
their current consumptions are the same. The reason is ex-
plained as follows: The slew rate of 10V/μsec generates
20mV input at t = 2nsec. Then the current from the D/S
(see Fig. 4 (b)) is calculated as follows:
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Fig. 5 Simulation result of CT comparators shown in Fig. 4.

(Type A) ID/S = 20mV × 10μS = 200nA.

(Type B) ID/S = 20mV × 4.7 × 5μS = 470nA.

As shown here, because of slew-rate amplification by
preamplifier, the delay of Type B is shorter despite that
the transconductance of the D/S is reduced by half. Note
that this calculation ignores the finite bandwidth of the PA.
Therefore, next interest is the effect of the bandwidth on
the comparator delay. It should also be noted that the cur-
rent consumption of the PINV averaged from the beginning
(−50ns) to the output strobe (including the two CMOS in-
verter delay) is less than 6% of the total current of the PA and
the D/S. Therefore, the power consumption of the PINV can
be made negligibly small by the technique described above.

4. Transient Analysis

Figure 6 shows a CT comparator with an n-stage PA. The
input slew rate to the CT comparator is α and it is ampli-
fied stage by stage. This section derives an approximation
formula that describes the total delay of the CT comparator.

4.1 Output Waveform of Amplifier

Each of the PA and the D/S shown in Fig. 4 (b) has the differ-
ential pair. Its differential output current idiff is modeled as
shown Fig. 7 (a), where vin is the differential input voltage,
ISS is the tail current, and gm is the transconductance of the
differential pair when vin = 0. In actual circuits, idiff has non-
linear dependence on vin as shown by the dotted line. In this
analysis, however, a PWL (piecewise linear) model shown
by the solid line is employed for simplicity. Figure 7 (b)
shows the equivalent circuit of the amplifier with a load ca-
pacitance C and a load resistance R. In actual circuits, they
are modulated by non-linear dynamic effect. For example,
the Miller capacitance contained in C depends on the output
slew rate of the next stage and changes from moment to mo-
ment. However, it is assumed that they are constant and one
of their terminals is grounded.

Figure 8 shows two examples of output waveforms.
The black and gray lines are transient response (C > 0) and
DC response (C = 0), respectively. Assuming vin has the
slew rate of αin and crosses zero at t = 0, that is,

Fig. 6 Block diagram of CT comparator with multi-stage preamplifier.

Fig. 7 Model of amplifier having differential pair; (a) PWL model for
differential pair, (b) equivalent circuit of amplifier.

Fig. 8 Transient waveform of amplifier in two cases: output zero-
crossing takes place before tSS (a) and after tSS (b).

vin(t) = αint, (2)

the output current of the differential pair idiff has slew rate of
αingm around t = 0 as shown in the upper side of Fig. 8. This
current reaches ISS at the slewing-settling boundary time tSS

which is given by,

tSS =
ISS

αingm
. (3)

The lower side of Fig. 8 shows examples of output voltage
waveform vout(t) which is defined as the difference of the in-
stantaneous output voltage from its DC value when vin = 0.
The zero-crossing delay tzx is the time output vout(t) crosses
zero. This output zero crossing takes place in either slew-
ing period (Fig. 8 (a)) or settling period (Fig. 8 (b)). The ini-
tial output voltage is denoted by vinit. It is always negative
and defined by the output voltage at t = −∞. If R is small
and the differential pair always remains in saturation region,
vinit = −ISSR, which is the case in the PA. On the other hand,
the initial voltage of the D/S is derived from (1) as,

vinit(D/S) = VgpDC − VDD ≡ VgspDC < 0. (4)
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The output starts slewing at tinit which is given by,

tinit =
vinit

αingmR
(−tSS ≤ tinit < 0). (5)

In the slewing period (tinit < t ≤ tSS), vout(t) and its
instantaneous slew rate vout’(t) are given by,

vout(t) = αgmR

{
t −CR +CR exp

(
− t − tinit

CR

)}
, (6a)

vout
′(t) = αingmR

{
1 − exp

(
− t − tinit

CR

)}
. (6b)

Since the slew rate of the input voltage is given by αinu(t −
tinit) where u(t) is unit step function, (6b) can be obtained
by replacing vout(t), vin, and t in the equation in Fig. 2 (a)
by vout’(t), αin and t − tinit, respectively. The output vout(t)
is then obtained by integrating (6b) from tinit to t. In the
settling period (t > tSS), vout(t) itself shows step response.
Therefore, vout(t) and vout’(t) are given by,

vout(t) = ISSR − {ISSR − vout(tSS)} exp

(
− t − tSS

CR

)
, (7a)

vout’(t) =
1

CR
{ISSR − vout(tSS)} exp

(
− t − tSS

CR

)
, (7b)

where vout(tSS) can be derived from (6a) and (3). Note that
the output of the D/S can be clipped before it reaches ISSR.
This takes place when the right side of NMOS in the D/S in
Fig. 4 (b) enters deep triode region. However, it is after the
output zero-crossing tzx and can be ignored in deriving tzx.

4.2 Delay of Single-Stage Preamplifier

As mentioned in the previous subsection, the initial voltage
of the PA is −ISSR. Therefore, (5) is transformed using (3)
into,

tinit = −tSS = − ISS

αingm
, (8)

If the output zero-crossing takes place in slewing period
(tzx < tSS), the following relation is derived by replacing
tinit by −tSS and setting vout(tzx) = 0 in (6a):

tzx

CR
= 1 − exp

(
− tzx + tSS

CR

)
. (9)

The black solid line in Fig. 9 shows this relation. A numer-
ical calculation is utilized here. This figure also shows the
line tzx = tSS. As shown in the figure, tzx ≤ tSS is satisfied
when tSS/CR > 0.80 (� 1 − exp(−2 × 0.8)), which is trans-
formed using (3) into,

αin ≤ 1.25
gmR

· ISS

C
. (10)

This is the condition that the output zero-crossing takes
place in the slewing period as shown in Fig. 8 (a). Note
that, since tSS is inverse proportional to αin as shown by (3),
tSS/CR in the latter stage of the PA is smaller than that in the

Fig. 9 Normalized output zero-crossing delay tzx/CR of preamplifier and
its normalized output slew rate (C/ISS)αout as a function of tSS/CR. “×” are
results of SPICE simulation.

earlier stage. As shown in the Fig. 9, the normalized output
tzx/CR slightly drops from 1 to 0.8 as tSS/CR is decreased.
However, this drop is ignored in the following analysis, and
the following “constant delay approximation” is adopted:

tzx � CR (tzx ≤ tSS). (11)

The output slew rate at tzx is derived from (6b), (8) and (3),

αout ≡ vout
′(tzx) =

ISS

C
· tzx

tSS
(tzx ≤ tSS). (12)

The gray solid line in Fig. 9 shows output slew rate normal-
ized by ISS/C. Since tzx ≤ tSS, the maximum slew rate is
ISS/C. From (11), (12) and (3) αout is approximated as,

αout � gmRαin (tzx ≤ tSS). (13)

which means the slew-rate gain and DC gain is identical.
Results of SPICE simulation are also plotted in Fig. 9. In
this plotting, gm is extracted from DC operating point while
R and C are calculated from DC gain and pole frequency in
AC simulation. The results of analysis and simulation are
well matched. In summary, if (10) is satisfied, the constant
delay approximation can be adopted and the zero-crossing
delay and the slew late can be approximated as (11) and
(13), respectively.

If (10) is not satisfied, the output zero-crossing takes
place in settling period (i.e., tzx > tSS) as shown in Fig. 8 (b).
In this case, the output slew rate is derived by setting
vout(tzx) = 0 in (7a) and combining it with vout’(tzx) given
by (7b), which results in a constant value as follows:

αout �
ISS

C
(tzx > tSS). (14)

This means that the preamplifier which does not satisfies
(10) does not amplify the slew rate. Therefore, it only con-
sumes power and is useless. For a reference, this saturated
output slew rate is added to Fig. 9 (gray dotted line). The
discontinuous derivative at the boundary comes from the
PWL modeling shown in Fig. 7 (a). The normalized de-
lay tzx/CR in the case that tzx > tSS is also shown by the



MIKI: ANALYSIS AND DESIGN OF CONTINUOUS-TIME COMPARATOR
639

Fig. 10 Example of output waveform of D/S assuming R = ∞.

black dotted line in Fig. 9. It is analytically derived by
combining vout(tSS) given by (6a), (7a), and (8). If αin = ∞
(tSS/CR = 0), the slewing period disappears and vout shows
step response with the finite time constant CR which starts
rising at t = 0. In this case, tzx = CR ln(2) where “ln(2)”
comes from vinit = −ISSR.

4.3 Delay of Differential/Single-Ended Signal Converter

In this subsection, the delay of the D/S is derived. Two as-
sumption are introduced here. The first is that the load re-
sistance R is infinite. The second is that, since the slew rate
is amplified by the multi-stage PA, the input slew rate to
the D/S is large enough for the output to cross zero in the
settling period (i.e., tzx > tSS). An example of the output
waveform is shown in Fig. 10. Because of the infinite load
resistance, tinit given by (5) becomes zero and the D/S acts
as an integrator. Since the current in the slewing period is
αingmt, the output at tSS is obtained by integrating the current
from 0 to tSS and combining it with (3) as,

vout(tSS) � vinit +
1
C

tSS∫
0

αingmtdt = vinit +
ISS

2C
tSS, (15)

where the initial voltage of the D/S vinit is given by (4). The
second assumption tzx > tSS is transformed into the follow-
ing inequality by combining vout(tSS) < 0 in (15) with (3):

αin >
ISS

2

2gmC|vinit | . (16)

In the settling period, the current from the differential pair is
ISS. Therefore, vout(t) is obtained by integrating ISS from tSS

to t and combining it with (15) as,

vout(t) � vout(tSS)+
1
C

t∫
tSS

ISSdt = vinit +
ISS

C

(
t− tSS

2

)
. (17)

The output zero-crossing delay is obtained by setting
vout(tzx) = 0 in (17) and combining it with (3) as,

tzx �
1
αin
· ISS

2gm
+

C
ISS
|vinit | (tzx > tSS). (18)

Note that ISS2/gm2 corresponds to Vgs-Vth of the differential
pair in the D/S if it is biased in strong inversion and its typ-
ical value is 100∼300mV. If it is biased in weak inversion,

Fig. 11 Example of output zero-crossing delay tzx and output slew rate
αout of D/S; ISS = 1.0μA, gm = 10mS, C = 0.77fF, vinit = −450mV.

ISS2/gm2 has the minimum of 2nSkBT/q, where nS is sub-
threshold factor and 2nSkBT/q is approximately 80mV at
room temperature when nS = 1.5. The output slew rate is
directly obtained from (17) as,

αout ≡ vout
′(tzx) �

ISS

C
(tzx > tSS), (19)

which does not depend on input slew rate because tzx > tSS

(see the discussion on (14)).
Examples of tzx given by (18) and αout given by (19)

under the condition given by (16) are plotted in Fig. 11
with results of SPICE simulation. The saturation of αout,
its boundary, and the shape of curve of tzx (i.e., format of
(18)) are reproduced well by the analysis. On the other
hand, values of αout and tzx are overestimated and underesti-
mated, respectively. However, the assumption of the infinite
load resistance is retained in the following analysis to avoid
complexity.

4.4 Total Delay of CT Comparator

In this subsection, total output zero-crossing delay of the CT
comparator shown in Fig. 6 is derived. It is assumed here
that the characteristics of each stage in the PA is identical.
To distinguish the parameters of each stage of the PA, the
D/S, and the PINV, suffixes of “1”, “2”, and “3” is added,
respectively.

Under the constant delay approximation, the delay of
the n-stage PA is given by nC1R1 while its output slew rate
is given by α(gm1R1)n. Therefore, the total delay of the CT
comparator is given by,

tzxtot � tpd +
C2

ISS2
|vinit2|+ C2

ISS2
· ISS3

2gm3
+

C3

ISS3
|vinit3|, (20)

tpd ≡ nC1R1+
1

α(gm1R1)n
· ISS2

2gm2
, (21)

where tpd is the partial delay which depends on the PA de-
sign. The first term in (21) is the zero-crossing delay of the
multi-stage PA and the second term corresponds to the de-
lay required for the final output of the PA to rise from 0 to
the voltage ISS2/(2gm2) (as for ISS2/gm2 see the discussion
on (18)). The zero-crossing delay of the D/S is given by
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the sum of the second term in (21) and the second term in
(20). The last two terms in (20) is the zero-crossing delay
of the PINV. Since the load resistance of the PINV can also
be approximated to infinite, the output zero-crossing delay is
given by (18) where the input slew rate αin is the output slew
rate of the D/S given by (19). Note that vinit3 � −VDD/2.

5. Optimum Design of CT Comparator

5.1 Optimum Design of Multi-Stage Preamplifier

In this subsection, the condition for minimizing the partial
delay defined by (24) is derived under the assumption that
the total bias current of the PA is constant even when the
number of stages n is changed. Figure 12 shows the method
to keep the total bias current constant: dividing an original
PA equally into n pieces while keeping the DC gain (= slew
rate gain) pre stage A1 = gm1R1 unchanged. This assump-
tion makes A1 independent of n and the minimum delay is
derived from successive partial differentiation of (21) with
A1 and n. The other parameters are function of n and A1.
The parameter gm1 and R1 is given by,

gm1 =
gm1o

n
, R1 =

A1

gm1
= nR1o, (22)

where gm1o and R1o are the original transconductance and
the load resistance before the division. The load capacitance
consists of the gate capacitance of the next stage and para-
sitic capacitance of the load resistor inside the stage. After
division, the former is 1/n times of the original values CG1o

and the latter is n times of the original value CR1o. Therefore,
C1 can be modeled with proportional index p as follows:

C1 =
CG1o

n
+ nCR1o � npC1o, p = −1 ∼ 1. (23)

If the gate capacitance dominates the load capacitance, then
p = −1, which is the case in the design of high-speed com-
parators. If the parasitic capacitance of the resistor domi-
nates the load capacitance, then p = 1, which is the case in
the design of slow but very low-power comparators. Equa-
tion (21) is transformed by combining it with (22) and (23)
into,

tpd(n, A1) =
n(p+2)A1

ωu1o
+

1
αA1

n
· ISS2

2gm2
, (24)

Fig. 12 Division of preamplifier to keep total bias current constant.

where ωu1o is the unity frequency of the original PA before
division and given by,

ωu1o ≡ gm1o

C1o
. (25)

The following relation is obtained by differentiating (24)
with A1 and setting it to zero:

1
αA1opt

n
· ISS2

2gm2
=

1
n
· n(p+2)A1opt

ωu1o
, (26)

where A1opt is the optimum value of A1 before optimization
of n and therefore function of n. The right side of (26) is 1/n
of the first term of (24) which corresponds to the delay per
stage of PA. The left side of (26) is the second term of (24)
and therefore it become identical with the delay per stage
after A1 is optimized. Equation (26) is transformed into,

A1opt =

{
ωu1o

n(p+1)
· ISS2

2αgm2

} 1
n+1

, (27)

and the partial delay tpd after optimization of A1 is obtained
by combining (24) and (27) as

tpd(n, A1opt) = (n + 1)

(
ISS2

2αgm2

) 1
n+1

{
n(p+1)

ωu1o

} n
n+1

. (28)

Examples of the partial delay tpd given by (28) is plotted
in Fig. 13. Note that, higher slew rates α are employed for
lower p in this plot. This is because p becomes lower in
higher-speed comparator design (see the discussion on (23))
which usually receives the higher α. This figure shows that
the optimum n is larger with lower p (i.e., in higher-speed
comparator) or lower α.

Finally, the following relation is obtained by differenti-
ating (28) with n and setting it to zero:

e(p+2)(nopt+1) × nopt
(p+1) =

ISS2

2αgm2
· ωu1o, (29)

where nopt is the optimum number of the PA stages after both
A1 and n are optimized. Figure 14 shows nopt numerically
calculated from (29). Note that if the gate capacitance of the
next stage dominates the load capacitance, p = −1 and nopt

is analytically derived as,

Fig. 13 Partial delay tpd given by (27) or its equivalence (24) after opti-
mization of DC gain of PA. (ISS2/gm2 = 80mV, ωuo = 10Grad/s)
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Fig. 14 Optimum number of stages of PA calculated from (34). Design
parameters used for the SPICE simulation is shown by “+”.

Fig. 15 Minimum partial delay tpd calculated from (35) (normalized by
C1or/gm1or). SPICE simulation results when p = −1 are shown by “+”.

nopt = ln

(
ISS2

2αgm2
ωu1o

)
− 1. (30)

The optimum DC gain after optimization of n can be cal-
culated from (27) and (29) and it is given by the following
simple formula:

Aopt

∣∣∣∣
n=nopt

= ep+2. (31)

Therefore, the optimum DC gain per stage is determined
by only the proportional index p which depends on the el-
ements dominating the load capacitance in the PA as de-
scribed in the discussion on (23). Note that, when p = 1
(in the case that the parasitic capacitance of the load resis-
tor dominates the load capacitance), the optimum DC gain
is e3 � 20 which may require a common-mode feedback
(CMFB) in the amplifier. To suppress the power required
for the CMFB is left for the future study. The minimum
partial delay after optimization of A1 and n is obtained by
combining (28) and (29) as,

tpd(nopt, A1opt) =
nopt + 1

enopt(p+2)
· ISS2

2αgm2
. (32)

As shown in (32), smaller ISS2/gm2 gives shorter partial de-
lay. However, remember that ISS2/gm2 has a lower limit of
2nSkBT/q as described in the discussion on (18). The mini-
mum partial delay normalized by 1/ωu1o is shown in Fig. 15.

Note that it depends on ωu1o (the unity gain frequency of the
PA before the division) because nopt depends on ωu1o. It
also should be noted that the gradient of the curve shown in
Fig. 15 is less than 1. This means larger ωu1o gives shorter
tpd. The optimum design of the PA can be estimated using
Figs. 14 and 15. For example, assuming,

α=1V/μs, ISS2/gm2=80mV, and ωuo=10Grad/s, p=−1

the value of X axis in Figs. 14 and 15 is 400 rad. Therefore,

nopt = 5, tpd = 1.6ns (tpdωuo = 16)

is read from Fig. 14 and 15, respectively. The “+” in the
Figs. 14 and 15 is SPICE simulation result in the case p =
−1 (in the case that the gate capacitance of the next stage
dominates the load capacitance). In these simulation, the in-
put slew rate α is selected so that the partial delay tpd is not
affected by rounding of nopt. Except that the analysis un-
derestimates the partial delay approximately by−30∼−35%,
the results of the analysis and simulation are matched well.

Remember that the stage in the PA which does not sat-
isfy (10) does not amplify its input slew rate and is useless.
The last stage of the PA is examined here because it receives
highest input slew rate. Using the optimized DC gain per
stage given by (31) and the relation of ISS1 and C1 with their
original values defined in Fig. 12, (10) is transformed into,

αe(p+2)nopt × nopt
p+1 ≤ 1.25 · ISS1o

C1o
, (33)

which is further transformed by being combined with (29)
into,

ISS1o/gm1o

ISS2/gm2
≥ 1

2.5e(p+2)
= 0.02 ∼ 0.15. (34)

For example, if the ISS/gm of the PA and the D/S are de-
signed to be the same, (34) is satisfied with a large margin.
As shown in this calculation, all stages of the PA after the
optimization of the number of stages and DC gain amplifies
the slew rate.

5.2 Design of Differential/Single-Ended Signal Converter
and Common-Source Inverter

The total delay of the CT comparator given by (20) is trans-
formed using the partial delay after optimization of pream-
plifier given by (32) into,

tzxtot �
nopt + 1

enopt(p+2)
· ISS2

2αgm2
+

C2

ISS2
|vinit2|

+
C2

ISS2
· ISS3

2gm3
+

C3

ISS3
|vinit3|. (35)

The first two terms correspond to sum of the delays of the
multi-stage PA and the D/S. The last two terms correspond
to the delay of the PINV. Note that to increase ISS does not
always result in shorter delay. As already described in the
discussion on (32), the first term become shortest if ISS2/gm2



642
IEICE TRANS. ELECTRON., VOL.E104–C, NO.10 OCTOBER 2021

is at its lower limit of 2nSkBT/q. Therefore, biasing the dif-
ferential pair on the boundary of strong and weak inversions
is the first candidate in the design of the D/S. However, if
this biasing makes the second term (the time required to
charge C2 from vinit to 0) larger than the first term, more
ISS2 can results in shorter total delay.

To avoid complex calculations, two approximations are
introduced here. The first is that nopt in the first term in (35)
is treated as a constant because its dependence on ISS2 is
weak (approximately logarithmic) as shown in Fig. 14. The
second is that the third term in (35) is ignored when opti-
mizing ISS2. This makes the optimization of ISS2 indepen-
dent of ISS3. Under these approximations, (35) behaves as
f (x) = ax + b/x where a and b are coefficients, and x cor-
responds to ISS2 or ISS3. This function f (x) has a minimum
value of 2

√
ab when x =

√
b/a (or ax = b/x). Therefore,

ISS2 which realizes the minimum delay of the first and sec-
ond terms is given by,

ISS2opt ≈
√
α

enopt(p+2)

nopt + 1
· 2gm2C2|vinit2|. (36)

If this value is larger than 2gm2nSkBT/q, there is a chance to
shorten the total delay more by increasing ISS2. Similarly,
ISS3 which realizes the minimum delay of third and fourth
terms is given by,

ISS3opt ≈
√

ISS2opt

C2
· 2αgm3C3|vinit3|. (37)

Remember that static current of the PINV can be made zero
by the dynamic operation described in Sect. 3. Therefore,
setting ISS3 to the value given by (37) does not impact on the
total power consumption.

6. Conclusion

This paper analyzes the CT comparator having the multi-
stage preamplifier with the differential/single-end signal
converter and the common-source inverter in the back-
end. The constant delay approximation is introduced in
the preamplifier modeling while clarifying the boundary be-
yond which the preamplifier does not amplify the input slew
rate. Both the differential/single-end signal converter and
the common-source inverter are modeled as integrators for
simplicity. The multi-stage preamplifier is optimized with
keeping power consumption constant. The results include
that the optimum DC gain per stage is e if the gate capaci-
tance of the next stage dominates the load capacitance while
e3 if the parasitic capacitance of the load resistor inside the
stage dominates. The optimum number of stage becomes
larger as input slew rate becomes smaller or as the gate
capacitance dominates more. This paper also discusses the
optimum design of the differential/single-end signal con-
verter and the common-source inverter. The delay model
derived in this paper and the results of the optimization as
well as other design tips suggested in this paper are helpful

in designing CT comparators.
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