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(HAFTER B
- Comparators

1 In the previous two chapters, we have focused on the op amp and its design. Before consi-
dering how the op amp is used to accomplish various types of analog signal processing and
analog—digital conversion, we will examine the comparator, The comparator is a circuit that
compares an analog signal with another analog signal or reference and outputs a binary signal
based on the comparison. What is meant here by an analog signal is one that can have any of
a continuum of amplilude values at a given point in time (see Section 1.1). In the strictest
sense a binary signal can have only one of two giver values at any point in time, but this con-
cept of a binary signal is too ideal for real-world situations, where there is a transition region

- between the two binary states. It is important for the comparator to pass quickly through the

o transition region.

) The comparator is widely used in the process of converting analog signals to digital sig-

| nals. In the analog-to-digital conversion process, it is necessary to first sample the input. This

( sampled signal is then applied to a combination of comparators to determine the digital

equivalent of the analog signal. In its simplest form, the comparator can be considered as a

1-bit analog—digital converter. The application of the comparator in analog-to-digital convert-

ers will be presented in Chapter 10,

The presentation on comparators will first examine the requirements and characterization
of comparators. 1t will be seen that comparators can be divided into open-loop and regene-
rative comparators. The open-locp comparators are basically op amps without compensation.
Regenerative comparators use positive feedback, similar to sense amplifiers or flip-flops, to
accomplish the comparison of the magnitude between two signals. A third type of comparator
emerges that is a combination of the open-loop and regenerative comparators. This combina-
tion results in comparators that are extremely fast.

L) CRARRCTERIZATION OF R COMPARATOA

Figure 8.]-1 shows the circuit symbol for the comparator that will be used throughout this
book. This symbol is identical to that for an operational amplifier, because a comparator has
many of the same characteristics as & high-gain amplifier. A positive voltage applied at the vp
input will cause the comparator cutput to go positive, whereas a positive voltage applied at the
vy input will cause the comparator output to go negative. The upper and lower voltage limits
of the comparator output are defined as Vi and V,,, respectively.

Page 8 of 59 SMA Solar Technology America, LLC, Ex. 1009
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vp 3 Figure 8.1-1 Circuit symbol for a comparator.
v
VN O—1— o

Static Characteristics

A comparator was defined above as a circuit that has a binary output whose value is based on
a comparison of twe analog inputs. This is illustrated in Fig. 8.1-2. As shown in this figure, the
output of the comparator is high (V) when the difference between the noninverting and
inverting inputs is positive, and low (V.) when this difference is negative. Even though this
type of behavior is impossible in a real-world situation, it can be modeled with ideal circuit
elements with mathematical descriptions. One such circuit model is shown in Fig. 8.1-3. It
comprises a voltage-controlled voltage source (VCVS) whose characteristics are described by
the mathematical formulation given on the figure. _

The ideal aspect of this medel is the way in which the output makes a tansition between
Vor and Vgy. The output changes states for an input change of AV, where AV approaches zero.
This implies a gain of infinity, as shown below.

Vou — Vo -
Gain = A, = lim ¢ % (8.1-1)
AV0 AV
Figure 8.1-4 shows the dc transfer curve of a first-order model that is an approximation to a
realizable comparator circuit. The difference between this model and the previous one is the
gain, which can be expressed as

VGH_VOL
A =" A-
= V=V (8.1-2)

where V; and V,; represent the input-voltage difference vp — vy needed to just saturate the
oittput at its upper and lower limit, respectively. This input change is called the resofution of
the comparator. Gain is a very important characteristic describing comparator operation, for it
defines the minimum amount of input change (resolution) necessary to make the output swing
between the two binary states. These two output states are usually defined by the input
requirements of the digital circuitry driven by the comparator output. The voltages Vi and
Vo must be adequate to meet the V,,; and ¥V, requirements of the following digital stage. For
CMOS technology, these values are usually 70% and 30%, respectively, of the rail-to-rail
supply voltage.

The transfer curve of Fig. 8.1-4 is modeled by the circuit of Fig. 8.1-5. This model looks
similar to the model of Fig. 8.1-3, the only difference being the functions f; and f-

77 Figure 8.1-2 Ideal transfer curve of a comparator.
Vou

> VP— VN
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8.1 Characterization of a Comparator 441

Figure 8.1-3 Mode! for an ideal comparator.

‘. r (vp—vy)>0
Jolve—vu) ={

Vot for (vp—vN) <0

The second nonideal effect seen in comparator circuits is input-offset voltage,Vs. In Fig.
8.1-2 the output changes as the input difference crosses zero. If the output did not change until
the input difference reached a value + Vg, then this difference would be defined as the offset
voltage. This would not be a problem if the offset could be predicted, but it varies randomly
from circuit te circuit [ 1] for a given design. Figure 8.1-6 illustrates offset in the transfer curve
for a comparator, with the circuit model including an offset generator shown in Fig. 8.1-7. The
* sign of the offset voltage accounts for the fact that V5 is unknown in polarity.

In addition to the above characteristics, the comparator can have a differential input
resistance and capacitance and an output resistance. In addition, there will also be an input
common-mode resistance, R,.,. All these aspects can be modeled in the same manner as was
done for the op amp in Section 6.1. Because the input to the comparator is usually differential,
the input common-mode range is also important. The ICMR for a comparator would be that
range of input common-mode voltage over which the comparator functions normally. This
input common-mode range is generally the range where all transistors of the comparator
remain in saturation. Even though the comparator is not designed to operate in the transition
region between the two binary output states, noise is still important to the comparator. The
noise of a comparator is modeled as if the comparator were biased in the transition region of
the voltage-transfer characteristics. The noise will lead to an uncertainty in the transition
region as shown in Fig. 8.1-8. The uncertainty in the transition region will lead to jitter or
phase noise in the circuits where the comparator is employed.

Dynamic Characteristics

The dynamic characteristics of the comparator include both small-signal and large-signal
behaviof. We do not know, at this point, how long it takes for the comparator to respond to the
given differential input. The characteristic delay between input excitation and output tran-
sition is the time response of the comparator. Figure 8.1-9 illustrates the response of a compa-
rator to an input as a function of time. Note that there is a delay between the input excitation
and the output response. This time difference is called the propagation delay time of the com-
parator. It is a very important parameter since it is often the speed limitation in the conversion

Vo Figure 8.1-4 Transfer curve of 4 comparator with finite
OH gain.

> yvp—vN

Pag%10 of f1A Solar Technology America, LLC, Ex. 1009
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Figure 8.1-§ Model for a2 comparator

v
P with finite gain.

VN

Vor for(v;: —-vy >0
Silvp—vA) = < Alvp — vy) for Vip < (vp— vy) < Vig
Vor for (vp—vy) <0

rate of an A/D converter. The propagation delay time in comparators generally varies as a
function of the amplitude of the input. A larger input will result in a smaller delay tme. There
iz an upper limit at which a further increase in the input voltage will no longer affect the delay.
This mode of operation is called slewing or slew rate.

The small-signal dynamics are characterized by the frequency respense of the compara-
tor. A simple model of this behavior assumes that the differential voltage gain, A,, is given as

+
S 4q St

c

Afs) = (8.1-3)

where A, (0) is the dc gain of the comparator and w, = 1/7.. is the —3 dB frequency of the
single (dominant) pole approximation to the comparator frequency response. Normally, the
A0) and w, of the comparator are smaller and larger, respectively, than for an op amp.

Let us assume that the¢ minimum change of voltage at the input of the comparator is equal
to the resolution of the comparator. We will define this minimum input voltage to the com-

parator as

Vin(min) = %1—;0;,&' (8.1-4)

For a step input voltage, the output of the comparator medeled by Eq. (8.1-3) rises (or falls)
with a first-order exponential time response from Vo 10 Vg (or Yoy to Vgy) as shown in
Fig. 8.1-10. [f V;, is larger than V,(min), the output rise or fall time is faster. When Vi,(min)
is applied to the comparator, we can write the following equation:

Vou — V, Vorn — VOL)

oL _ _ ¢ Vi (min) = - -,,,,,( 1-
: AMO) 1 = €71 Vig(min) = A,(0) [1 = ™4 (=2 (8.1-5)

Figure 8,1-6 Transfer curve of a comparator
including input-offset voltage.

Page 11 of 59SMA Solar Technology America, LLC, Ex. 1009



8.1 Characterization of a Comparator 443

Fipure 8.1-7 Model for a comparator including
input-offset voliage.

Therefore, the propagation delay time for an input step of v,;(min) can be expressed as
t,(max) = 7. In(2) = 0.6937, {8.1-6)
This propagation delay time will be valid for either positive-going or negative-going com-

parator outputs. Note in Fig. 8.1-10 that if the applied input is k times greater than V,,(min),
thea the propagation delay time is given as

2k
where
Vin
= , 8.1-8
:0 Figure B.1-8 Influence of noise on a comparator.
1] Von
rms Noise
{ > vp—vN
Vor.
‘Transition Uncertainty
‘:,, Figtllrve 8.]-9' Propagation delay dme of a
Vor|------~-=~====-- noninverting comparator.
Vor
Vi =Vvp—VN
Vi : A
|}
| I
rp hltl— Vi= ‘VIH-F%
1
12 olar Techhology America, LLC, Ex. 1009
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Obviously, the more overdrive applied to the input of this comparator, the smaller the propa-
gation delay time.

As the overdrive increases to the comparator eventually the comparator enters a large-
signal mode of operation. Under large-signal operation, a slew-rate limit will occur due to
limited current to charge or discharge capacitors. If the propagation delay time is determined
by the slew-rate of the comparator, then this time can be written as

AV VOH - VOL
=AT=" = Z08_Tob 8.19
= AT = R =T 2T (8.19)

In the case where the propagation time is determined by the slew rate, the most important
factor to decrease the propagation time is increasing the sinking or sourcing capability of the
comparator.

PROPAGATION DELAY TIME OF A COMPARATOR

Find the propagation delay time of an opcn-loop comparator that has a dominant pole at
10° rad/s, a dc gain of 10%, a slew rate of 1 V/ps, and a binary output voltage swing of ] V.,
Assume the applied input voltage is L0 mV.

The input resolution for this comparator is 1 V/10° or 0.1 mV. Therefore, the 10 mV input is
100 times larger than v;;{min), giving a k of 100. From Eq. (8.1-7) we get

1 2100 —3, [200Y\ _
L= m’l“(z- 100 — 1) =10 ln(lgg) = 5.01 ps

From Eq. (8.1-9) we get

Therefore, the propagation delay time for this case is the larger or 5.01 ps.

Vout Figure 8.1-10 Small signal tran-
Y+ Vin > Vip(min) sient response for a comparator.

| 72711 SO R

)

= Uy 1{max} ]
Page 13 of 59SMA Solarall‘"egl'mology America, LLC, Ex. 1009



8.2 Two-Stage, Open-Loop Comparators 445

_I.E TH0-5TAGE, OPEN-LOGP COMPRAATORS

}

A close examination of the previcus requirements for a comparator reveal that it requires a
differential input and sufficient gain to be able to achieve the desired resoiution. As a result,
the two-stage op amp of Chapter 6 makes an excellent implementation of the comparator [1].
A simplification occurs because the comparator will generally be used in an open-loop mode
and therefore it is not necessary to compensate the comparator. In fact, it is preferred not to
compensate the comparator so that it has the largest bandwidth possible, which will give a
faster response. Therefore, we will examine the performance of the two-stage, uncompen-
sated op amp shown in Fig. 8.2-1 used as a comparator.

Two-Stage, Open-Loop Comparator Performance

The first item of interest is the values of Vg and V), for the two-stage comparator of Fig. 8.2-1.
Since the output stage is a current-sink inverter, the approach used in Section 5.| for the
current-sink/source inverter can be used. The maximum ocutput voltage, assuming that the
gate of M6 has a minimum voltage given as Vg.(min), can be expressed as

. 21,
Vor =Van— (Vi — V. — |V [[._\/1_ - :l 8.2-1
on =Vop— (Vop — Ves(min) — |Vrp|) Bs(Vop — Vgs(min) — |Vip|)? @D

The minimum output voltage is
Voo = Vss (8.2-2)

The srnall-signal gain of the comparator was developed in Section 6.2 and is given as

Em1 Bt
o= (e )(te ) a3
A0) 8a2 T Base/ \Bae T 8as7 )

Using Eqs. (8.2-1) through (8.2-3) and Eq. (8.1-4) gives the resolution of the comparator,
which is V;,(min).

Voo Figure 8.2-1 Two-stage comparator.
—
M3 M. t
M6

- o-—“: ML © Yout

Vin i

e T

+ —{[ M
VBias M5 Loy I
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The comparator of Fig. 8.2-1 has two poles of interest. One is the output pole of the first
stage, p,, and the second is the output pele of the second stage, p2. These poles are expressed as

-1
= 3.2-4a
Py Cr(Sm + Riw) ( )
and
-1
P2 (8.2-4b)

- Cir(8uz + 8uw)

where C, is the sum of the capacitances connected to the cutput of the first stage and Cp is the
sum of the capacitances connected to the output of the second stage, C will generally be
dominated by C;. The frequency response of the two-stage comparator can be expressed
using the above results as

A0

Afs) = . (8.2-5}
(i + |) (— + 1)
> P

The following example illustrates the practical values for the two-stage, open-loop comparator.

PERFORMANCE OF A TWO-STAGE COMPARATOR

Evaluate Vi Vor, A,(0), Vi,(min), py, and p, for the two-stage comparator shown in Fig. 8.2-1.
Assume that this comparator is the circuit of Example 6.3-1 with no compensation capacitor,
C., and the minimum value of Vg, = 0'V. Also, assume that C, = 0.2 pF and C;; = 5 pF.

Using Eq. (8.2-1), we find that

_ 2.95 % 107
50 X 107%+ 1425 -0 - 0.7)°

vo,,=2.5-(2.5—~o—0.7)[1—\/1 =242V

The value of V), is found from Eq. (8.2-2) and is 2.5 V. Equation (8.2-3) was evaluated in
Example 6.3-1 as A,(0) = 7696. Thus, from Eq. (8.1-2) we find the input resolution as

Vaﬂ - VOL —- 4.92V
0 7696,

Vin(min) = = 0.640 mV

Page 15 of 59SMA Solar Techn‘%ﬂogy America, LLC, Ex. 1009



8.2 Two-Stage, Open-Loop Comparators 447

Next, we find the poles of the comparator, p, and p,. From Example 6.3-1 we find that

 Baa ¥ Baw _ 15 X 10750.04 + 0.05)
& ¢ 02 X 102

= 6.75 X 10 (1.074 MHz)

and

Ch 5x 107"

= 1.71 X 10° (0.670 MHz)

The response of a two-stage, open-loop comparator having two poles to a step input of
Vin is given as

e i ple—"pl ]

P2
Voull) = ALQ)V, [l + ~p Pl =

(8.2-6)

where p, # p,. Equation (8.2-6) is valid for the output unless the rate of rise or fall of the out-
put exceeds the slew rate of the output of the comparator. The siew rate of the cutput is similar
to a Class A inverter and the negative slew rate is

-_ 5L
SR™ =—~ (8.2-7)
Chn
The positive slew rate is determined by the current sourced by M6. This slew rate is
expressed as i
Iy — I Vop — Vge(min) = [Vip|)? — 1
spr =l _ Bs(Vop — Vgs(min) = [V|)* — &5 (82-8)

Cy Cn

If the rate of rise or fall of Eq. (B.2-6) exceeds the positive or negative slew rate, then the
output response is simply a ramp whose slope is given by Eq. (8.2-7) or (8.2-8).

Assuming that slew does not occur, the step response of the two-pole comparator of
Eq. (8.2-6) can be plotted by normalizing the amplitude and time. The result is

. _ Voully) o m ., ]
Vet = v = T T T T (8.2-9)
where
_ P2 n
m= 2, * 1 (8.2-10)
and
Page 16 of 59SMA Solar Technology America, LLC, Ex. 1005%32 m
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If m = 1, then Eq. (B.2-9) becomes

e - -
Vit =1 — pe ™~ P =l —g =™ (8.2-12)
1

where p, is assumed to be unity. Equations (8.2-9) and (8.2-12) are shown in Fig. 8.2-2 for
values of m from 0.25 to 4.

If the input step is larger than vy,(min), then the amplitudes of the curves in Fig, 8.2-2
become limited at V. We note with interest that the slope at ¢ = 0 is zero. This can be seen
by differentiating Eq. (8.2-9) and letting ¢ = 0. The steepest slope of Eq. (8.2-9) occurs at

f(max) = ::(i")l (8.2-13)

which is found by differentiating Eq. (8.2-9) twice and setting the result equal to zero. The
slope at f,(max) can be written as

dvilt{max))  m —In{m)\ __ In(m) )]
s, = [exp(m — 1) e.xp( m =1 {B.2-14)

If the slope of the linear response exceeds the slew rate, then the step response becomes slew
limited. If the slew rate is close to the value of Eq. (8.2-14) it is not clear how to model the
step response. One could assume a slew limited response until the slope of the linear response
becomes less than the slew rate but this point is not easy to find. If the comparator is over-
driven, ¥y > Vi(min), then if the slew rate is smaller than Eq. (8.2-14), the slew rate can be
used to predict the step response.

Figure 8.2-2 Lincar step response
of a comparator with two real axis
g poles, p; and p,.

2
oo

o
h

ing
EN

e
~

Normalized Output Voltage

10

i L A ' i &

0

= tfr))
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8.2 Two-Stage, Open-Loop Comparators 449

STEP RESPONSE OF EXAMPLE 8.2-1

Find the maximum slope of Example 8.2-1 and the time at which it occurs if the magnitude of
the input step is ¥ (min). If the dec bias current in M7 of Fig. 8.2-1 is 100 pA, at what value
of load capacitance, C,, would the transient response become slew limited? If the magnitude
of the input step is 100V;,(min) and Vpy — Vg = 1V, what would be the new value of Cp at
which slewing would occur?

The poles of the comparator were given in Example 8.2-1 as p; = —6.75 X 10° rad/s and
p2=-171 X 10% rad/s. This gives a value of m = 0.253. From Eq. (8.2-13}, the maxirnum
slope occurs at t,{max) = 1.84 s, Dividing by |p,| gives {max) = 0.273 ps. The slope of the
transient response at this time is found from Eq. (8.2-14) as

dvoul{r H(max))
dt,

~0.338[exp(—1.84) — exp(—0.253 - 1.84)] = 0.159 V/s

Multiplying the above by |p| gives

dVoulf(max))
dt

= 1.072 Vlus

Therefore, if the slew rate of the comparator is less than 1.072 V/us, the trapsient
response will experience slewing. If the load capacitance, C;, becomes larger than (100 pA)
(1.072 V/ps) or 93.3 pF, the comparator will experience slewing.

If the comparator is overdriven by a factor of 100V;,(min), then we must unnormalize the
output slope as follows:

dVou(fmax))  Vin  dvo(f(max))
dt Vi (min) dr

= 100+ 1.072 V/ps = 107.2 V/s

Therefore, the comparator will now slew with a load capacitance of 0.933 pE For large over-
drives, the comparator will generally experience slewing.

It is of interest to predict the propagation delay time for the two-pole comparator when
siewing does not occur. To do this, we set Eq. (B.2-9) equal to 3.5(Voy + Vo) and solve for
the propagation delay time, ¢,. Unfortunately, this equation is not easily solved. An alternate
approach is 1o replace the exponential terms in Eq. (8.2-9) with their power series representa-
tions. This results in

Vourlta) = A,(0)V;, [1 - (1 —~ I+ ﬁ + ...)
- ? (8.2-15)
Page 18 of 59SMA Solar Technolog Eflca L_IF@’rEx 1%9
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Equation {8.2-15) can be simplified to

mizA,(O)V;,

Voult,) == )

(8.2-16)

Setting vou(7,) equal to 0.5(Voy + Vo;) and solving for 1, gives the normalized propagation
delay time, 1, as

o [You+Vor _ \/vi.,(min)F l _
SN A OVe N mVe Vo @.2-17)

where k was defined in Eq. (8.1-8). This result approximates the response of Fig. 8.2-2 as a
parabola. For values of 7, that are less than 1, this is a reasonable approximaton. If one con-
siders the influence of overdriving the input, then Eq. (8.2-17) is even 2 better approximation.
The influence of overdriving is to only use the initial part of the response (i.e., it is like Vg is
being lowered and brought closer (o zero) The following example expleres the application of
Eq. (8.2-17) 1o predict the propagation time delay for a two-pole comparator.

PROPAGATION DELAY TIME OF A TWO-POLE COMPARATOR
THAT IS NOT SLEWING

Find the propagation delay time of the comparator of Example 8.2-1 if ¥}, = 10 mV, 100 mV,
and | V.

Sclutlon

From Example 8.2-1 we know that V; (min) = 0.642 mV and m = 0.253. For V}, = 10 mV,
k = 15.576, which gives r,, = 0.504. This corresponds well with Fig. 8.2-2, where the nor-
malized propagation time delay is the time at which the amplitude is L/(2 k) or 0.032. Divid-
ing by |p| gives the propagation time delay as 72.7 ns. Similarly, for Vi, = 100 mV and 1 V
we get propagation delays time of 23.6 ns and 7.5 ns, respectively.

Initial Operating States for the Two-Stage, Open-Loop Comparator

In order to analyze the propagation time delay of a slewing, two-stage, apen-loop comparator,
it is necessary to first be able to find the initial operaling states of the output voltages of
the first and second stages. Consider the two-stage, open-loop comparator of Fig. 8.2-3. The
capacitances at the outputs of the first and second stages are C; and Cyy, respectively.

QOur approach will be to choose one of the input gates equal to a dc voltage and find the
output voltage of the first and second stages when the other input gate is above and below
the dc voltage on the first gate. Actually, we need to consider two cases for each of the previ-
ous possibilities. These cases are when the currents in M1 and M2 are different but neither is
zero and when one of the input transistors has a current of I¢s and the other current is zero.

‘We begin by first assurning that v is equal to a dc voltage, Vi, and that vg; > Vg with
iy < Igs and i» > 0. In this case, as lnng as M4 remains in saturation, iy = i3 = i}, which is
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Figure 8.2-3 Two-stage, cpen-loop
compuarator used to find initial states.

M6

—IO Youl
I Cun
7 -

As v, continues to increase, M4 will become active and iy < i;. When the voltage across the
source—~drain of M4 decreases to the point where iy = i,, the output voltage of the first stage,
V.1, Stabilizes, This value of voltage is

VDD - V_gm(sat} <V < VDD- Yo > Vm, h < ISS and l.g >0 (8.2‘[8)

Under the conditions of Eq. (8.2-18), the value of vsge < |Vip| and M6 will be off and the
output veltage will be

You = Vs Vg1 = VGZ' < !&g and H >0 (82—*'9)

If vg;) = Vi, then §; = Iggand i, = 0 and v,; will be at Vj,; and v, is still at Vg,

Next, assume that v, is still equal to Vi, but now vgy < Vg; with i) > 0 and i; < . In
this case, iy = iy = i; is less than i, and v,, decreases. When v, =< Vi — Vi, then M2
becomes active. As v, continues to decrease, vpn < Vps(sat), the current through M2
decreases until {, = i; = [g/2 at which point v, stabilizes. At this point,

Vaa — Vc;_g; <y K Vga — Vgse + Vpeofsat) (8.2-20)

Viz < vor < Vsz + Vpgy(sat), vor < Vg, #H1>0 and i<l (82-21)

Under the conditions of Eq. (8.2-21), the output voltage, v, will be near Vj, and can be
found following the approach used in Example 5.1-2. If v, << V5, the previous results are
still valid until the source voltage of M T or M2 causes M3 to leave the saturated region. When
that happens, /sy decreases and v,; can approach Vg and v, will be determined as was 1llus-
trated in Example 5.1-2.

[f the gate of MI is equal to a dc voltage of Vi, we can now examine the initial states of
the outputs of the first and second stages by repeating the above progess. First assume that
vor = Vg and vgy > Vg, with i; < Iggand i) > 0. As aresult, i) < i, gives iy < i, as long as
M4 is saturated. Therefore, v,, decreases because of the difference current fiowing out of C,.
As v, decreases, M2 will become active and i, will decrease to the point where i) = iy = Ig/2.

PagdsueF so8tircsubiaTeeln 8648 America, LLC, Ex. 1009

Vo — Viesasd2) < vpy < Vig — Vigsallssf2) + Vpgr(sat) (8.2-22)



152  COMPARATORS

or

V_ﬂ(ldz) < L < Vn([dZ) + VDsz(Sat). Y2 > Vah ii >0 and l'z < ]SS (8.2"23)

Under the conditions of Eq. (8.2-23), the output voltage, v, will be near Vpp and can be
found following the approach used in Example 5.1-2. If vy >3 Vi;), the previous resuits are
stil] valid until the source voltage of M1 or M2 causes MS5 to leave the saturated region. When
that happens, Is; decreases and v, can approach Vgs and v, will be determined as was illus-
trated in Example 5.1-2.

Next, essume that vg, is still equal to Vg, but now vy < Vg, with i) < Iysand i; > 0, As
aresull, iy > iy, which gives iy > iy, cansing v, t0 increase. As long as M4 is saturated, iy > i;.
When M4 enters the active region, #, will decrease until i, = i; at which point v, stabilizes
and is given as

VIDp - Vsm(sat) < Vo1 < VD[_;, Y < VG'[! i]l < f. 5% and "2 >0 (8.2‘24)

Under the conditions of Eq. (8.2-24), the value of vsgs < |Vzp| and M6 will be off and the
output voltage will be

Vour = ng, Yor < VG]1 L < 135 and l-j >0 (8.2-15)

If vy << Vg, then iy = I and i3 = 0 and v, will be at Vj,;; and vy, is still at Vg, The above
results are summarized in Table 8.2-1.

Propagation Delay Time of a Slewing, Two-5Stage,
Open-Loop Comparator

In most applications, the two-stage, open-loop comparator is overdriven to the point where
the propagation delay time is determined by the slewing performance of the comparator. In
this case, the propagation delay time is found by evaluating the equation

. _ dl'f _ Av[
n= C.— dtl = Cg AI[ (32‘26)

ABLE 8.2-1 Initial Operating States of the Two-5Stage, Open-Loop Comparator of Fig. 8.2-3

nditions Initial State of v, initlal State of vy,
1> Ve, i, <lgandiy > 0 Voo — Vipg(sat) < v, < Vpp Vix

1> Vm. i = !ﬂa.udi;=0 Von Vg

| < Vg by > Oamd i; < I Vaa < v, < Vi + Vipg(san) Eq. (5.1-19) for PMOS
1 << V. [, =0and i = Igs Voo E]. (5.1'19} for PMOS
1> Vo > 0and i < Mgy Veldlss 1)< vy < Viglls/2) + Vpgalsal) Eq. {5.1-19) for PMOS
12> Vel =0and iy = I Vi Eq. (5.1-19) for PMOS
v< Vo i <igandi; >0 Vap — Vips(sat) < vy < Vpp - Vs

1 << Vo, 5,
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Vop T Figure B.24 Second stage of the two-stage, open-loop comparator.

where C; is the capacitance 1o ground at the output of the ith stage. The propagation delay
time of the ith stage is found by solving for At; from Eq. (8.2-26) to get

L =Ap= C;A}—Ti {8.2-27)

The propagation delay time is found by summing the delays of each stage.

The term AV, in Eq. (8.2-27) is generally equal to half of the outpot swing of the jth stage.
In some cases, the value of AV, is determined by the threshold or trip point of the next stage.
The trip point of an amplifier is the value of input that causes the output to be midway
between its limits. In the two-stage, open-loop comparator, the second stage is generally a
Class A inverting amplifier similar to that shown in Fig. 8.2-4. The trip point can be calculated
by assuming both transistors are in saturation and equating the currents. The only unknown is
the input voltage. Solving for this input voltage gives

K (WolLy)
Vin = Vime = Voo — [Vis| ~ + /ﬁﬁ(vms — Vs — Vo) {82-28)

If we refer back to Fig. 5.1-3, we see that the trip point is really a range and not a specific
value, However, if the slope of the inverting amplifier in the region where baoth transistors are
saturated is steep enough, then the trip point can be considered to be a point.

CALCULATION OF THE TRIP POINT
OF AN INVERTING AMPLIFIER

Use the model parameters of Table 3.1-2 and calculate the trip point of the inverter in Fig. 5.1 5.

Tt is probably easier to redevelop Eq. (8.2-28) for the inverter of Fig. 5.1-5 than to use
Eq. (8.2-28). Equating the currents of M1 and M2 of Fig. 5.1-5 gives

50(2
Vrgp = VTN + ‘ﬁ—z“(VDD - ngg - erP“ = 0;7 + _“(—)“ (25 - 0.7) = 1.913 V
By 110(2)

a0fe Zae%ﬁ%M& §9&%£ﬁ§€§ﬁ9&%¥vﬁmﬁ wﬁ@e clf- L:ﬁt %Kagg QQ‘%Ech the

cutput of Fig. 5.1-5 is midway between power supplies.
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The propagation delay time of a two-stage, open-loop comparator that is slewing can be
calcutated using the above ideas. The delay of the first stage is added to the delay of the second
stage to get the total propagation delay time. Let us illustrate the procedure with an example.

CALCULATION OF THE PROPAGATION DELAY TIME OF A
TWO.STAGE, OPEN-LOOP COMPARATOR

For the two-stage comparator shown in Fig. 8.2-5, assume that C; = 0,2 pF and C;; = 5§ pE.
Also, assume that vg; = 0 V and that v, has the waveform shown in Fig. 8.2-6. If the input
voliage is large enough to cause slew to dominate, find the propagation delay time of the
rising and falling output of the comparator and give the propagation delay time of the
comparator.

Figure 8.2.5 Two-slage compars-
tor for Example 8.2-5.

vG2 Figure 8.2-6 lnput to the comparator of
2s5vh----- Example 8.2-5.
OV To 0z [04 05 " '
25— ----n

The total delay will be given as the sum of the first and second stages delays, ¢ and B,
respectively. First, consider the change of v, from —2.51t02.5V at 0.2 ps. From Table 8.2-1,
the last row, the initial states of v,,; and vy, are +2.5 and —2.5 V, respectively. To find the falling
delay of the first stage, I, requires C,, AV,,, and fs. C; = 0.2 pF, Is = 30 pA, and AV, can be
calculated by finding the trip point of the output stage. Although we could use Eg. (8.2-8), it
is easier to set the current of M6 when saturated equal to 234 p A to get the trip point. Doing
this we get
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Subtracting this voltage from 2.5 V gives the trip point of the second stage as
Vg, = 2.5 ~ 5.035 = 1.465 V

Therefore, AV, = 2.5V — 1465 V = Vgg, = 1.035 V, Thus, the falling propagation time
delay of the first stage is

1.035 V
tr = (0.2 pF) ( 30%) = 6.9ns

The rising propagation time delay of the second stage requires knowledge of Cy, AV,
and I. C;y 18 given as 5 pR, AV, = 2.5 V (assuming the trip point of the circuit connected to
the output of the comparator is 0 V), and /¢ can be found as fellows. When the gate of M6 is
at 1,465 V, the current is 234 pA. However, the output of the first stage will continue to fall so
what value should be used for the gate in order to calculate f;? The lowest value of Vg is
given as

2:15

Vas = Var = Yosllss2) + Vs = —Voslss/2y = =0 = \[ 702

=-~100V

Let us take the approximate value of Vg as midway between 1.465 and —1.00 V, which is
0.232 V. Therefore, Vg = 2.27 V and the value of I is

38 - 50
2

o = =2 (Vsgs — |Vie)? = (227 - 0.7’ = 2342 pA

which is a reminder that the active transistor can generally sink or source more current than
the fixed transistor in the Class A inverting stage. The rising propagation time delay for the
output can expressed as

byom = (SpF)( 25¥ )=5.3ns

2342 pA

Thus, the total propagation time delay of the rising output of the comparator is approximately
12.2 ns and most of this delay is attributable to the first stage.

Next, consider the change of vy, from 2.5 to —2.5 V, which occurs at 0.4 ps. We shall as-
sume that v, has been at 2.5 V long enough for the conditions of Table 8.2-1 to be valid.
Therefore, v,; = Vg = —2.5 V and v, == Vpp. Rather than use Eq. (5.1-19), we have as-
sumed that v, is approximately V,,. The propagation delay times for the first and second
stages are calculated as

ge 24 of 598MA,§quq55ﬁg(heﬂé§jﬁérﬁél}a,2&ms Ex. 1009
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amd

25V
234 pA

trow = 3 pF) ( ) = 5342 ns

The total propagation delay time of the falling output is 79.85 ns. Taking the average of the
rising and falling propagation delays time gives a propagation delay time for this rwo-stage,
open-foop comparator of about 44.93 ns. These values compare favorably with the simulation
of the comparator shown in Fig. 8.2-7.

Filgure 8.2-7 Response of Fig. 8.2-3

3v L e i ) LI L] L e e | LEE LI L 2k | LI L] TH 8T TRy
: Vout ; j fo the input shown in Fig. 8.2-6.
VI Tk —X
;t_--.t@?.'...'.- ..EL.....'}.. SN I PR,
1V H # -
OV :
- ¥ ; ]
-lV_ . ol
—DE it - 1
2VHR— : E
F/Risi s‘measaum delay ftime
_3V lg?lla' .q“:":' 'R FETEE YT P FNUEW I F T h
200 os 00 ns 400 ns 500 ns 600 ns
Time

The previous example can be reworked for the case where v is held constant and vg;
varies (see Problem 8.2-8). If the comparator is not slewing, then the propagation time delay
will be determined by the linear step response of the comparator. The propagation time delay
analysis becomes more complex if the comparator slews only for part of the step response.
This is a case where simulation would provide the desired details.

Design of a Two-5tage, Open-Loop Comparator

The design of a two-stage, open-loop comparator is similar in many respects to the two-stage
op amp. The primary difference is that the comparator is not compensated. The typical input
specifications include the propagation time delay, the output voltage swing, the resolution,
and input common-mode range, There are two approaches to the design of the comparator
depending on whether it is slewing or not. If the comparator is not slewing, then the pole
locations are extremely important, On the other hand, if the comparator slews, then the ability
to charge and discharge capacitors becomes more important,

For the nonslewing comparator, the propagation time is reduced by a large overdrive and
the pole placement. The larger the magnitude of the poles, the shorter the propagation delay
time. Since the poles are due to the capacitance and resistance to ground at the output of

Page &6 ehdcISNprBalar kkeohneleyyipmeneand rkiSateesnb D08 design



8.2 Two-Stage, Open-Loop Comparators 457

procedure illustrated in Table 8.2-2 can be used to accomplish a minimum propagation delay
time for the two-stage, open-loop comparator. This procedure attempts to design the pole
locations to comrespond 1o a desired propagation delay time. The procedure is simplified by

assuming that m = | or the poles are equal.

TABLE 8.2-2 Design of the Two-5tage, Open-Loop Comparator of Fig. 8.2-3 for a Linear Response

Spedfications: t,, €, Vi{min), Vou, Yo, Yim, Viem, and overdrive

Constraints: Technolegy, Vpp, and Vg

C;= c"g + CM + C,,,, + CM:’l’ Cm

Il C; is greater than the guess in step 3, then increase the value
of C; and repeat sieps 4 through 6

Voss(sat) = Vi — Vs = Vs
w; 2- ’5

Ls K\ (Vpss(sath)?

Step Design Relationships Comments
| | Pl Cur
1 = = ad b =] = Choose m = |
|pJI |pﬂ'| ‘Fm 7 6 aw + Ap m
2 Weo 26 g ¥__ 25 Vsoolsat) = Voo — Vou
Ls  Kuveetsayt v Ki(Vpedsa)® Vasrisat) = Vor — Vi
| Guess G5 0.1-0.5pF .~y = 112—;'-' A result of choosing m = 1; will check C, later
"
W, W, Is
L L KVsem = Ve
5 _ ALONgsa ¥ BurXBuaw T Ba7) }ZK LW
Bm = Bt =
B Ly
W, W ™ Vou + ¥,
et —gl—l A(0) = —on T Tob
Ly Ly K, V\,(min)
6 Find C, and check assumpticm AD, = Wyl + L2+ L)

PD, = 2(W; + Lt + L2 + L3)

AD, = W,(L1 + L2 + L3)

PD, =W, +LI+L2+13)

If Vpgs(sat) is less than 100 mV, increase Wy/L,

tp=50n5 Va;{:zv
Vpp =25V Veg=—25V
Vin(min) = 1 mV Vig =2V

DESIGN OF THE TWO-STAGE, OPEN-LOOP COMPARATOR
OF FIG. 8.2-3 FOR A LINEAR RESPONSE

Assume the specifications of Fig. 8.2-3 are given below:

Vot_ =-=2V
C” =35 PF
Viem=—125V

Also assume that the overdrive will be a factor of 10. Design a two-stage, open-loop compa-
rator using Fig. 8.2-3 to achieve the above specifications and assume that all channel lengths
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Following the procedure outlined in Table 8.2-2, we choose m = 1 to get

10°
ot = lpu| = = 6.32 X 10° rad/s
P = Ipul = o
This gives
632 X 10°-5 x 10712
=J = = 351 =L =
Therefore,
We _ 2-400 w, 2 - 400
=64 and = =
Ly (05750 L; (057110

Next, we guess C; = 0.2 pF. This gives Is = 32 A and we will increase it 1o 40 A for
a margin of safety, Step 4 gives Vsz as 1.2 V, which results in

Wy _W____ 40 Wy _ W _
Ly L, 50012-077° =32 - Ly I, 4

The desired gain is found to be 4000, which gives an input transconductance of

4000+ 0.09 - 20

Em = 44.44 = l62 ;.\.S
This gives the W/L ratios of M1 and M2 as
W, W (162 W, _W, _
L, L 10-.4 % 7 ,7L,78

To check the guess for C; we need to calculate it, which is done as

Cr=Ceor + Cots + Cps + Corz + Couta = 0.9FF + 1.3fF + 119.5{F + 204 F + 36.8 fF
= 1789 fF

which is less than what was guessed so we will make no changes.
Finally, the W/L value of M3 is found by finding Vgg as 0.946 V, which gives Vg
(sat) = 0.304 V. This gives

W, 2-40
Ls (030472110

=787 =8

Obviously, M5 and M7 cannot be connected gale—gate and source—source. The values of ks
and I; must be derived separately as illustrated in Fig. 8.2-8. The W values are summarized
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Figure 8.2-8 Biasing scheme for
the comparator of Example 8.2-6.

W5=8pm

The design of the slewing, two-stage, open-loop comparator has a different focus than the
design suggesied in Table 8.2-2 for the lincar response. In this case we assume that the large-
signal conditions dominate the design. A typical design procedure for the slewing case is

shown in Table 8.2-3.

TABLE 8.2-3 Design of the Two-Stage, Open-Loop Comparator of Fig. 8.2-3 for a Slewing Response

Specifications: £, Cy, Vio{min), Vou, Yo, Yim, and Vi,

Constraints: Technology, Vpp, and Vs

Step Design Relationships Comments
d Cir VoV,
| b=1y=Cy Z"= uVor Vo) Assume the rip point of the output is
fe (Vo —Voui2
. We__22b  W_ 25 Vspelsat) = Vo = Vorr
L kpVentsat! L1 Kp(Vasfsan)? Vosrisat) = Vo — Vi
3 Guess a value of C, and check later Typically 0.1 pF < C; < 0.5pF
Cr{Voy — V,
4 I = ,d;:' < &t ""’; ou) Assume that v,, swings between Vo and Vo,
f
W, W, &
5 — == Vigr ™ Vop — Yite + V.
Ly Lo Kp(Vsis — Vel TR e T
AONZar T+ Buet)(8ae + Bus?) 2K W,
] Bai = Bms = '\f —
Emt Lg
2 Vo + V
B_o¥_ g a0 = Yor* Vo
Ly L; K_;As V¥ {min}
7 Find C, and check assumption ‘ AD; = PR(L]1 + L2 + L3)
Cr= Cpn + Cpus + Cpms + Cocz + Coaa PD; = AW, + L1 + L2 + L3)
IF C, is greater than the guess in siep 3, increase the AD, = WLl + 12 + L3}
valve of C; and repeat steps 4 through 6 PD,=2(W,+L1+L2+13
- W5 2 . ls
8 Voss(sat) = Vi — Vom — Vs, = =

Ly KpVos(sa))’

i Vpgs(sat) is less than 100 mV, increase W,/L,
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DESIGN OF THE TWO-STAGE, OPEN-LOOP COMPARATOR
OF FIG. 8.2-3 FOR A SLEWING RESPONSE

Assume the specifications of Fig. 8.2-3 are given below. .

r,,=50ns VOH=2V VGL= -2V
Vpp =25V V_gg = =25V Cn =35 pF
V,.(min) = 1 mV Vi,=2V Ve = —1.25V

Design a two-stage, open-loop comparator using the circuit of Fig. 8.2-3 to the above specifi-
cations and assume all channel lengths are to be 1 um.

Following the procedure outlined in Table 8.2-3, we calculate /g and /; as

5% 10712 4
L. = = = 40K
6= = k107 nA
- Therefore,
We __2-400 240 W, 2-400
Ly (05750 L, (0.5?- 10

Next, we guess C; = 0.2 pF. This gives

_ (02pF)4 V)
37 SOns

=16pA — I =20pA

Step 5 gives Vs as 1.2 V, which results in

W
B¥ B 5B M,
Ly Ly 506(1.2-0.7) I3 Ly

The desired gain is found to be 4000, which gives an input transconductance of

4000 - 0.06 - 10

This gives the W/L ratios of M| and M2 as

y Wy (81)
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To check the guess for C; we need to calculate jt, which is done as

Cr=Cpzp + Cpas + Cyegs + Cpnr + Congy = 0.9 fF + 0.4 fF + 119.5fF + 204 fF + 153 fF
= 156.5 fF

which is less than what was guessed.
Finally, the W/L value of M5 is found by finding Vs, as 1.00 V, which gives Vpgs(sat) =
0.25V. This gives

w 2

—_ ._2_1_0__ =586

Ly (0.25)°-110

As in the previous example, M5 and M7 cannot be connected gate—gate and source—source
and a scheme like Fig. 8.2-8 must be used, The W values are summarized below assuming that
all channel lengths are 1 pm.

W, =W,=2pm Wy=W,=4um W;=6um
W5=ﬁ4|.bm W7=29|.bm

The above examples should help to iflustrate the design of a two-stage, open-lcop com-
parator. It is interesting to note there may be little difference in a comparator designed for
linear respomse or for siewing response. This comes about from the fact that what causes the
poles to be large is also what causes the slew rate to be fast. For example, large poles require
low resistance and small capacitance from & node to ac ground, Low resistances come from
larger bias currents. Hence, large bias currents and smaller capacitors lead to improved slew
rate. Generally, a fast comparator will also be one that dissipates more power. In the next
section, we will examine other forms of the open-loop comparator that offer more trade-offs
between speed and power.

8.3 OTHER DPEN-LDOP COMPARATOAS

I,

There are many other types of comparators besides the two-stage comparator of the previons
section. In fact, most of the op amps of the previous two chapters ¢could be used as compara-
tors. In this section we will examine comparators with push—pull outputs, the folded-cascode
comparator, and comparators capable of driving very large capacitive loads.

Push-Pull Output Comparators

We noted in the two-stage comparator of the previous section that the propagation delay time
was due to both the transition of the first-stage output and the second-stage output. If we
replace the current-mirror load in the first stage with MOS diodes (gate—drain-connected
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Vop Figure 8.3-1 Clamped push—pull out-

' put comparator.
- M4I:]I Il‘_JMﬁ
- :—l Ml M2 | T—_[ocium
‘o 5 I
VB’F‘T:; M‘JF]I— —lj:lm

Vss

There are several interesting features of Fig. 8.3-1. First, the gain has been reduced because
the current-mirror load of the first stage has been replaced by MOS diodes. Second, we note that
the output is push—pull. The maximum sinking and sourcing current at the output would be /s
times any current gein in M3-M8 (M4 -M6). The gain equivalent to a two-stage comparator can
be achieved by cascoding the output as shown in Fig. B.3-2. We note that this circuit is simply
the op amp of Fig. 6.5-4. The large output resistance leads to a single-pole response, This pole
is at lower frequencies than the poles of the two-stage, open-loop comparator and therefore the
Iinear response will be slower with the same amount of overdrive. However, because the com-
parator is push—pull, it will be able to sink and source large currents into the output capacitance,
Cy. The design procedure used in Example 6.5-2 can be applied to this circuit as well.

The dynamics of Fig. 8.3-2 depend on the output resistance, R),. From Example 6.5-2, the
output resistance is about 11 M{). If C, is 5 pF., the dominant pele is —18.12 krad/s. For an
overdrive factor of 10, Eq. (8.1-7) gives a propagation delay time of 2.83 ps, Compared to the
two-stage, open-loop comparator of Example 8.2-6 this is much slower. However, if the com-
parator is slewing, then the clamped comparator with a cascoded output stage can compete
with the two-stage, open-loop comparator.

Vop

3
Li]

:[: M6

M3 | :I;Ms FBEET—_II:MT

-o— M1 MZ_] -
Yin : MIZ—ICH
+o
M5 M0 M=
+— | YLE
VBiAs "'|

Vs
Figure 8,3-2 Clamped comparator of Fig. 8.3-1 using a cascode outpit
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The folded-cascode op amp of Chapter 6 also makes a satisfactory comparator. Its per-
formance is simiiar to the comparator of Fig. 8.3-2. The primary difference would be a better
input common-mode voltage range because the MOS diodes are not used to load the first
stage. From a linear speed viewpoint, the comparators with cascoded output stage are slow, In
general, these types of comparators should not be used if the response is to be linear. They do
have satisfactory performance as a comparator if the response is slewing.

Comparators That Can Drive Large Capacitive Loads

If a comparator has a large capacitive load, the chances are that it is slew rate limited. Under
these conditions, we will show several methods capabie of driving large values of Cj;. The
first method is simply to add several push—pull inverters in cascade with the outpat of a two-
stage, open-loop comparator as shown in Fig. 8.3-3.

The inverters, M&-M9 and M10-M L1, allow Cj; to be large without sacrificing the speed.
The principle is well understood in high-speed digital buffers. If a large capacitance was con-
nected to the drains of M6 and M7, the slew rate would be poor because the current sinking and
sourcing is not large. The M8-M?9 inverter allows the current driving capability to be increased
without sacrificing the slew rate. The W/L value of M8 and M9 must be large enough to
increase the current sinking and sourcing capability without loading M6 and M7. Sirnilarly, the
inverter M10-M11 allows the current sinking and sourcing to be further increased without
loading M8-MS9, It can be shown that, if the W/L increases by a factor of 2.72, the minimum
propagation delay time is achieved. However, this 1s a very broad optimum so that larger
factors like 10 are used to reduce the required number of stages.

The overdrive techniques introduced for low-power op amps in Section 7.4 can be used
for comparators 1 increase the output current sinking and sourcing capability of the com-
parator. These methods included boosting the tail current (Fig. 7.4-4) and using current mir-
rors whose output transistor switches from the active to the saturation region when output
current is required (Fig, 7.4-6). Another circuit that has the ability to sink and source large
amounts of current is called the self-biased differential amplifier {2] and is showa in Fig.
8.3.4. This amplifier consists of two differential amplifiers each serving as the load for the
other as illustrated in Fig. 8.3-4(a}. The tail currents of the differential amplifiers become
adaptive by connecting the gates of M5 and M6 to the drains of M1 and M3 as shown in

Vop
M —IEI M8 —Il‘_"'Mm
M1

[:Mf.
-o—-II: M1 }—I 0 Yout
Vin

L.

V;m_s_ﬁ — 7 ﬂl%m L|L—1M9 -l[‘_}luxll
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Figure 8.3-3 Increasing the capacitive drive of a two-stage, open-loop
cOmparatof.
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(b)

(a)
Figure 8.34 (a) Two differential amplifiers loading each other. (b) Evolution of (a) ine
the self-biased differential amplifier,

Fig. 8.3-4(b). When the positive input voltage, v, is increased, the drains of M1 and M3
fall and turn on M6 to a large current, which is sourced to the output capacitance connected
to the drains of M2 and M4 through M4, During this condition, the curent in MS$ is zero,
When v}, is decreased, MS turns on and a Jarge current is sunk through the cutput capaci-
tance via M2, Thus, this circuit has the ability te source and sink large currents without &
large quiescent current, A disadvantage of the circuit is that the delay time from vy, to the
output is slower than from vy, to the output.

8.4 IMPROVING THE PERFORMANCE DF OPEN-LOOP COMPARATORS

There are two areas in which the performance of an open-loop, high-gain comparator can be
improved with little extra effort. These areas are the input-offset voltage and a single transi-
tion of the comparator in a noisy environment. The first problem can be solved by autozerving
and the second can be solved by the introduction of hysteresis using a bistable circuit. These
two techniques will be examined in the following.

Autozerolng Techniques

Input-offset voltage can be a particularly difficult preblem in comparator design. In precision
applications, such as high-resolution A/D converters, large input-offset voltages cannot be
tolerated. While systematic offset can nearly be eliminated with proper design (though still
affected by process variations), random offsets still remain and are unpredictable. Fortunately,
there are techniques in MOS technology to remove a large portion of the input offset using
offset-cancellation techniques. These techniques are available in MOS because of the nearly
infinite input resistance of MOS transistors. This characteristic allows long-term storage of
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Figure 8.4-1 (a) Simple model of a comparator including offset. (b} Comparator
in unity-gain configuration storing the offset on autozero capacitor C,z during
the first half of the autozero cycle. (c) Comparator in open-loop configuration
with offset cancellation achieved at the noninverting input during the second half
of the autozero cycle. ‘

Figure 8.4-] shows symbolically an offset-cancellation algorithm. A model of a com-
parator with an input-offset voltage is shown in Fig. 8.4-1(a). A known polarity is given to the
offset voltage for convenience. Neither the value nor the polarity can be predicted in reality.
Figure 8.4-1(b) shows the comparator connected in the unity-gain configuration so that the
input offset is available at the output. [n order for this circuit to work properly, it is necessary
that the comparator be stable in the unity-gain configuration. This implies that only self-
compensated high-gain amplifiers would be snitable for autozeroing. One could use the two-
stage, open-loop comparator but a compensation circuit should be switched into the circuit
during autozeroing. In the final operation of the autozero algorithm C,; is placed at the input
of the comparator in series with Ve The voltage across C,z adds to Vg, resulting in zero
volts at the noninverting input of the comparator. Since there is no dc path to discharge the
autozero capacitor, the voltage across it remains indefinitely (in the ideal case). In reality,
there are leakage paths in shunt with C,7 that can discharge it over a period of time. The solu-
tion to this problem is to repeat the autozero cycle pericdically.

A practical implementation of a differential-input, autozeroed comparator is shown
in Fig. 8.4-2(a). The comparater is modeled with an offset-voltage source as before, Figure
8.4-2(b) shows the state of the circuit during the first phase of the cycle when ¢, is high. The
offset is stored across C,». Figure 8.4-2(c) shows the circuit in the second phase of the
autozero cycle when ¢, is high. The offset is canceled by the addition of Vs on Cyz It is
during this portion of the cycle that the circuit functions as a comparator.

e

"o\
. &

- ( (c)
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{b) Comparator during ¢, phase. (c) Comparator during ¢, phase.
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" /'; _ Figure 8.4-3 Noninverting autozeroed comparator.
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There are other ways to implement an autozeroed comparator other than the one just
described. A slight variation of Fig. 8.4-2(a) is shown in Fig. 8.4-3. This is a noninverting
version of the previous autozeroed comparator. Yet another version is shown in Fig. 8.44.
This one is simpler in operation since the noninverting input is always connected to ground,

The switch implementations of the autozeroed comparator can be single-channel
MOSFETs or complementary MOSFETSs. It is important to use nonoverlapping clocks to
drive the switches so that any given switch turns off before another turns on. Autozeroing
techniques can be very effective in removing a large amount of a comparator’s input offset,
but the offset cancellation is not perfect. Charge injection resulting from clock feedthrough
(Section 4.1) can by itself introduce an offset. This too can be canceled, but it is usually the
cause of the lower [imit of the offset voltage being greater than zero.

Comparator Using Hysteresis

Often a comparator is placed in a very noisy environment in which it must detect signal tran-
sitions at the threshold point. If the comparater is fast enough (depending on the frequency of
the most prevalent noise) and the amplitude of the noise ts great enough, the output will also
be noisy. In this situation, a modification on the transfer characteristic of the comparator is
desired. Specifically, hysteresis is needed in the comparator.

Hysteresis is the quality of the comparator in which the input threshold changes as a
function of the input (or output) level. In particular, when the input passes the threshold, the
output changes and the input threshold is subsequently reduced so that the input must return
beyond the previous threshold before the comparator's output changes state again. This can be
illustrated much more clearly with the diagram shown in Fig. 8.4-5. Note that as the input
starts negative and goes positive, the output does not change until it reaches the positive trip
point, V7 zs . Once the output goes high, the effective trip point is changed. When the input
returns in the negative direction, the output does not switch until it reaches the negative trip

The advantage of hysteresis in a noisy environment can clearly be seen from the iftustre-
tion given in Fig. 8.4-6. In this figure, a noisy signal is shown as the input to a comparator
without hysteresis. The intent is to have the comparator output follow the low-frequency sig-
nal. Because of noise variations near the threshold points, the comparator output is too noisy.
The response of the comparator can be improved by adding hysteresis equal to or greater than
the amount of the largest expected noise amplitude. The response of such a comparator is
shown in Fig, 8.4-6(b).

Figure 8.4-4 Inverting autozeroed comparator.
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YOUT Figure 8.4-5 Comparator transfer curve with hysteresis.
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The voltage-transfer function shown in Fig. 8.4-5 is called a bistable characteristic. A
bistable circuit can be clockwise or counterclockwise, Figure 8.4-5 is an example of a coun-
terclockwise bistable characteristic. Sometimes, the counterclockwise bistable circuit is
called noninverting and the clockwise bistable is called inverting. The bistable characteristic
is defined by its width and height and whether it is clockwise or counterclockwise. The width
is given by the difference between Vizp and Vigp The height is generally the difference
between Vg, and V. In addition, the bistable characteristic can be shifted horizontally to the
left or right by addition of a dc offset voltage.

There are many ways to introduce hysteresis in a comparator. All of them use some form of
positive feedback. The methods can be categorized into external methods and internal methods.
External hysteresis uses external positive feedback to implement hysteresis and can be accom-
plished after the comparator is built. Internal hysteresis is implemented into the comparator and
does not require external feedback. We shall examine these two methods in the following.

Figure 8.4-7 shows a noninverting bistable circuit using external positive feedback to
accomplish the hysteresis. This bistable characteristic is counterclockwise. We assume that
the maximum and minimum output voltages of the comparator are V4 and V, respectively.
The trip points are found as follows. Assume that vy is much less than the voltage at the posi-
tive input to the comparator. In this case. the output voltage will be at V;. As vy is increased,
the upper trip point, V7zp, is found by setting the voltage due to vy and V), at the positive
input to the comparatos equal to zero. This results in

— RI RZ ) +
0= (Rl + Rz)vm.:l' (Rl + R Ve (8.4-1)

Comparator
threshold
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hysteresis is added.
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Figure 8.4-7 Noninverting bistable circuit using external positive feedback.

Solving for the upper trip point gives

R
Viee= — El oL (8.4-2)
b

Generally, ¥V, is negative so that the upper trip point is a positive voltage.

The lower trip point, V7gp, can be found by assuming that vy is much greater than the
voltage at the positive input to the comparator so that the output state, which is Vg, is known,
As vy is decreased, Ve occurs when the voltage at the positive input to the comparator is
equal to zero. Therefore,

/R R, ) 3
0= ( R+ Rz)vaﬁ + ( R + R Ve (8.4-3)
which gives
R
Vige = — Fai Von (8.4-4)

The width of the bistable characteristic is given as

_ R
AVio = Vrpr — Ve = ( ‘) Vou — Vou) (8.4-5)

The counterclockwise bistable circuit resulting from this analysis is shown in Fig. 8.4-7.

Figure 8.4-8 shows the clockwise bistable circuit using external positive feedback.
Assuming that the input is much less than the voliage at the positive input of the comparator
allows us to define the output state at V. The upper trip point can be found by setting the
input equal to the voltage at the positive input of the comparator. The result is

(8.4-6)
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vOUT Figure 8.4-8 loverting bistable cir-
4+ /VDH cuit using external positive feed-
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Next, assuming that the input is much greater than the voltage at the positive input of the com-
parator defines the output voltage as V. The lower trip point can be found by setting the
input equal to the voltage at the positive input of the comparator. Therefore,

_ R
Vin = Vigp = (R. " Rz)Vor. 8.4-7)
The width of the bistable characteristic is given as
AVip = Vipg — Vpp = ( R +R )(Vaﬂ — Vo) (8.4-3)

The clockwise bistable circuit resulting from this analysis is shown in Fig. 8.4-8.

The center point of the bistable characteristics of Figs. 8.4-7 and 8.4-8 can be shifted
horizontally by inserting a battery, Vzzr, Bs shown in Fig. 8.4-9 for the counterclockwise
bistable circuit. If we solve for the rip points of the counterclockwise bistable circuit in
Fig. 8.4-9 we get

Rl ) ( RI ) +
Ve = Vo, + v
REF (R. +R/) % \R+RJ) ™

(8.4-9)
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DESIGN OF AN INVERTING COMPARATOR WITH HYSTERESIS

Use the circuit of Fig. 8.4-10 to design a high-gain, open-loop comparator having an upper
trip point of 1 V and a lower trip point of 0 V if Voy =2V and Vg, = —2 V.

Solution

Puiting the values of this example into Eqgs. (8.4-13) and (8.4-14) gives

_ R, R, )
B (Rl +R2)2 + (RI + R Veer

and

_ R, _ R, )
°'(R1+Rz)( 2’+(R1+R2 Veer

Solving these two equations gives 3R, = R, and Vggp =2 V.

The previous circiits are examples of using external positive feedback to implement hys-
teresis in a high-gain, open-loop comparator. The hysteresis can also be accomplished by
using interna! positive feedback. Figure 8.4-11 shows the differential input stage of a com-
parator such as Fig. 8.3-1 or 8,3-2 [1]. In this circuit there are two paths of feedback. The first
is current-series [3,4] feedback through the common-source node of transistors M1 and M2.
This feedback path is negative. The second path is the voltage-shunt feedback through the
gate—drain connections of transistors M6 and M7. This path of feedback is positive. If the
positive-feedback factor is less than the negative-feedback factor, then the overall feedback
will be negative and no hysteresis will result. If the positive-feedback factor becomes greater,
the overall feedback will be positive, which will give rise to hysteresis in the voltage-transfer
curve. As long as the ratio 8¢/8, is less than one, there is no hysteresis in the transfer function.
When this ratio is greater than one, hysteresis will result. The following analysis will develop
the equations for the trip points when there is hysteresis,

Figure 8.4-11 [mplementation of hyste-
resis using internal positive feedback in
the input stage of & high-gain, open-loop
comparator.
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Assume that plus and minus supplies are used and that the gate of M1 is tied to ground.
With the input of M2 much less than zero, M1 is or and M2 off, thus tuming on M3 and M6
and turning off M4 and M7. All of is flows through M1 and M3, s0 v,; is high. The resulting
circuit is shown in Fig. 8.4-12(a). Note that M2 is shown even though it is off. At this point,
M@ is attempting to source the following amount of current:

= Wil , (8.4-15)
's = win), '

AS v, increases toward the threshold point (which is not yet known), some of the tail current
is begins to flow through M2. This continues until the point where the current through M2
equals the cumrent in M6. Just beyond this point the comparater switches state. To
approximately calculate one of the trip points, the circuit must be analyzed right at the point
where i; equals iy, Matheratically this is

. _ (Wil)s .
ig = (Wil i3 (8.4-16)
iy = iy (8.4-17)
is=1f6h +i { =ii) (8.4-1B)
Therefore,
b= - = (8.4-19)
1 + [(W/L)e/(W/L);]
ig = l-5 — i L {8.4-20)
—Ov,,z

.

¥in

Fipure 8.4-12 (a) Comparator of Fig. §.4-11 where v, is very negative and increeasing
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Knowing the currents in both M1 and M2, it is easy to calculate their respective vgy voltages.
Since the gate of M1 is at ground, the difference in their gate—source voitages will yield the
positive trip point as given below:

2l.1 172
Yesi =\ o + V;r]‘ (3.4—21)
B
- %172
Vosz = (ﬁ) + Vi (8.4-22)
Ba
V;mp = VYos2 — Yosi (8.4-23)

Once the threshold is reached, the comparator changes state so that the majority of the
tail current now flows through M2 and M4. As a result, M7 is also turned on, thus turning off
M3, M6, and M1. As in the previous case, as the input decreases the circuit reaches a point at
which the current in M1 increases until it equals the current in M7. The input voltage at
this point is the negative trip point Vrgzp. The equivalent circuit in this state is shown in
Fig. 8.4-12(b). To calculate the trip point, the following equations apply:

i = %,2: iy (8.4-24)
i = iy (8.4-25)
is =iy + i, (8.4-26)
Therefore,
is .
b = T Wi iwing (84-27)
i =is— iy (8.4-28)
Using Eqs, (8.4-21) and (8.4-22) to calculate v¢s, the trip point is
Viee = Vas2 — Vos) (8.4-29)

These equations do not take into account the effect of channel length modulation. Their use is
illustrated in the following example.

CALCULATION OF TRIP VOLTAGES FOR A COMPARATOR
WITH HYSTERESIS

Consider the circuit shown in Fig. 8.4-11, Using the transistor device eters given in
gt 39 RN o Gl G LG AIRURS Kb, o KL ar al

1 wm and the widths are given as: W, = W, = W|g = W|; = 10 pmand Wy = W, = 2 pm.
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The gate of M1 is tied to ground and the input is applied to the gate of M2. The current iy =
20 p.A, Simulate the resuits using simulation.

To calculate the positive aip point, assume that the input has been negative and is heading
positive.

(WD),
7 (wiL),

iy = (5/1)(ia)

. I.g s 20 ,H.A
BT IwWDgWiL] - " T 145
Iy = is — iy = 20 — 3.33 = 16.67 A

2i 12 = L2
Vo1 = (‘i) + VTI = (2 3 33) +07=081V

=333 pA

8, (5) 110
2;'2)"’ (2 . 16.67)”’
= — =+ - “+ 0.7=0,

V-}kp Z2vem — Vo1 & 0946 — 0.810 = 0.136 V

Determining the negative trip point, similar analysis yields

iy =333 pA

[, = 16.67 pA
ves2 = 0.81 V
vas1 = 0946 V

V;RF = Voo — Vs = 0.81 — 0946 = —0.136 V

PSPICE simulation results of this circuit are shown in Fig. 8.4-13.

2.6 v : ' == r y ¥ r ' Figure 8.4-13 Simulation of the
. e comparator of Example 8.4-2,
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M8

— Vout

V[ol_lt

M11

Vss
Figure 8.4-14 Complete comparator with internal hysteresis including an
OUEput stape.

The differential stage described thus far is generally not useful alone and thus requires an
output stage 10 achieve reasonable voltage swings and output resistance. There are a number
of ways to implement an output stage for this type of input stage. One of these is given in
Fig. 8.4-14. Differential-to-single-ended conversion is accomplished at the output and thus
provides a Class AB type of driving capability.

B.5 DISCRETE-TIME COMPARATORS

In many applications the comparator enly functions over a portion of a time period. Such cir-
cuits are driven by a clock and will have a portion of time or phase when the comparator is
functioning &s a comparator and a phase when the comparator is not being used. In this
circumstance, other forms of comparators can be used that are efficient and have a small
propagation delay time. We will examine two such comparators in this section. They are the
switched capacitor comparator and the regenerative comparator.

Switched Capacitor Comparators

The switched capacitor comparator uses a combination of switched capacitors and open-loop
comparators. The advantages of the switched capacitor comparator are that differential sig-
nals can be compared using single-ended circuits and the switched capacitor comparator nat-
urally lends itself to autozeroing the dc offset voltage of the open-loop comparator. Figure
8.5-1{a) shows a typical switched capacitor comparator. The voltages applied to the circuit are
normally sampled and held so that capital variables are used.

When the ¢, switches are closed in Fig. 8.5-1, the capacitor C autozeros the offset volt-
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¢ ) Figure 8.5.1 (a) A switched capacitor
Vi O Ve 1 compurator. (b) Equivalent circuit of
MRV (2) when the 9, switches are closed.
7] C [J_ - A Vou
"2 C 1+
P
1Q
‘_"_1 —Vos ®
- Cp out
v + + +
2 Vos Vos

operation for this circuit to work properly. It can be shown that the voltage across C; and C,
at the end of the ¢, phase period is

Vel(d) = Vi — Vs (8.5-1)

and

Veldy) = Vos (8.5-2)

Now when the ¢, switch is clased, the equivalent circuit at the beginning of the ¢, phase
period is shown in Fig. 8.5-1(b). In this circuit, the voliage across each capacitor has been
removed and represented by a step voltage source. This allows us to use the principle of
superposition to easily solve for the output as illustrated below.

Vi€ _ N = Vosl VosCp

+ 4,
C+C, C+G c+c,] o8

Vou(d) = —A [
{8.5-3)

_ C c Ce )] PP &
B “[‘Vl Wes c, “-‘“(c+ C, Yo+ c + AYos = —A(V: V"c+c,
I C, is smaller than C, then Eq, (8.5-3) can be simplifed to
Vou(2) = A(V, — V) (8.5-4)

Therefore, the difference between the voliages V, and V; is amplified by the gain of the
comparator.

The gain of the comparator used for the switched capacitor comparator must be large
enough to satisfy the reselution requirements. In many cases, the resolution is large (i.e.,
100 mV), so that a very simple single-stage amplifier is sufficient for the comparator. The
speed of the comparator depends on how long it takes the circuit to settle to its steady stage
gfter the switches have been closed for a given period. During the ¢, phase, the response of
the circuit in Fig. 8.5-1(a) is very fast. The time constants of the circuit are associated with the
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o—" 1¢€ 7 o Figur!e B.5-2 A differential-in, differential-out, switched
3+ ¢ 1) B ¥  capacilor comparatar.
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in unity-gain configuration, Both of these time constants can be small. During ¢,, the open-
loop response of the comparator will determine the speed. This subject has been covered in
detail in Section 8.1 for a single-pole approximation and in Section 8.2 for a multiple-pole
approximation of the comparator.

A differential switched capacitor comparator is shown in Fig. 8.5-2. The input is sampled
on the two identical capacitors, , during the ¢, phase period. The dc offsets of the differential-
in, differential-out comparator are also autozeroed during this period. During the ¢, phase
period, the voltages sampled across the cepacitors are applied to the comparator input. As the
¢; switches open at the end of the ¢, phase period, the charge injection will be reduced
because the signal is a differential voltage and the charge injection is a common-mode voltage.

Regenerative Comparators

Regenerative comparators use positive feedback to accomplish the comparison of two signals.
The regenerative comparator is also called a latch or a bistable [5). The simplest form of a
latch is shown in Fig. 8.5-3 and consists of two cross-coupled MOSFETs, Figure 8.5-3(a)
uses NMOS transistors while Fig, 8.5-3(b) is a PMOS latch. The current sources/sinks are
used to identify the dc currents in the transistors. Normally, the latch has two modes of oper-
ation. The first mode disables the positive feedback and applies the input signal to the termi-
nals designated as v, and v,;. The initial voltages applied during this mode will be designated
as v, and v,;. The second mode enables the latch and depending on the relative values of v},
and v, one of the cutputs will go high and the other will go low, A two-phase clock is used
to determine the modes of operation,

It is important to characterize the time it takes for the latch to go from its initial state
to the final state during the enabled mode of operation. Figure 8.5-4(a) is a redrawing of

/oD oD Figure 8,5-3 (a) NMOS latch.
(b) PMOS laich.

Yol
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Flgure 3.5-4 {a) Redrawing of Fig. 8.5-3(a). (b) Equwalent model of (a).

the latch in Fig. 8.5-3(a). Let us assume that the initial values of v,, and v,; have been
established and find the time it takes for the latch to operate. We will use the model of
Fig. 8.5-4(b) to analyze the laich of Fig. 8.5-4(a). The voltage sources in series with the
capacitances represent the initial values of v,, and v, and are step functions.

We may write the nodal equations of Fig. 8.5-4(b) as

v .
EmVo2 + G|V + -*'C|(Va1 - “fl) =gmVa2r + GV + sCVo — C\V,; =0 (85-5)
and

Ve

g2V + GiVip + SC:(Va - T) = gmaVo1 + GiV2 + sCVa — GV, =0 (8.54)

where G, and G, are the conductances seen from the drains of Mi and M2 to ground and C,
and C; are the capacitances seen from the drains of M1 and M2 to ground. Solving Egs. (8.5-5)
and (8.5-6) for V,,; and V,, gives

R]C| gmlRI 71 gmlRI
= ‘VH —-— —] vt V 5.
Vgl SR|C| + 1 ol SR|C| +1 a2 sty + ]v‘;'1 sry + 1 ol (85 7
and ,
RaC moR R,
Vﬂﬂ = 2%2 rt lg 207 V _ 1'1 . gﬂﬂ. ] Val (8.5.8)

SR;C;"'.lroz—SRng'{'l m‘_-ﬁ'z"l']. o2 s+ 1

where 7, is the time constant R,C, Assume that both transistors are identical so that g, =
w2z = 8w R = R2 = R, and C = C, = C,, which gives 7, = r, = 7. Let us define the differ-
ence between V,; and V,,, as AV, and the difference between V, and V,; as AV,.

Therefore,

T + &R (8.5-9)
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Solving for AV, gives
T AV,
AV, 1 — gk ' AV,
A _— = — -
Yo sT+ (1 — g.R) ST +1 s+ 1 (8.5-10)
1 —g.R
where
7
= — (8.5-11)
1 = gnR
Taking the inverse Laplace transform of Eq, (8.5-10) gives
An(f) = AV ™7 = AV, T8RN o pinRilTpAy (8.5-12)

if g,.R is greater than one. The time constant of the latch as expressed in Eq, (8.5-12) is given as
T == — (8.5-13)

If C is mostly the gate—source capacitance, then the latch time constant can be expressed as

0.67WLC,, WL
r, = = 067C < [ (8.5-14)
L Vakwint o8

2K'I
Equation (B.5-14) shows the strong dependence of the latch time constant on the channel
length. Therefore, the latch time response can be expressed as

AV,olf) = "™ AV, (8.5-15)

Equation (B.5-15) gives the difference berween the latch cutput voltages, AV,,,, at a time ¢
after enabling the latch. The voltage AV; is the difference between the latch output voliages,
V.2 and V,,, before the latch is enabled.

Fig. 8.5-5 shows the time-domain response of the latch for various values of AV,. This
figure has been normalized by dividing Eg. (8.5-15) by Vou — Vo to get

AVoul®)  _ i AV (8.5-16)
Vou = Vo Vo — Voo

It is important to remember that AV, will always be less than Vo — Vg,. The propagation
time delay of a latch can be found by setting Eq. (8.5-16) equal to 0.5. The result is

Page 47 of 59SMA Solar Technol XA@ ica, LLC, Ex. 1009
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Figure 8.5-5 Normalized time-
domain response of a latch.

IV%?“EEL{//’ / | A"“ :

02 yd ]

Since AV, is always less than 0.5 (Vog — Vo), the argument of the logarithm is always
greater than unity.

Figure 8.5-5 illustrates the time-domain response characteristics of a latch. There are sev-
eral important observations to be made. The first is that the time required for AV, to reach
Vou — Voo is decreased by applying a larger input to the latch, AV;, before enabling the latch,
The second and more obvious is that the smaller the Jatch time constant, the faster the
response. If the input to the latch before enabling the latch, AV, is small, the latch takes a long
time for the output voltage, AV, to reach Vg — Vo, Therefore, it is desirable to apply a
reasonably large value of AY, in order to take advantage of the rapidly increasing slope of the
positive exponential characteristics of the latch. :

TIME-DOMAIN CHARACTERISTICS OF A LATCH

Find the time it takes from the time the latch is enabled until the output voltage, AV,,,, equals
Vou — Vo if the WL of the latch NMOS transistors is 10 pm/l pm and the latch dc current
is 10 pA when AV, = 0,01V, (min) and AV, = 0.1V,(min). Find the propagation time delay
for the latch for each of these conditions.

The transconductance of the latch transistors is

=4/2-110-10- 10 = 148 pS

The output conductance is 0.4 pS given a latch gain of 59,2 V/V. Since g, R is greater than
one, we can use Eq. (8.5-14). Therefore, the latch time constant is found as

(10- 1) x 107

P#e 48 o548 Wﬁ%@ﬁﬁd@é&/mwmwm
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Using Eq. (8.5-17) or Fig. 8.5-5 we find for AV, = 0.01(V,,; — Vo) thatt = 4.67, = 496 ns and
for AV, = 0'1(VGH - VOL) that¢ = 2.311 = 248 ps.

The propagation time deiay can be found vsing Eq. {8.5-17) and is 174 ns and 422 ns for
AV, = 0.01(Voy — Vo) and AV, = 0.1(Vpy — Vor), respectively.

A practical latch comparator is shown in Fig. 8.5-6 [6]. M7 and M8 are the latch transis-
tors and are PMOS in this case. M9 and MI0 are used to reset the latch by setting the
source—~drain voltages of M7 and M8 to zero. The input to the latch is applied to the gates of
MI1A and M1B. The transistors M1A, M1B, M2A, and M2B are operating in the triode re-
gion. The values of the inputs will cause the resistance seen by the sources of M3 and M4 to
ground to vary. When the latch is enabled the drains of M3 and M4 are connected to the latch
cutputs. M3 and M4 form a parallel positive-feedback path for the latch. For example, the sig-
nal at the gate of M7 can go through M7 or can go through M3 (M35 i3 a closed switch). The
gain of the M3 and M4 feedback paths depends on the value of the resistor, R, or R;, respec-
tively. If the resistor is smatl the gain is large and that side of the latch will go high.

When the latch/reset goes high, the latch goes into its regenerative mode. The drain cur-
rents of M5 and M6 are steered to obtain a final state determined by the mismatch between the
R, and R; resistances. These resistances are given as

1 AW W _ '
- KN[—,_'ﬁtv;; -V + _E&(V.usr = Va] (8.5-18)
and
| AW _ W.
- KN[f(vh -V)+ -f‘i(v;m - VT)] (8.5-19)

The value of the input voltage that causes R, and R, to be equal is given as

W.
vi(threshold) = (ﬁ) Vegr (8.5-20)

Figure 8.5-6 Comparator using a
latch with a built-in threshold.
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VoD Figure 8.5-7 Simple low-power iaiched
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which provides a built-in threshold for the comparator where Wy, = Wi = W, and W, =
W = W.. For a value of Wo/W, = 1/4, the threshold voltage is -+ 0.25Vyp. This comparator
has been used to make comparisons at 20 Ms/s with a dissipation of 0.2 mW.

A simpler form of the comparator of Fig, 8.5-6 is shown in Fig, 8.5-7 {7.} In this latched
comparator, the input voltages v}, and v, determine the cumrents in M3 and M4. The larger
the current, the larger the feedback path gain through M3 or M4. This circuit dissipated
approximately 50 pW when clocked at 2 MHz.

The current sinks/sources of Fig, 8.5-3 can be replaced by a latch using opposite type
transistors, resulting in the dynamic latch shown in Fig. 8.5-8 [8]. Here, a veference voltage,
Veu, is compared with an input voltage, Vi, during the time when ¢, .4, is high, This form of
the latch has the advantage of lower power dissipation because no current is flowing when the
laich is in reset mode (¢ ,.n i8 Jow). This comparator has a power dissipation per sampling
rate of 4.3 WW/Ms/s, which makes it feasible for fast sampling with low power dissipation.

The input voltage offset of the latch is important because it will limit the resolution of
the comparator. The input resolution range is the output swing divided by the gain of the
latch in wransition. Typically, the gain is around 50-100 and the output swing (Voy — Vgu) is
about 1 V. Therefore, the input resolution is typically around 10-20 mV. The input-offset
voltage distribution for the latch of Fig. 8.5-8 is shown in Fig, 8,5-9 [8]. It is seen that the

Figure 8.5-8 Dynamic latch.
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Figure B.5-9 Input-offset voltage distri-
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bution histogram of the dynamic latch of
(0.6 pm Process) Fig. 8.5-8, Y

Number
of samples
5 vy

=)

i )
Input-offset voltage (mV)

input-offset voltage is distributed over a range of *=10 mV, This comparator can only dis-
criminate the difference between two signals to a 5 bit accuracy if the reference voliage was
1 V. This range can be reduced by preceding the latch by a preamplifier, which will be
discussed in the next section.

8.6 HIGH-SPEED COMPARATORS

A high-speed comparator should have a propagation delay time as small as possible. In order
to achieve this goal, one must understand the requirements for a fast comparator. This is best
understood by separating the comparator into a number of cascaded stages. Figure 8.6-1 illus-
trates how this can be accomplished. A number of stages with a gain of Ay and a single pole at
1/r are shown, If the input change is slightly larger than V| (min), then the function of the
stages is to amplify the input with as little delay per stage as possible. We note that the signal
swings in the initial stages will be small. As the signal swing begins to approach the desired
range, the amplifiers will be limited by their slew rate. Thus, for initial stages, the important
parameter is to have a high bandwidth so that there is little delay in amplifying the signal and
passing it on te the next stage, However, at the end of the cascade of amplifiers, it is more im-
portant to have a high slew rate capability so that the voltage across the interstage capacitors
and the load capacitor rises or falls quick enough. Therefore, the stages at the beginning
should be designed differently than the stages at the end of the amplifier chain.

The basic principle behind the high-speed comparator is to use a preamplifier to build up
the input change to a sufficiently large value and then apply it to the latch. This combines the
best aspects of circuits with a negative exponential response (the preamplifier) with circuits
with a positive exponential response (the latch). This is illustrated in Fig. 8.6-2 where the
time-domain response for a preamplifier and a latch are illustrated. In this figure, the gain of
the preamplifier times the input voltage is not sufficient to reach the desired output level.
Rather, during time r; the preamplifier amplifies the input voltage to a value of Vy. The volt-
age Vy is applied to the latch input, which then goes to the desired output voltage in time r;.
Thus, the total response time is 1, + 5. If the comparator consisted only of the preamplifier,

-r-o-.l::fl — S:I-(-}I Lo sffl _r-' S:El M .ﬁI-QTJ_.J_ .‘i?A*l?l- —o-r
bt f -t

Linear  Linear Linear Large Large Large
smal] small & large signal signal signal
signal signal signal smallC  biggerC bigC
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Vouyt Figure 8.6-2 Preamplifier and latch step response.
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the gain would have to be larger and the delay to make the transition from Vg, to Vor would
be longer than ¢, + #. On the other hand, the latch would require more time than #; + 2, if the
input was small, We saw from Fig. 8.5-5 that the larger the input to the latch the shorter the
time for the output to reach its maximum valve,

The design of the preamplifier must be done in such a manner that the desired latch inpat
voltage, ¥y, i3 achieved in minimum time. Since the preamplifier is working in the linear
region, this means that the bandwidth must be as large as possible. We know that the gain
bandwidth of an amplifier is normally constant. Therefore, a single amplifier has a limited
capability. If a number of low-gain, wide-bandwidth amplifiers are cascaded, the delay time,
t,, can be minimized, In fact, it has been shown that the optimum number of identical low-
gain amplifiers is six each with a gain of 2.72. However, this optimum is very broad and thres
amplifiers each with a gain of 6 gives equally good results with less area [9].

A high-speed comparator using three ¢ascaded low-gain amplifiers as the preamplifier
and a latch at the output is shown in Fig. 8.6-3. When the FB and Reset switches are closed,
the capacitors designated as C.. are autozeroed for each amplifier. Unfortunately, each ampli-
fier must be autozeroed by itself. More switches would be required to autozero all three
amplifiers at the same time. The input is applied through the capacitors C; and C;. For high-
speed applications, the clocks to the comparator of Fig. 8.6-3 can be as high as 100 MHz,
resulting in a comparator that can run at 100 Msps. As the sample time is increased, the power
consumption of the comparator also increases.

The low-gain preamplifiers must compromise between a high bandwidth and sufficient

- gan. A simple preamplifier is shown in Fig. 8.6-4. The connection with the latch {for the last

preamplifier) is shown. The gain of this preamplifier is

A, = 8m1/8m3 = szlgmd (8-6'1)
' FB ¥B
C - C -~ C
Reset 1 3 5
LI LTS 7 3
Reset] | \ 1Y ) Yo
i ( { -
Ci Cy2 . Reset Cud - Reset Cv6 |
= Icz FB FB
+vin
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Figure 8.6-4 Example of a pre-
amplifier and latch.
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The dominant pole is given by
Bimd _ 8w
|Paswinant| =~ = "5 (8.6-2)

where C s the capacitance seen from the output nodes to ground. If the bias current in
the transistors is 25 A, the W/L values of M1 and M2 are 100 and M3 and M4 are 1, then the
gain is 3.85 V/V and if C = 0.5 pF, the pole is 10° rad/s or 15.9 MHz. We see that it is impor-
tant 1o keep the pole as large as possible, Sometimes it is necessary to buffer the output of the
amplifier from the capecitive load of the next stage. Unfortunately, the buffer will have a gain
Joss 2-3 dB, which is undesirable.

There are several problems with the preamplifier of Fig. 8.6-4. One is that the gain is very
small even for large differences of W/L values. Another is that there is no isolation between
the latch outputs and the inputs to the preamplifier. Rapid changes in the output of the latch
can propagate through the drain-gate capacitances of M1 and M2 and appear at the input of
the latch. Figure 8.6-5 shows a preamplifier that solves these two problems. Transistors M5
and M6 are used to increase the current in M1 and M2 so that the gain is enhanced by the
square root of the difference of currents in M1 and M2 to the currents in M3 and M4, This can
be illustrated as follows. The gain of the preamplifier was given in Eq. (8.6-1) and can be
expressed further as

Emi Ky (W\/L)), K.vfwlflfll
A= ——= - ’—=— l+— 8.6-3
Ke{WyL3)], K{Wy/Ls) I3 ( )

PaQG: R BLre e DA SOALS bR AR ANTGHEAT Lok s e I ot o

rapid changes in the latch output.
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Figure B.6-5 An improved preamplifier.

The use of a preamplifier before the latch also has the advantage of reducing the input-
offset voltage of the latch by the gain of the preamplifier. The input-offset voltage of the com-
parator will now become that of the preamplifier, which can be autozeroed, resulting in small
values of input-offset voliage.

The preamplifier can be replaced by a charge-transfer circuit resulting in simplification of
the preamplifier [8]. A simple charge-transfer circuit is shown in Fig. 8.6-6(a), where the
capacitor Cr is larger than Cp. This charge-transfer amplifier has three phases of operation.
The first phase of operation is a reset phase, where switch S1 is closed discharging Cy. The
second phase is the precharge phase shown in Fig. 8.6-6(b), where switch 82 is closed. In this
phase, the capacitor Cy is charged to v, — Vrand the output capacitor, Cy, is charged to the
preset voltage, Vpg. The third phase is the amplification phase and is shown in Fig. 8.6-6(c),
where both switches are open. In this phase, the input has been assumed to change by an
amount AV, This causes a curvent te flow in Cpn which also flows in Cfp. Since the charge
change must be equal for both Cy and Cg, the change across Cp is —(C7/Co)AV. If Cy is
greater than Cp, the input change, AV, is amplified at the output by the factor of Cr/Cp.

The charge-transfer amplifier has several problems that must be solved. The first is that
only positive values of voltage will be amplified and the second is that large offset voltages
result as a function of the subthreshold current. A circuit that solves these problems is shown
in Fig. 8.6-7 and uses both NMOS and PMOS transistors. Switches 53 are used to prevent a

vin = VREP VPR  vin= Vrer [VrR vin = VREF + AV
i Veer - Vr+ AN

+ +
Voul vou= VPR -% AV

C,'I Sl c OIVOI.II I CI—_—-VPR C‘.!I CI
@ & T @
Figure 8.6-6 (a) Charge-transfer amplifier. (b) Precharge phase. (c) Amplification
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Voo Vm)) Figure 8.6-7 A CMOS charge-transfer preamplifier.
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current path during the reset phase. This circuit was used in cascade with a dynamic latch
to function as a comparator up to 20 Ms/s with 8 bit linearity and a power dissipation of less
than 5 uW. One of the limitations of the charge-transfer comparator is charge feedthrough.
Dummy switches have been used to cancel some of the effects of charge feedthrough that
occurs when the vanous switches are opened.

When a comparater must drive a significant amount of output capacitance in very short
times, the latch is generally not sufficient. In this case it is advisable to follow the latch by cir-
cuits that can quickly generate large amounts of current. A high-speed comparator following
these principles is shown in Fig. 8.6-8 [10]. The first stage is a low-gain, high-bandwidth
preamplifier that drives a latch. The latch outputs are used to drive a self-biased differential
amplifier. The output of the seif-biased differential amplifer drives a push—pull output driver.

The comparator of Fig. 8.6-8 was designed to have a propagation time delay of 10 ns
with a 5 pF load capacitor and a 10 mV overdrive. [t is interesting to note that the compara-
tor is synchronous (clocks are not used). The gain of the comparator in midswing is greater
than 2000 V/V and the quiescent current is 100 pA. More design details can be found in
Baker et al, [10.]

Page, 5301 SOGMA e TS Tolo ApeiGR b8 F 100
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B.7 SUMMARY

PROBLENS

This chapter has introduced the comparator function along with the CMOS implementation of
that function. The development of the CMOS comparator relied on previous work covering
basic CMOS circuits in Chapters 4 and 5. The op amp of Chapter 6 makes an excellent open-
loop, high gain comparator realization. The characterization of the two-stage, open-loop com-
parator illustrated the performance capabilities. It was seen that two modes of response can
exist in a inear comparator. One is small signal and the other is large signal. The difference is
whether or not slewing occurs. When a comparator does not slew (small signal) the bandwidth
is key to reducing the propagation delay time. However, when the comparator slews, then cur-
rent sinking and sourcing capability is crucial to fast operation.

The performance of the gpen-loop comparator can be improved by the use of hysteresis
to remove the influence of a noisy input signal, Autozeroing can be used in comparators to
reduce the input-offset voltage. It is necessary that the comparator be stable in the unity-gain
mode during autozeroing, which can be difficult to accomplish in some types of comparators.
It was seen that seif-biased comparators were always stable in the autozeroing operation.
Although we did not examine the noise of the comparator, it would be analyzed in the same
manner as was done for op amps. We assume that the noise which is a linear phenomenon is
important during the switching of the comparator, which is in the linear region.

In many comparator applications, the signal is discrete time rather than continuous. In
this case it is possible to use regenerative circuils as comparators. Unfortunately, the transient
response of regenerative circuits is characterized by a positive exponential argument. This
means that if the input signal is small a long time will be required for the signal to reach the
region of the exponential response where the slope is steep. A solution for this problem is to
cascade the latch with a preamplifier. The function of the preamplifier is to quickly build up
the input to the latch so that the slow rate of rise of the exponential response can be avoided.
This hes resulted in a comparator capable of operating up to 20 Ms/s and greater.

The comparator will play an important roe in the remainder of the text, particularly in
the area of analog—digital converters. It will be cne of the major factors determining how
accurately and how quickly analog signal processing can be accomplished.

8.1-1. Give the equivalent figures for Figs. 8.1-2, B.1-4, W =0 fort < 5 ps
B.1-6, and 8.1-9 for an inverting comparator.

B8.1-2. Use the macromodel techniques of Section 6.6 to Ve =30t —5ps) forSpus<t<7ps
model a comparator having a dc gain of 10,000
VIV, an offsel voltage of 10 mV, Voy = 1 V, Vig = 10 for1> 7 ps

Voo = 0V, a dominant pole at — 1000 rad/s, and a
slew rate of 1 V/ps. Verify your macromodel by

using it to simulate Example 8,1-1. B.1-4. Repeat Example 8.1-| if the pole of the compara-
8.1-3, Draw the first-order time response of an inverting tor is —107 cad/s cather than — 10" md/s.
comparator with a 20 s propagation delay time, 8.1-5. What value of V,, in Example 8.1-1 will give a

Pt i5EHra 3SR Al S SrBEhnology mrerteensd?’ .C, Ex. 1009



821, Repeat Example 8.2-1 for the two-stage compa-
rator of Fig. 8.2-5.

822 If the poles of a two-stage comparator are both
equal to — 10" rud/s, find the maximum slope and
the time it occurs if the magnitude of the input
step 15 10V,(min). What must be the SR of this
comparator to avoid slewing?

823. Repeat Example 8.2-3 if p; = —5 X 10° rad/s and
Py = —10 X 10° rad/s.

824, For Fig, 8.2-5, find all of the possible initial states
! listed in Table 8.2-1 of the Rrst-stage cutpul voli-
age and the comparator output voltage.

825, Calculate the trip voltage for the comparator

‘ shown in Fig. 8.2-4. Usc the parameters given in

' Table 3.1-2. Also, (W/L); = 100 and (W/L), = 10.
V5m= 1V, ng =0V, and VDD=4V.

8.2-6. Using Problem 8.2-5, compute the worst-case
variations of the trip voltage assuming a =10%
r variation on VT‘ K', Voo and VBIAS-

:8.2-7. Sketch the output response of the circuit in Prob-
. lem 8.2-5, given a step input that goes from 4 to
l 1 V. Assume a 10 pF capacitive load. Also assume
| the input has been at 4 V for a very long time.
; What is the delay Lime from the step input to when
! the output changes logical (CMOS) states?

(828, Repeat Example 8,2-5 with vg; constant and the
waveform of Fig. 8.2-6 applied to vg,.

;.&2-9. Repeat Example 8.2-5 using the two-stage op amp
designed in Example 6.3-1 if the compensation
I capagitor is removed.

82-10. Repeat Example 8.2-6 if the propagation time is
; t, = 253 ns,

A2-11. Design a comparator given the following require-
ments; Py < 2 MW, Vpp = 3V, Vs = 0 V,
Ciod = 3 PF fpop < 1 i, ICMR = 1.5-25 V,
Ap > 2200, and output voltage swing within
1.5 V of either rail. Use Tables 3.1-2 and 3.3-1.
Use 1 yum channel lengths for 2]l transistors.

83-1. Axsume that the dc current in M5 of Fig. 8.3-1 is
100 pA. If Wi/l, = 5(WJ/L,) and Wyll; =
5(W,y/L;). what is the propagation delay time
of this comparator if C; = 10 pF and Vpp =

13-2. If the folded-cascode op amp of Example 6.5-3 is
vsed as a comparator, find the dominant pole if

! Cr = 5 pF. If the input step is 10 mV, determine

::;c éﬁ%ﬂﬁﬁﬁ% ﬁﬂf\?grﬁdrﬁfdechn
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8.3-3, Find the open-loop gain of Fig. 8.3-3 if the two-
stage op amp is the same as Example 6.3-1 with-
out the compensation and W o/Li; = LI(Wy/ly) =
100(W/Lg), Woilg = (Kp/Kj)(Wsilg), Wi/Ly, =
(Kp/KNX W o/L)o) and the quiescent current in
M8 and M9 is 100 pA and in M10 and M1 is
500 wA. What it the propagation time delay if
Cyy = 100 pF and the step input is large enough to
cause slewing?

8.3-4. Figure P8.3-4 shows a circuit celled a clamped
comparator. Use the parameters of Table 3.1-2 and
calculate the pain of this comparator. What is the
positive and negative slew rale of this comparator
if the load capacitance is 5 pF?

20 pA

Vss
Figure P8.3-4

8.4-1, If the comparator used in Fig. 8.4-1 has a domi-
nant pole at 10* rad/s and a gain of 107, how long
does it take C,z to charge to 99% of its final value,
Vas? What iz the final value that the capacitor,
Caz will charge to if left in the configuration of
Fig. 8.4-1(b) for a long time?

8.4-2 Usze the cirouit of Fig. 3.4-9 and design a hys-
teresis characieristic that has Ve = 0 V and
V-;Rp =| VIfVaH= 2V and V0L=0V. Let R| =
100 ki2.

8.4-3. Repeat Problem 8.4-2 for Fig. 8.4-10.

B.4-4. Assume that all transistors in Fig. 8.4-11 are ope-
rating in the saturation mode. What is the gain
of the positive-feedback loop, M6-M7, using the
W/L values and currents of Example B.4-27

8.4-5. Repeat Example 8.4- to design Vige= —Vipe=
05V.

S s YO
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8.5

8-5'3‘1

8.5-4,

8.5-5.

B.5-6.

8.5-7.

B.6-1.

COMPARATORS

List the advantages and disadvantages of the
swilched capacitor comparator of Fig. 8.5-1 over
an open-loop comparator having the same gain
and frequency response.

If the current and W/L values of the two latches in
Fig. 8.5-3 are identical, which latch will be faster?
Why?

Repeat Example 8.5-1 if AVy, = (0.5)(Voy —
Voo

Repeat Example 8.5-1 if the dc latch current is
50 wA,

Redevelop the expression for AV, ,/AV, for the
¢ircuit of Fig. P8.5-5, where Avyy = v — ¥, and
AV;' =Wy — Ve

Compare the dynamic latch of Fig. 8.5-8 with the
NMOS and PMOS latches of Fig. 8.5-3. What are
the advantages and disadvantages of the two
latches?

Use the worst-case values of the transistor para-
meters in Teble 3.1-2 and calculate the worst-
case voltage offset for the NMOS latch of Fig,
8.5-3(a).

Assume an op amp has a low-frequency gain of
1000 V/V and a dominant pole at —10° rad/s.
Compare the —3 dB bandwidths of the configura-
tions in Fig. P8.6-1 using this op amp,

vn R 25R v

=

B.6-2.

8.6-3.

What is the gain and —3 dB bandwidth {in Hz) of
Fig. P8.6-2 if C; = | pF? Ignore reverse-bias
voltage effects on the pn junctions and assume
the bulk—source and bulk-drain areas are given
by W X 5 pm.

50 pA

—

Figure P§.6-2

Repeat Problem 8.6-2 for Fig. P8.6-3. The WL
ratios for M1 and M2 are 10 wm/1 prn and for (he
remaining PMOS transistors the W/L ratios are all
2 pm/] pm.

43V

20 pA (+> v;c’—i M]-W
-0

TR P

ol

+M2 |-| G 20pA

Figure P8.6-3

v R R om
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) B64. Assume that 8 comparator consists of an amplifier

l
i
|
|

8.6-5.

cascaded with a laich. Assume the amplifier has
a gain of 5 V/V and a —3 dB bandwidth of 1/r,,
where r, is the latch time constant. Find the
normalized propagation delay time for the overall
configuration if the applied input voltage is
0.05(Vgy — Vo) and the voltage applied to the
latch is (a) AV, 0. 05(Voy — Vorh (b) AV‘ 0.1
(Vou = Voo, (€) AY; = 0.15(Voy — Vpp), and
(d} AV, = 0.2(Voy — Vor). From your results,
what value of AV; would give minimum propaga-
tion delay 1ime?

Assume that a comparator consists of two iden-
tical amplifiers cascaded with a latch. Assume the
amplifier has the characteristics given in Problem
8.6-4. What would be the normalized propagation
delay time if the applied input voltage is
0.05(Vgy — Vo) and the voltage applied w the
latch is M’, = hL1(Voy — Vo)1

8.6-6.

8.6-7.

vin = 0.05(Vor — Vork

Amplifier
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Repeal Problem 8.6-5 if there are three identical
amplifiers cascoded with alatch. What would be the
normalized propagation delay time if the applied
input voltage is 0.05(V,y -~ Vo) and the voltage
applied to the latch is AV, = Q.2{ Vg — Vp)?

A comparator consists of an amplifier cascaded
with a latch as shown in Figure P8.6-7. The am-
plifier has voltage gain of 10 V/V and f_; 45 =
100 MHz and the latch has a time constant of 10 ns.
The maximum and minimum voltage swings of
the amplifier and latch are Vo and V. When
should the latch be enabled after the application
of a step input to the amplifier of 0.05 (Vo — Vo)
0 get minimum overall propagation time delay?
What is the value of the minimum propagation
time deley? It may useful to recall that the propa-
gating time delay of the lach is given as

Vaou—V,
L= In ( oH— Yoy
Vi

input (AV, of the text).

) where vy is the latch

— ;_’ Fout
: ALD)=10V/V ‘r,[,[.;mlc(;1 ns ;o
1=0 ¢ |f-3ap=100MHz Vl‘/ :
]
L---._----?ETE“"E‘E’.--.i ..... :
Enable
Fipure P8.6-7
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