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Abstract: This paper reviewed three different kinds of comparators to show their respective
advantage range. The Dynamic-bias comparator extends its pre-amplifier part with a capacitor and
has a smaller power with a smaller input referred noise than Elzakker's comparator but has a higher
delay. The Quad high-speed comparator introduced the Quad into the comparator’s latch part. It has
a lower delay and also make the calculation of the output voltage easier for it only depends on the
skew factor. The low-power dynamic bias has a cross-couple device on its pre-amplifier part which
slows down the discharge of the capacitors. It has a higher delay but lower the energy consumption
by 30%.
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1. Introduction

With the rapid progress of IC processing, performance of the ADCs has continually been pushed
and already achieved the performance limit. In a typical SAR ADC 40%-50% [1] of its whole energy
is consumed by the comparator part. In a single comparison the Cp of the pre-amplifier is charged to
Vb and then discharged to the ground. In this process, huge amount of energy are actually wasted.
It is estimated that about 70%-80% of the energy is taken by the pre-amplifier part. So, in order to
improve the energy consumption, it’s essential to make some efforts on the comparator.

The typical comparator is consisted of one plus one different section the first pre-amplifier part
and the second latch part. Most widely used pre-amplifier use the CMOS as a common mode
suppression differential amplification to amplifier the input voltage. And the latch part compared the
two different input voltage from the pre-amplifier part and do a logic decision and give out a low or
high signal.

This paper has analyzed three different proved comparator and given out their respectively using
interval as well as their advantages and shortcomings.

In order to prove the power efficiency of the Elzakker’s comparator, a capacitor is added to its pre-
amplifier part which stabilized the Vs while making the amplitude of charging and discharging of the
circuit more stable in order to decrease the energy consumption. However, the delay of it is largely
increased especially when the Vem=0.6

The Quad high-speed comparator makes an improvement in the latch part using the Quad to do
some stimulation of the circuit. Its delay has been decreased due to the cross-coupled inverters.

The low-power dynamic comparator used a cross-coupled device with a regenerative latch
instead of two capacitors in the pre-amplifier and this makes the energy consumption reduced about
30% referring to the original comparator.

This paper is consisted of five parts. Section 2 describes the Dynamic bias comparator. The Quad
high-speed comparator is discussed within Section 3. Section 4 reviews low-power dynamic
comparator. Finally, the Section 5 makes a brief conclusion of the whole paper.

2. Dynamic-bias comparator

The three different types of comparators are all consisted by two sections. First, the pre-amplifier
part and second, the latch type.

Elzakker’s comparator Figure. 2 has made some changes on the Double-tail comparator [2] Figure.
1 and makes the power efficiency lower [3].
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The new type dynamic-bias comparator which is shown in Figure. 3 has added a capacitor at the
pre-amplifier part of the Elzakker’s comparator and due to the Cuil, the whole comparator’s circuit
function has been approved. With the joining of the Cuil the Vs has become much more stable. Thus,
the common-mode voltage of the whole pre-amplifier become more stable and the amplitude and
frequency of charge and discharge of pre-amplifier. These joining efforts has made the Dynamic-bias
comparator has a smaller energy consumption so the power efficiency has been approved.
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Figure 1. Conventional circuit of double-tail latch-type comparator
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Figure 3. The circuit of Dynamic-bias comparator
The equivalent voltage enlargement of the Double-tail pre-amplifier has given as:
A ( ): AV (Tinr) _8m “AVpicu (Tinr)
’ N A\IIN (TINT ) ICM

(1)
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According to this formula the voltage enlargement of the Double-tail pre-amplifier is determined
by the gm and Iem. These two circuit parameters are given out by the pre-amplifier.
Voltage enlargement of dynamic-bias pre-amplifier is:
_ CTAIL VS (TINT)
AV (TINT) - 2n . CP kl

1 2)

The voltage enlargement presents by dynamic-bias pre-amplifier is only determined by the Cuil
and Cp.

This is a very useful improvement because the gm and Iem are determined by massive elements in
the circuit so it’s not easy to calculate the theoretical value after some changing in the Double-tail
pre-amplifier.

However, the dynamic-bias pre-amplifier’s theoretical value can be easily predicted as if the Cuail
and Cp are known.

The strong inversion noise of the Elzakker's comparator [4] and [5] can be determined by the
formula below:

2 AVDi,CM( TINT) -Gy

Vs (TINT ) = C )
TAIL
4kTY

E [Visun (TINT )] = g 4

CP A VDi,CM (TINT ) ’ (ImJ

CM /81 e
The weak inversion noise of the dynamic bias pre-amplifier is:
2nKT
E [Vﬁ,wmn (TINT )] = g (5)
CP A VDi,CM (TINT ) ’ [Imj
CM /W1, Ty

The Elzakker’s comparator’s noise is approximately twice as much as the dynamic bias’.

These formulas indicate that with the increase of S2  the voltage gain ability of the pre-
amplifier is also increasing so the Iem of the pre-amplifier should be as big as possible. But the
inversion noise of both comparators shows that in order to get a smaller inversion noise the Iem of the
pre-amplifier should be as small as possible.

When working in different input Voltage situation the energy consumption of both comparators
doesn’t change much. Instead, the Vem of the comparator affects the energy consumption more
severely.

Both comparators experienced a 10fJ energy consumption increase when the Vem changes from
0.6V-0.9V.

In each comparison, the energy consumed by the two comparator shows that the Dynamic Bias
requires less energy due to the existence of Cp and Crail.

The relative CLK-Q delay of the Elzakker's comparator is much smaller than the dynamic-bias
comparator especially when Vem is equal to 0.6 V.
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Figure 4. (a) common-mode voltage of output,
(b) latch differential output,

(c) the profile of the tail current,
(d) pre-amplifier differential voltage enlargement,

(e) input referred noise voltage by the pre-amplifier
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Figure 6. Relative CLK-Q delay of the dynamic-bias comparator

However due to the latch output which is shown in the Figure. 4(b) the Elzakker's output changed
directly from O to 1 at around 2ns and the Dynamic Bias grow slowly and reached the 1 output at
3.5ns.

That means the dynamic-bias comparator has a higher delay than the Elzakker’s comparator. Also
the rapid output logic changing indicates that it has a better power efficiency.

So, the dynamic-bias comparator has a better output efficiency when it comes to a situation which
need a lower power consuming comparator but it also has a longer delay.

The ideal working range of the dynamic bias maybe when the Vem equal to 0.9V.

According to the line chart Figure 5. though the power efficiency of the dynamic-bias rise with a
beginning at 35 fJ to 45 fJ when the Vem rise from 0.6V-0.9V the relative CLK-Q delay decreases
from 1.2ns to 0.4ns.

So, the optimum value of the Dynamic bias comparator lies at around 0.8V-0.9V.

When working with an input Voltage of 0V-100 V which is simulated in Figure 6., the energy
consumption only rises 10%, the relative delay decreases over 60%.

3. The Quad high-speed comparator
The Quad Figure 7. is consisted of two asymmetric differential parts and give out two output

currents. The major output is a liner current and the square-law current is the accessory output.
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Figure 7. Quad differential skewed pair currents
The four currents i,,i,,i3,i, are given as

ip =1+ vkv?+ 2av k(1 — Bkv?) 4)
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i, =nl —ykv? — 2av k(1 — Bkv?2) (5)
iz =1 +vykv? — 2av\ k(1 — Bkv?) (6)
iy =nl —ykv? + 2av\ k(1 — Bkv?) (7)

The even function and the odd function [6] of the output are also given as

g — iy = 2ipqq = 4av k(i — Bkv?) (8)

i1 + i3 = 2ippen(total) = 21 + 2ykv? 9)

The parameters o 3 and y are only determined by the skew factor n given as
_ . n. _ n _ n(n-1) 10
a=g F= w2’ VT e’ (10)

All of these factors decrease with the increase of n.

By defining the normalized currents 171 by yi and the normalized voltage i by xi, we can get

on

a functional relationship between yi and xi.
The definition of yi is given as:

Vi =1+ lppen +ipgg =1 +yx?+ 2ax /1 — fx? (11)
Y2 =N —leyen = logq = N — yx? — 2ax/1 — fx? (12)
Y3 =1+ ippen — ipgq = 1 +yx? — 2ax,/1 — Bx? (13)
VYa =N — lopen + logg =N — ¥x2 + 2ax,/1 — fx? (14)
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Figure 8. Normalized Device currents in four transistors as normalized input voltage function for n
=2

From this line chart Figure 8. we can see that with the normalized voltage changing from -1.25V
to 1.25V the y1 and y4 continue to grow from 0 to 3 while the y2 and y3 decrease from 3 to 0.

The yodd which is equal to ya-y2 grows from -2.7 to 2.7 and the yeven equal to y1+y3 decrease from
2.7 to 2 when x equal to 0 and then rise back to 2.7.
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Figure 9. Latch based Quad circuit

Using the Quad, this circuit Figure 9. has two stable states. In one of the two states, the differential

voltageV =Vour— Vout.
The v can be calculated as

3n2-2n-1
15n%+28n3-22n2-20n-1

é =+2(n+ 1)\/ (15)

Bias Single-ended  Single-ended  Differential

Current  output output output
I( pA) Rise Time Fall Time Volts
tr (ns) ty (ns) Vil — Vi
10 3.5 (0.81) 2.8 (0.35) 0.26
15 2.2(0.57) 1.7 (0.34) 0.32
20 1.5 (0.49) 1.2 (0.33) 0.46
25 1.2 (0.44) 041 (0.31) 054

Figure 10. fall time and rise time comparing with bias current
This is quite useful because when calculating the different Output Voltage in the stable stage
because it is only determined by the skew factor n.
The table Figure. 10 given also shows the transition time of different bias current working in the
stable states [7]. It shows that with the increase of the bias current, the rise time and the fall time of
the Single-ended output both decrease but the different output Voltage rises.

4. The low-power dynamic comparator

The original double-tail comparator in Figure 11. is consisted of a pre-amplifier part and a latch
part. Since the C, cannot be discharged completely to Vpp so the pre-amplifier’s energy consumption
can take 70%-80% of the whole energy [9].

This paper announced a new kind of comparator with a proved pre-amplifier. Instead of using two
capacitance a cross-coupled device and a regenerative latch are added to the pre-amplifier part.

The amplification phase of the modified pre-amplifier has two different subphase. The equivalent
circuit is shown in Figure 12..

When the M1 and M2 are in conductive region while M21 and M22 working in liner region,
voltage of node N1 and P1 will start decreasing. The decreasing rate of N1 will be faster than P1 so
the M22 will turn off eventually.

This will force the intN node to discharge the final voltage of intN and intP will be VdI and Vd2.
Since both of their voltage are lower than Vpp, the power efficiency of every comparison can be
reduced [10].
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Figure 11. Original double-tail comparator

intN

J’ Iy = go*(vinN-N1)

(a)

Figure 12. pre-amplifier equivalent circuit in two subphases

intP

Iz = gm*(vinP-P1) {b]

The referred noise in Figure 13. of the low-power circuit is slightly higher than the standard one
meanwhile the delay of the low-power comparator is over twice as much of the standard one.
With the increasing of the input voltage, the delay of both kinds of comparator are decreasing and

are shown in Figure 14.

However, the comparator power of the proposed circuit in Figure 15. is about 30% lower than the

standard one the power consumption also increased when the input voltage is over 10mv.

As a conclusion the proposed comparator has a reduction of about 30% of the energy at a cost of

huge comparator delay.

The ideal working range of the low-power dynamic comparator may be at 100mv of the input
voltage because the delay has dropped about 50% than 1mv input but the power just increased for

about 10%.
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Figure 13. measured input referred noise for (a) low-power dynamic comparator and (b) standard

double-tail latch type comparator
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Figure 14. comparator delay of differential input voltage of the Standard and low-power comparator
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Figure 15. comparator power of the standard and the low-power dynamic comparator

5. Conclusion

In conclusion the Quad high-speed comparator and the low-power dynamic comparator have made
some changes to the conventional comparator. The Quad comparator has a smaller delay and the
dynamic comparator has a lower power efficiency but has the weak point of a higher delay.

The Dynamic-bias comparator announces a new circuit making the improvement of the voltage
gain more available. What’s more the energy consumption and voltage inferred noise are both smaller
while the delay of it become higher.

So, the future working may lie in how to find the balance point to get a comparator with all these
advantages.
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