Vol. 30, No. 7

Journal of Semiconductors

July 2009

Effect of a reset-MOSFET in a high-speed comparator
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Abstract: A high-speed comparator design based on regeneration architecture, which can be used in a flash ADC,
is presented. A threshold-limit-speed effect (TLSE) which limits the speed of the comparator was discovered and
studied in detail. The size of the reset-MOSFET was optimized to resolve the TLSE and make the comparator work
at the maximal speed. The results were confirmed by simulation and the corresponding circuit was realized in a flash
ADC design in SMIC 0.18-pm CMOS technology. The test result shows that the comparator can work well at 2 GHz
and can even work up to 2.8 GHz while the power dissipation is 3.2 mW.

Key words: comparator; high speed; TLSE; CMOS; ADC
EEACC:

DOI: 10.1088/1674-4926/30/7/075002

1. Introduction

High speed ADCs are key components of analog/digital
interfaces. For the speed of the ADC, the comparator is the
decisive component. A block diagram of a high speed com-
parator is shown in Fig. 1.

Latch and regeneration architecture has often been used
in high speed comparator designs!! =1, In this paper, a reset-
MOSFET for a high-speed comparator is discussed. It is
normally thought that a large reset-MOSFET can make the
comparison faster. However, an overlarge one will cause a
threshold-limit-speed effect (TLSE), which will slow down the
comparison speed. The size of the reset-MOSFET was there-
fore optimized to resolve the TLSE and make the comparator
work at the maximal speed.

Based on the discussion, a high-speed comparator has
been designed and realized in a flash ADC design in SMIC’s
0.18-um CMOS technology. Measurement of the chip showed
that the comparator circuit worked very well at 2 GHz and it
could even work up to 2.8 GHz when the power dissipation
was 3.2 mW.

2. Reset-MOSFET in a voltage comparator

In a high speed comparator, regeneration latches are of-
ten used'?!. The schematic of a voltage comparator is shown in
Fig. 2.

When clk is “1”, m1, m2, and mS5 are on. The compara-
tor turns the input voltages vy, and vy, to different currents
through m3 and m4, and makes the comparison when the clk
is “0” and m5 turns off.

It seems that m5 is only a reset-MOSFET in the compara-
tor shown in Fig. 2. But actually, m5 plays a very important
role in the comparison.

2.1. Theoretical analysis

The comparison speed of the circuit shown in Fig. 2 is
determined by an overdrive recovery at nodes X and Y and by

1265H

the regeneration speed of m6-m9>!. The recovery time con-
stant between nodes X and Y is:

Tree ® 2R50nCots (D

where Cy is the parasitic capacitance seen at each of the nodes
X and Y, and Rs,, is the on-resistance of m5.
The regeneration time constant is:
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When the clock turns to “1”, m5 turns on. The on-
resistance of m5 is:

L

Rson = i
K'W(Vas — Vi)

3)
So it is normally thought that, as in Ref. [5], increasing the gate
width of m5 can decrease Rs,, and speed up the comparison.
It seems that the wider m5 is, the higher the speed is.

But in the real situation, the comparison result does not
obviously improve as m5’s width increases because of the side
effect brought about by the width increase.
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Fig. 1. Block diagram of a high speed comparator.
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Fig. 2. Schematic of a voltage comparator.
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Fig. 3. Large-signal equivalent circuit at nodes X and Y.

When the clock turns from “0” to “1”, m5 turns on. In
the ideal condition, nodes X and Y in Fig. 1 would turn to the
same mid-voltage. But in reality, it is impossible for the nodes
X and Y to do this because of the on-resistance and I35 of m5.
This has an obvious effect on the comparison speed, which
will be shown in Section 2.2.

The large-signal equivalent circuit at nodes X and Y is
shown in Fig. 3.

It is hard to analyze all the different regions of the MOS-
FETs m3 to m9 when two input signals are changing. But
one situation could show why nodes X and Y cannot turn to
the same mid-voltage. When clk is “1”, and supposing that
Vy > Vx and m3, m4, m6-m9 all work in the saturation re-
gion, there is:

Ips = In7 = Ipg — Inz = Ipa + Ips — Ipg, 4)
Iy = Ké% (Vx = Vee = Vip)®

= %ﬁ7 (Vee = Vx + Vip)*, (5)
Ing = %,39 (Vx = Vin)*, (6)
Ips = %,33 (Vi1 = Vin)?. @)

If B7=89=p, Vin =—Vrp = Vr, then
Ips = Ip7 — Ipg — Ips

1 1
= Eﬁ(vcc —2Vr) (Vee = 2Vx) — §ﬁ3 (Vin1 = V1)2.
(8

In the same way, it gives
Ips = Ips + Ips — Ips
= %ﬁu (Vin2 = VT>2—%/3(VCC —2V1) (Vee = 2Vy). 9)
Adding Egs. (8) and (9), it becomes
2Ips = %,34 (Vi = Vo)* — %,33 (Vi1 = V)
+ %B (Vee —2VD) 2Vy —2Vx)

= Al +ﬁ(Vcc - 2VT) Vxy, (10)

En 16n

Fig. 4. Outputs with inaccurate threshold.

where Al is the different current caused by the different in-
puts vin; and vigy.
Also, Vxy = IpsRs0n, and then there is:

Vxy = IpsRson

1
= 5 [AIin +ﬂ(vcc -2Vr) VXY]RSOH- (11)
From Eq. (11), there is:
AL

_ﬂ (Vcc - 2VT)

Vxy = (12)

2
RSon

Equation (12) shows that the voltage difference between
nodes X and Y, i.e., Vxy, decreases when the width of the
reset-MOSFET increases. This proves that nodes X and Y in
Fig. 2 are not able to turn to the same mid-voltage during ac-
tual working.

2.2. Threshold-limit-speed effect (TLSE)

The Vxy is worth of in-depth discussion.

An effect named TLSE caused by MOSFETs m10 to m13
should be discussed first.

The “not” gates composed of m10 to m13 supply the
thresholds to nodes X and Y. If the threshold is not accurate
for nodes X and Y, one of the outputs outn and outp is not
stable. This means that one of them will rise and fall before
it restores the corresponding logic voltage level, as shown in
Fig. 4.

The output latches are used to latch the outputs follow-
ing the voltage comparator. In order to latch the right outputs
of the voltage comparator, the minimum clock period for the
latches is:

fieh = It + I + Lsets (13)

where t; and #; are the rise and fall times of the outn and outp
in Fig. 4, and f, is the setup time that the latches follow the
voltage comparator.

If the threshold of the “not” gate is accurate for the nodes
X and Y, the outputs outn and outp would be more stable, as
shown in Fig. 5.

The minimum clock period for the latches is:

tl/tch = ledge T Lset- (14)
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Fig. 6. Voltage level when the clock is “1” versus the width of m5.

Comparing Eqs. (13) and (14), #;, , < fuch, it is seen that
an accurate “not” gate threshold can speed up the comparison.
This TLSE is not obvious at a low speed, but more obvious at
a high speed, such as 2-3 GHz, which will be shown in the

simulation later.
2.3. Optimization of the reset-MOSFET

The TLSE shows that Vxy should not be very small, be-
cause a small Vxy makes it hard for the threshold to be accu-
rate enough. It means the size of m5 is not the wider the better.

The voltage of nodes X and Y versus the different widths
of m5 when Al is fixed in Eq. (12) is shown in Fig. 6.

As shown in Fig. 6, when the clock turns to “1”, one of
nodes X and Y falls from “1” to the mid-voltage and the other
one rises from “0” to mid-voltage. Vxy, which is the differ-
ence between nodes X and Y, decreases as the width of m5
increases, as shown in Eq. (12).

The threshold of the “not” gate is:

Vee + Vip + Vin \Ba/Bo
L+ \BulBy

If Bn = Bp, Vin == Vip, and Ve = 1.8V, then Vip = Vio/2
= 0.9 V. But in the real fabrication process, it is impossible
to be exactly accurate. Suppose 3,/8, is not equal to 1, but to
1.1 because the process error is 10%, and Vrny =— Vrp =V =
0.5V, giving Vi, = 0.89 V. This means that the threshold error
AV, 1s about 10 mV.

Considering the process error in the real fabrication pro-

Vine = 5)

cess, the Vxy should at least be:
Vxy > 2AVy = 20mV (error = +10%) . (16)

This could make it easier for the threshold to be accurate,
as shown in Fig. 5. Combining this with Egs. (3) and (12), a
new method to speed up the comparison has been proposed-
reducing the width of m5.

It seems that reducing the width of m5 increases 7y in
Eq. (1), which is not good for the speed. Actually, properly in-
creasing Ty helps to reduce the swing range of nodes X and
Y and keeps a more suitable Vxy for the “not” gate. Certainly,
the width of m5 cannot be too small. A too small width makes
Trec t00 large to work at high speed. So, reducing the width of
m5 properly to achieve a suitable Vxy as shown in Eq. (16)
could speed up the comparison. The optimal size of mS5 is that
which makes Vxy just a little larger than 2AVy, in Eq. (16)
caused by the process error.

From Egs. (5) and (12), it seems that increasing the width
of m6 to m9 can also increase Vxy. But the gain of the circuit
consisting of m3 to m7 is equal to!®

Av ~ gm34R50n- (17)

So, increasing the width of m6 to m9 has not made any
contributions to the gain. In contrast, reducing the width of
m5 could increase the gain, which is expected from the input
sensitivity.

3. Realization of the comparator and the simula-
tion result

Based on the discussion, a comparator that consists of
a three-stage amplifier, a voltage comparator, and an output
latches has been designed. The three-stage amplifier could re-
duce the input capacitance, which is expected at high speed!”!.

The circuit of the complete comparator is shown in
Fig. 7.

When the sampling clock is 3 GHz, the working wave-
forms at different widths of m5 are shown in Fig. 8. The out-
put latches could not latch the right outputs because outn and
outp in Fig. 8(a) are not stable, caused by TLSE. Contrary, the
latches latch the right outputs in Fig. 8(b).

A diagram of input sensitivity versus sampling frequency
at different frequencies of input signals is shown in Fig. 9.

The simulation shows that the speed of this comparator
can reach up to 3 GHz.

4. Layout and the experimental result

The complete comparator was realized in a flash ADC
design in SMIC 0.18-um CMOS technology and occupies an
active area of 60 x 10 um?. The layout of the comparator in
the ADC is shown in Fig. 10(a) and a photograph of the com-
parator is shown in Fig. 10(b).

During testing, the output of the comparator is observed
from the MSB of the ADC. Figure 11(a) shows the output and
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Fig. 7. Schematic of the complete comparator.
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Fig. 9. Input sensitivity versus sampling frequency.

the input sampling clock at a sampling clock of 2 GHz when
the input signal is 1 GHz. In Fig. 11(b), the sampling clock is
2 GHz while one input signal is a sine wave of 100 MHz and
the other is a DC voltage. In the actual testing, the peak of the
sine wave is a little higher than the DC voltage. Figure 11(b)
shows that the output turns to “1” every 20 clock cycles.

If one input signal is a sine wave and the other is a DC
voltage at the mean of the sine wave, the output would be a
square wave. In this condition, the test result shows that the
sampling rate could reach 2.8 GHz.

The experimental results show that both the rise and fall
times are 180 ps. The input offset error is less than 4 mV
and the input sensitivity is less than 5 mV when the input fre-
quency is less than 200 MHz.

A comparison between this design and some other

(b)
Fig. 10. (a) Layout of the comparator; (b) Photograph of the com-
parator.

comparators in a similar processes is listed in Table 1.

5. Conclusion

The significant effect of the reset-MOSFET on the speed
of the comparator has been discussed. The TLSE has been
discovered and resolved by decreasing the size of the reset-
MOSFET, but not by increasing the size, as is shown in tra-
ditional analyses. An improved 2 GHz comparator has been
presented. Simulation and actual testing have shown that this
comparator can work well. Such a comparator has been suc-
cessfully used in a flash ADC.
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Fig. 11. Experimental results: (a) f; =2 GHz and f;, = 1 GHz; (b) Sampling at the limit inputs.

Table 1. Performance comparison.

Reference Technology Area (um?) Max sampling Offset (mV)  Input sensitivity (mV)  Power (mW)
frequency
(GHz)
Ref. [3] 0.18 um CMOS N/A 1.25 Close to zero 15 3 @ 1.25 Gsample
Ref. [4] 0.18 um CMOS N/A 1 N/A <45 N/A
Ref. [7] 0.35 um CMOS 2100 1 < 200 N/A 0.18 @ 100 Msample
This design  0.18 um CMOS 600 2.8 <4 <5 3.2 @ 2.8 Gsample

Circuits and Systems, 2004: 246
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