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Abstract: This paper presents a fully-differential CMOS dynamic comparator for use in high-speed pipelined ADCs with

low stage resolution. Because the architecture is based on the coupled current sources and differential input pairs, this com-

parator’s threshold voltage can be adjusted to a desired level. Compared with traditional comparators, this one shows sig-

nificant improvement in area,power,and speed. Fabricated in 0. 35um CMOS technology it occupies only 30pm X 70pm.

Simulation and measurement results indicate the comparator has a sampling frequency up to 1GHz with 2Vpp differential

input signal range and only 181,W power consumption under a 3.3V supply. The speed/power ratio reaches up to

5524GS/J.
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1 Introduction
Wide application devices
makes the power consumption a critical constraint in
most circuit designs, where analog-to-digital convert-
ers (ADCs) are usually independent components. For
high-frequency input signal and high-resolution re-

in power-sensitive

quirements,the pipelined ADC solution has proven to
be a good choice for its speed and power advantages
compared to other ADC architectures'' ™. In most
pipelined ADCs, one of the key building-blocks is a
low-resolution flash quantizer, whose core is com-
posed of comparators. Because of the repetition in
pipelined architecture,this quantizer core has a domi-
nant effect on the speed, accuracy, and power con-
sumption of the whole ADC.

This paper presents a fully-differential CMOS
dynamic comparator, whose power
area,and speed characteristics manage a good trade-
off. This comparator is based on the traditional resis-
tive divider comparator. By modifying the circuit, this
comparator greatly improves in speed and maintains
the merits of small area and no static DC power. Con-
sidering that this comparator aims to be used in pipe-
lined ADCs,its threshold voltage can be adjusted pro-
portionally with the change of the ADC reference
voltage. The ratio between the threshold voltage and
the reference voltage can be easily set to a desired

consumption,
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level by setting the size of the transistors in the circuit
design.

2 Architecture considerations

The first consideration lies in the basic circuit to-
pology. In the design of an ADC, fully differential an-
alog signals are preferred for better power supply re-
jection and immunity to common mode noise. In line
with this, the comparator should be fully differential
too. Thus, both the input signal and the reference
voltage should be differential.

The second consideration is based on the compa-
rator’ s application environment. For a high-speed
pipelined ADC, the comparator’s speed is a critical
parameter, whose optimization is of utmost impor-
tance. However, when the redundant sign digit (RSD)
correction is used, offset tolerance of the comparator
is greatly relaxed. For example,in the 1. 5bit/stage ar-
chitecture, an offset within = Vyg:/4 is acceptable.
Thus,for a desired comparator,use of the pre-amplifi-
cation stage for high accuracy becomes unnecessary
and might even compromise the speed. Consequently,
for better speed performance, a comparator with a
single stage is desirable, and should also reduce the
power and area consumption.

Another important consideration is cost-efficien-
cy. Several circuit topologies have been published in
the past,and a major difference among these circuits

(©2008 Chinese Institute of Electronics
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Fig.1 Traditional dynamic comparator

is the type of latch employed. Some employ a static
latch and others make use of a dynamic one. The for-
mer has DC power consumption all the time, but the
latter only has power consumption when the latch sig-
nal is positive. Although the static latches have a
smaller amount of kickback noise,the dynamic topol-
ogies are favorable after taking into account minimum
power consumption.

Based on the above considerations,only the dif-
ferential dynamic architectures will be focused on in
our design. There are two kinds of dynamic topolo-
gies: switched capacitor and resistive divider. Due to
the small area requirement,the switched capacitor ar-

[4,5]

chitecture is not preferred here.

3 Traditional comparator topologies

A widely-used dynamic comparator in the pipe-
lined ADC is based on a differential sensing ampli-
fier,presented in Fig.1". The nMOS transistor M1~
M4 operate in the triode region,which form equal re-
sistors R, (by M1 and M2) and R, (by M3 and M4).
The conductance of R, and R, are given by

G, :Rilzkp[%wmﬁvm) + 2 Vige = V)|
(D)

G, = Rlv - kp[%wm,— Vi) + %(vmfvm)]
“ (2)

The comparator threshold voltage is given when G,
equals to G,.That is

W,
Virestoa = Vine = Vine = 7W_ Vrer
1
W,
= W; (Viers = Vier ) (3

This implies that arbitrary thresholds can be set by
adjusting the ratio of W,/ W, . For instance, the com-
parator threshold levels at £ Vyge/4 can be generated
by setting the required ratio to 1/4.

No static power consumption and a linearly ad-
justable threshold are the most distinct advantages of
this architecture. However, there is a drawback de-

rived from the mismatch of the transistors. For the
transistors M5 and M6, the transconductance can be
written as

W5.6

= Ho Cox L

8 ms.6 (Viso = V) 4

At the beginning of the latching process, the
transconductrances g, and g.,s are much larger than
the conductance of the left and right input branches.
This makes M5 and M6 dominant in determining the
latching balance.

Any mismatch between the transistors M5 and
M6 causes large offset voltages. Thus a few hundred
millivolts offset often occurs when M5 does not match
M6 perfectly. M7 ~ M12 are not critical in terms of
mismatch, because they are attenuated by M5 and
M6. In addition, this comparator is sensitive to the
asymmetry of load capacitance,so that extra inverters
as buffer stages are needed.

4 Proposed comparator

In order to overcome the drawbacks of the above
comparator architecture,a modification is introduced
to make the comparator insensitive to mismatches.
The basic idea is to keep all the transistors saturated
except for those transistors used as switches. To
achieve this, the transistors M5 and M6 in Fig.1 are
moved to the bottom of the schematic as current
sources. Because these two current
switched on and off,there is no static current path be-
tween the supplies. Thus, this remains a dynamic to-
pology without static power consumption. The phrase
of “all the transistors in saturation region” makes

sense only when the latch signal is positive. This fully

sources arc

differential dynamic comparator is shown in Fig. 2.
The following is the operation process of the
comparator. In the beginning, the latch signal is low,
and there is no current through M5 and M6. At that
time, M9 and M12 are switched on. As a result, the
outputs are shorted to Vpp. At the same time, M7 and
M8 conduct all of the drains of the input transistors
M1~M4,i.e.nodes A and B in Fig. 2,to Vpp. When
the latch signal is high, the current sources M5 and
M6 are switched on and enter the saturation region to
conduct and M1 ~ M4 also enter the saturation re-
gion. M5 and M6 determine the bias currents of the
two differential pairs M1-M2 and M3-M4. The current
division in the differential pairs and between the cross
coupled branches determine the threshold voltage.
Suppose W, = W,, Wy =W, and L, =L, =L;=
L,= L,the currents through M1~ M4 and M5~ M6

have the relationship given by'®
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Fig.2 Schematic of the proposed comparator
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The flipping point of the comparator occurs when the
current Ip; equals Ipg, for both output branches are

Vieer-)? (6)

equal. This relationship is described in Eq. (7):

In; = Iy + Iy (7)
and Eq. (8):

Ips = Iy + Ips (8
Thus,Equation (9) can be derived from Egs. (7) and
(8).

Iy + Iny = Iy + I (9

Substituting Eqgs. (5) and (6) into Eq. (9), Equation
(10) can be deduced:

H 1 2 4 ID5 2 3 2 4 IDG 2
—V — - V. =—V — -V
L ‘N\/ W, UNTL REF\/ W, R
HMn Cox n Cox )

L L
(10)
where
Vin = Vine = Vi 1D
and
Veer = Vieers — Viger- (12)

Given the relationship of Vi with Vg and Ips with
I separately,the relationship between W, and W, is
fixed. Consequently, an arbitrary threshold point can
be obtained by properly setting the values of W3 and
W,.

In addition,because in Eq. (10),both W,/L and
W,/L show up in the numerator and denominator,
the change of W, or W3 has less effect on the equality
of Eq. (10). This implies that the effect of the mis-
match is reduced.

These deductions are based on the square law.
However,in the operation process of the comparator,
the overdrive voltage and drain-source voltage of M5
and M6 could be fairly high. In order to avoid velocity
saturation and keep the square law effective, the
channel length of M5 and M6 should be long enough.
Furthermore, the channel length of M1~ M4 should
also be relatively long so that they still follow the
square law.

In order to improve the comparator’s speed per-
formance, two extra transistors, M13 and M14, are
added in this improved topology. These two pMOS
transistors shorten the delay time when the drains of
the four input transistors M1~ M4 reach Vpp . which
greatly reduces the response time. Another important
function of these two transistors is to help other tran-
sistors work in the saturation region after the rising
edge of the latch clock. Simulation results show that
this modification improves the comparator’ s per-
formance. Some concrete analysis combined with ex-
perimental and simulation results will be demonstra-
ted in section 5 to explain the improvement in speed
performance.

In order to make the two output loads match,two
inverters follow as the output buffers. They also
greatly reduce the following circuits’ effect on latch
nodes,which are very sensitive.

The offset of this comparator is mainly deter-
mined by the offset of the differential pairs, which
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The comparator was designed and fabricated in =X
standard 0. 35,m 2P4M CMOS technology (Charted ' 'ﬁmﬁgfl
Semiconductor, Singapore). The layout of the circuit ' 1R/H8
and the microphotograph of the chip are shown in : ; g 1]
Figs.3 and 4, respectively. It should be noted that an ' E ?’ﬁk
internal buffer is added to drive the capacitive load o ' i J’;Z
introduced by the pads and probes. AR CHHW
The comparator’ s functional performance was . 00T i
C
tested under a 3. 3V supply with a clock of 10MHz.
Figure 5 shows the measured output waveforms when Fig. 5 Transient waveforms (a) Input signal frequency is

Vin- =1.65V and Viy, is a sine wave with an ampli-
tude of 300mV modulated on 1. 65V DC voltage. For
convenience, the threshold voltage is set to 0V. The
input frequencies are 1,2,4MHz respectively and are
shown in Figs. 5 (a),5 (b), and 5 (c¢). The upper
parts are the output signals of the comparator and the
lower parts are the latch signals.

The comparator is expected to work for a clock
frequency higher than 100MHz and an input signal
frequency up to 50MHz. Figure 6 is the simulation re-
sults of the time response with 100MHz, 400MHz,

t

Fig.4 Microphotograph of the chip (partiaD)
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1MHz; (b) Input signal frequency is 2MHz; (¢) Input signal fre-
quency is 4MHz

700MHz and 1GHz latch clock signals. The figure im-
plies that the comparator with M13 and M14 should
have a sampling frequency of up to 1GHz, while with-
out M13 and M14 the comparator fails to operate
properly above 400MHz. The reason for the improve-
ment in speed is that these two transistors switched on
so quickly that the drains of the four input transistors
reach Vpp immediately after the rising edge of the
latch signal. This greatly reduced the impact of the
parasitic capacitors related to nodes A and B.

In addition to optimization of the circuit archi-
tecture,the optimized regeneration time constant also
needs to be considered to improve the speed perform-
ance. The regeneration time constant ¢ can be given
by

Co

T —

m

a4

where g, is the initial transconductance of nMOS
transistors. Cp is the total capacitance in A and B. In
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In these figures,
the former is without M13 and M14 and the latter is with M13

order to obtain a speed as high as possible, Cp should
be larger and g, should be smaller. In terms of a fixed
ratio of W, and W, the currents are decided by M5
and M6. In order to maximize the g, in Eq. (14),the
currents through M 5 and M 6 should be larger. This

(W/L)ws/(W/L)ys with 1GHz latch clock
(b) Falling edge

(a) Rising edge;

can be realized by adjusting the value of W/L.

Simulation results show the regeneration time has
little relation with the absolute value of ( W/L )y
but changes with the ratio of (W/L)ys/(W/L)yg.
The simulation result is shown in Fig. 7, which illus-
trates the regeneration time’ s variations with the
transistors ratio of W/L.

Offset was tested under the assumption that this
comparator was used in a 2Vpp input range and
1. 5bit/stage pipelined ADC.,i.e. ,the threshold volt-
age is 250mV. A fully-differential signal was added as
the input signal, with its common-mode voltage level
varying from 1. 15 to 2. 15V. The measurement results
are shown in Table 1 and Fig. 8. The optimum com-
mon mode voltage with the smallest offset occurs at
1.4V.

Table 1 Measured offset
Input CM Input signal when comparator flips /V Offset Input CM Input signal when comparator flips /V Offset
voltage/V Vine Vin- ViNn=Vin+ = Vin- /mV voltage/’V Vine Vin- Vin=Vin: = Ving /mV
1.20 1.388 1.012 0.376 126 1.70 1.780 1.620 0.160 -90
1.25 1.414 1.086 0.328 78 1.75 1.826 1.674 0.152 -98
1.30 1.446 1.154 0.292 42 1.80 1.874 1.726 0.148 -102
1.35 1.482 1.218 0.264 14 1.85 1.922 1.778 0.144 -106
1.40 1.520 1.280 0.240 -10 1.90 1.970 1.830 0.140 -110
1.45 1.560 1.340 0.220 -30 1.95 2.018 1.882 0.136 -114
1.50 1.602 1.398 0.204 - 46 2.00 2.066 1.934 0.132 - 118
1.55 1.644 1.454 0.190 - 60 2.05 2.116 1.984 0.132 -118
1.60 1.688 1.512 0.176 - 74 2.10 2.166 2.034 0.132 -118
1.65 1.734 1.566 0.168 - 82 2.15 2.214 2.086 0.128 - 122
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Table 2 Performance comparison of the proposed comparators
Performance Ref.[7] Ref.[8] Ref.[9] Ref.[9] This design
. Improved Capacitive Resistive . . .
Architecture Preamp . i i . Differential pair
preamp differential pair divider
Technology 0.35um CMOS 0. 35ym CMOS 0. 35um BiCMOS 0. 35um BiCMOS 0. 35pm CMOS
Suppl
PPy 3.3 1.5 3 3 3.3
voltage/V
Input range/Vpp 2 3 — — 2
Offset/mV 50 35 75 290 <200
Sampling
1.0 0.2 >0.1 =>0.1 1
frequency/GHz
Area/pm? — — 2800 1200 2100
Power 810 320 181
, 2000 69 )
consumption/ W (@100Msample @100Msample @100Msample
(Speed/Power) /(GS/]) 500 2896 — — 5524
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Fig.8 Offset under different common-mode input voltages

6 Performance summary and comparison

The performance results are listed in Table 2. A
comparison between the proposed comparator and
those in literature is also summarized in Table 2. Be-
sides the characteristics mentioned above,the ratio of
the speed to power consumption can be used as a per-
formance metric of the comparator. The Speed/Power
metric for the proposed comparator is 5524GS/J.
Compared with the commonly used static compara-
tors, our design has a significantly improved speed/
power ratio.

7 Conclusion

In this paper,a dynamic comparator architecture
suitable for high-speed applications is presented. It

consists of two cross coupled, switched current

sourced differential pairs loaded with a latch. The
threshold voltage of the comparator can be adjusted
with the dimensions of the input and current source
transistors. The comparator was fabricated in 0. 35m
standard CMOS technology. The results demonstrate
that the proposed comparator has a good speed char-
acteristic and uses low power and small area. It is in-
herently suitable for high-speed and power sensitive
pipelined ADCs.
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