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Abstract: The accuracy of A/D and D/A converters depend largely upon their inner comparators. To guarantee 12-bit
high resolution for an A/D converter, a precise CMOS comparator consisting of a three-stage differential preamplifier
together with a positive feedback latch is proposed. Circuit structure, gain, the principle of input offset voltage storage
and latching time constant for the comparator will be analyzed and optimized in this article. With 0.5 pum HYNIX
mixed signal technology, the simulation result shows that the circuit has a precision of 400 'V at 20 MHz. The test
result shows that the circuit has a precision of 600 ©V at 16 MHz, and dissipates only 78 W of power dissipation
at 5 V. The size of the chip is 210 x 180 um?. The comparator has been successfully used in a 10 MSPS 12-bit A/D
converter. The circuit can be also used in a less than 13-bit A/D converter.
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1. Introduction

In analog-to-digital converters, the comparator plays a cru-
cial role in the overall performance. An accurate and fast com-
parator is a key element in any high-resolution and high-speed
data converter. The performance of the comparator, especially
speed, power dissipation and offset voltage may have an im-
portant effect on the whole performance of ADC!!). Moreover,
the specifications must be met in the presence of non-idealities
such as those arising from device mismatch in VLSI technol-
ogy. A commonly used topology for realizing high-speed and
high-resolution comparators consists of a preamplifier employ-
ing offset voltage storage, followed by a regenerative latch. The
preamplifier in the comparator typically consists of an identi-
cal single-pole amplifier with sufficient gain, high-speed and
low power dissipation!?].

The design of the preamplifier is described and simple
equations are introduced to calculate gain, residual input off-
set voltage and converting time in the article. In this design,
preamplifier gain is sensitive to residual input offset voltage
and converting time. Increasing the bandwidth of the preampli-
fier and reducing the time constant can speed up the compara-
tor, but they can also reduce the equivalent input signal strength
because of the increased noise bandwidth and the residual error
from incomplete settling!®!. As a result, more gain is required
for the preamplifier. In the design with constrained power dis-
sipation, it is likely to apply to narrow bandwidth. Thus, there
exists a complex trade-off between various parameters in the
preamplifier design. In this paper a three-stage preamplifier
with input offset voltage storage serves as a vehicle for explor-
ing these trade-offs!4).

This paper analyzes the systemic structure of the compara-
tor, describes the circuit structure of the preamplifier, optimizes
the gain and offset voltage, and designs the latch comparator.
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2. Principle of the preamplifier-latch

The principle of the preamplifier-latch is that the pream-
plifier amplifies the input signal and the amplified signal is in-
putted into the latch comparator. For high accuracy application,
an effective way of reducing the DC offset voltage due to the
feedthrough charge is to use a fully differential scheme for the
comparator. In such circuits, not only are clock-feedthrough ef-
fects reduced, but power supply noise and 1/ f noise also tend
to be cancelled. A single-stage high-gain and offset-cancelling
comparator will have a long response time. Therefore, high-
resolution and high-speed comparators use a multistage design.
Each stage of the multistage design uses one of the low-gain
amplifier stages. Figure 1 depicts a three-stage fully differential
comparator with input offset storage (I0S). Each stage is cou-
pled to the next one with the capacitor. By closing the feedback
loop around each stage independently, the possible instability
problem of a three-stage amplifier with one feedback loop is
eliminated. The circuit operates as follows. During the offset
storage mode, the feedback switches are closed, a unity-gain
feedback loop is established around each gain stage, and the
offset voltage of the comparators is stored on the input capac-
itors. In the tracking mode, the feedback around the compara-
tors is opened and the input differential voltage is sensed and
amplified by 42, where A is the voltage gain of each amplifier
stage. The output of the comparator is stored by a latch that
produces a logic level at its output.

If Vigea and Vg represent the input offset voltage of the
first comparator and the latch respectively, the residual input
referred offset voltage is given by

Vot

Votea Qo— 01
. 1
1+ A4 + C + A3 (1

Voffset ~

From Eq. (1), if the charge injected by switch Sgy is Qo
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Fig. 1. System schematic of the comparator.
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Fig. 2. Timing chart of the comparator.

and the charge injected by switch S; is Q, the common-
mode voltage will be slightly affected by an amount equal
to (Qo + Q1)/2C;. The different input voltage AQ/C; =
(Qo — Q1)/Cq will be zero if Qg is equal to Q. In practice,
the charge injected by the two switches will never match. The
residual offset voltage due to the mismatch in the fully differ-
ential case will be less than that in the single-ended case. For
this reason most advanced integrated comparators use the fully
differential design techniquel®.

From Eq. (1), there are three methods to reduce the resid-
ual offset voltage: (1) improve the gain of the preamplifier;
(2) enlarge the input capacitor; (3) reduce the offset voltage
of the preamplifier and latch. When the gain of the preampli-
fier is improved, the bandwidth is depressed and the speed of
the comparator cannot be improved. If the input capacitor is
augmented, the charge and discharge time is longer and it also
affects the speed of the comparator. For the third method, in-
creasing the size of the input transistors can reduce the off-
set voltage of the preamplifier and latch, but the parasitical ca-
pacitor also is enlarged so that the speed cannot be improved.
Therefore, there is a trade-off between the gain of the pream-
plifier, the size of input transistor and input capacitor and the
speed of the comparator.

The mismatch between the channel charges injected from
the feedback switches introduces an unmoved offset voltage
at the input of each gain stage. The total DC offset voltage is
dominated by the offset voltage of the first stage. It is possi-
ble to reduce this type of error by implementing the sequential
clocking scheme shown in Fig. 2. The gain stages are brought
sequentially with the offset cancellation mode, AO first and A2
last. From Fig. 2, the rising edge has no delay for clock CLK1,
CLKI1D, CLK1DD. That is to say, switches Sg, S1, S, S3, S4,
and S5 are closed synchronously. The falling edge has a delay
between the CLK1 and CLK 1D and also has a delay between
CLK1D and CLK1DD. Switches S¢ and S; are opened firstly
and the charge injection for switches S,, S3, S4, and S5 has not
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Fig. 3. (a) Gain block with diode-connected load devices. (b) Gain-
enhanced differential pair.

affected the input stage. The offset voltage which is produced
by charge injection from the mismatch of switches Sy and S;
on capacitor C; is amplified by the first stage and stored on
capacitors C, and C3 before the other feedback switches are
opened. In order to cancel its charge injection error, this can
be repeated for the opening of switches S, and Sj3. Therefore,
the offset voltage due to charge injection error is in storage on
capacitors by this method. To ensure proper operation, the de-
lay between the clock edges shown in Fig. 2 should be long
enough to allow the input capacitors of the next stage to fully
absorb the offset voltage of the previous stage.

3. Multistage preamplifier

Figure 3(b) shows a differential amplifier that can be used
as the input stage of the comparator. Diode-connected transis-
tors P1 and P2 are aimed to attain the output common-mode
voltage. For Fig. 3(a), the different gain of the source coupled
pair is given by

_ _ /'Ln(W/L)Nl
Ad - gmnl/gmpl - ” Hp(W/L)Pl . (2)

For Eq. (2), the expressions of u, and ji,, are the mobility of
the NMOS and PMOS devices, respectively. The expression of
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Zmn1 18 the transconductance of MOSFET N1 and the expres-
sion of gpp is the transconductance of MOSFET P1. Equation
(2) shows the dependence of the differential gain on the square
root of the device dimensions. Higher-mobility NMOS tran-
sistors are used as input devices to achieve higher gain. Diode-
connected loads consume the voltage margin; therefore there
is a trade-off between output voltage swing, voltage gain and
input voltage range. From Eq. (2), for a given bias current and
input MOSFET size, the gain A4 shows an approximately in-
verse ratio to (W/L)p;. For attaining larger circuit gain, the
size of (W/L)p; can be reduced, which is equal to increasing
the voltage ‘ Vesp — Vinp | ; therefore common mode voltage for
node ON and OP is dropped. In order to alleviate this problem,
the bias current of the input MOSFET is partly supplied by cur-
rents /1 and I,(I; = I, = I') which come from the p-channel
current sources P3 and P4, as shown in Fig. 3(b). The g, of
diode-connected loads is decreased by depressing the current
through them, but not by reducing the size of (W/L)p;. The
gain of the modified circuit is now given by

A= un(W/L)ni(1o/2)
TN W/ Lye1(To/2 = 1)

_ pa(W/ L)ny
pp(W/L)p (1 —21/14)

If I = 0.91y/2, the gain of the preamplifier is increased by a
factor of +/10.

Because the manufacturing process has uncertainty, mis-
match always exists. Mismatch affects the performance of the
circuit and brings out the offset voltage. The offset voltage of
difference input MOFET is expressed as follows[®!:

A3)

Vos = VGS ) VTH I:A_RR AMI;I;/LL] - AVTH- (4)

In Eq. (4), R is the load resistor, and AR is the error value
for the mismatch. The expressed A(W/L) is the error value of
W/L. For Eq. (4), AVry has an important impact on V. In-
creasing the size of the MOSFET can decrease the offset volt-
age. If the size of the MOSFET is too large, it will degrade the
speed of the amplifier. Therefore, the structure of offset voltage
storage is adopted and this does not affect the speed of the am-
plifier. Figure 4 shows the simplified structure of offset voltage
storage.

Fig. 5. Schematic of the latch.
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Fig. 6. (a) Simplified schematic of the latch. (b) The small signal
model for the simplified schematic of the latch.

When switches Sy and S; are closed, the amplifier shows
unit gain negative feedback.

Vou = Vout+ — Vour— = VBa, (5)
(Vout - Vos)(_AV) = Vout~ (6)
From Eq. (5), the next equation can be drawn:
Ay
Vouw = VBa = Vos & Vis- 7
t BA = T4y (7

From Eq. (7), points A and B copy the offset voltage of the am-
plifier. Therefore, the offset voltage is in storage on capacitor
C.

4. Structure of the latch

Figure 5 shows the structure of the latch. It is a simple
multivibrator. When clock CLK is low, the latch closes. When
clock CLK is high, the latch works. The latch shows positive
feedback and the rise and fall times of the latch are shorter
than those of the amplifier. In order to understand the phe-
nomenon, Figure 6 depicts the simple multivibrator. Figures
6(a) and 6(b) show the simplified positive feedback and its
small-signal equivalent circuit with all devices in the saturation
region respectively. In Fig. 6(2), gm = gm1 +&m3 = €m2 + &ma
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Table 1. Performance comparison of the proposed comparators.
Performance Ref. [2] Ref. [5] Ref. [7] Ref. [8] Ref. [9] This design
Architecture Preamp Preamp Dynamic Dynamic Preamp Preamp
+ Latch + Latch + Latch + Latch + Latch + Latch
Technology (um) 0.4 CMOS 0.35 CMOS 1.0 CMOS 0.35 CMOS 0.35 CMOS 0.5 CMOS
Supply voltage (V) 2.5 33 5 1.5 2 5
Offset (V) 200 1000 3000 < 35000 469 600
Power consumption (W) 250 200 - 69 3300 78
Speed (MHz) 13 > 10 50 25 1200 16
Area (um?) 140 x 100 300 x 28 - - 4900 210 x 180
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Fig. 8. Simulation result of the comparator.

and g4 = ga1 + ga3 = &4z + gaa. C is the capacitance loading
of nodes A and B. It can easily be shown that the natural poles
of the circuit are 51, = £gm/C. Hence its transients are ex-
ponential functions with a time constant T = C/gy,. In the ab-
sence of positive feedback, if the inverter MOSFETs M1-M3
and MOSFETs M2-M4 are simply cascaded in an amplifier,
the time constant is " = C/gq. The ratio of the time constant
ist/t" = g4/gm = 1/A, where A is the gain of the inverter.
Since typically A = 10, the latch can be about an order of
magnitude faster than the amplifier.

S. Simulation and experiment results

The comparator was fabricated with 0.5 um HYNIX mixed
signal technology. The chip photograph is shown in Fig. 7. The
size of the circuit was 210 x 180 um?2.

Figure 8 shows the simulation result of the comparator with
0.5 pm HYNIX mixed signal technology. The signal between

Fig. 9. Test result of the comparator.

Fig. 10. Test schematic of offset voltage for the comparator.

2.4998 and 2.5002 V is introduced to Vi, and reference voltage
2.5V, which is the dotted line, is applied to Vi,. When the latch
signal (CLK) changes from low-state voltage to high-state volt-
age, Vo, changes to low-state voltage from high-state voltage.
Vop transits to high-state voltage from low-state voltage if Vi, is
larger than 2.5 V. The period of latch signal (CLK) is 20 MHz.

Figure 9 shows that typical operation waveforms are ob-
tained from the measurement of the fabricated test chip. A ramp
signal between 2.4997 and 2.5003 V is introduced to input port
Vip and the reference voltage 2.5 V is applied to another input
port Vi,. The polarity of the comparator for output ports V;,
and V,, changes around V;, = 2.50 V. From Fig. 9, it is shown
that the function of the comparator is correct. The period of the
ramp signal is 125 ns. In one period of ramp signal the latch
signal (CLK) is two periods and the comparator changes twice.
Therefore, the period of conversion for the comparator is 62.5
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ns (16 MHz).

The test schematic of offset voltage for the comparator is
presented in Fig. 10. When Vj; is larger than Vi, V;, is high
level voltage and V;, is low level voltage. The adjustable re-
sistor R» is regulated until voltage V,, is low level and voltage
Von s high level. At this time voltage Vg, is equal to the offset
voltage. The test result of the offset voltage for this comparator
is 600 uV.

Table 1 compares the performance of various comparators
in the world. It can be seen from Table 1 that much performance
already attains the advanced level for the design of this paper.

6. Conclusion

In this paper, a high speed comparator with three stage am-
plifier structure is developed. The test result shows that the cir-
cuit has an accuracy of 600 1V at 16 MHz, and dissipates only
78 uW of power dissipation at 5 V. The size of the chip is
210 x 180 p m2. The comparator has been successfully used
in a 10 MSPS 12-bit A/D converter. The circuit can be also
used in a less than 13-bit A/D converter.
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