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An offset cancellation technique in a switched-capacitor comparator for SAR ADCs*
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Abstract: An offset cancellation technique for a SAR (successive approximation register) ADC switched-capacitor
comparator is described. The comparator is designed with a pre-amplifying and regenerative latching structure
and realized in 0.18 um CMOS. With the first stage preamplifier offset cancellation and low offset regenerative
latching approach, the equivalent offset of the comparator is reduced to < 0.55 mV. By using the pre-amplifying
and regenerative latching comparison mode the comparator exhibits low power dissipation. Under a 1.8 V power
supply, with a 200 kS/s ADC sampling rate and 3 MHz clock frequency, a 13-bit comparison resolution is reached
and less than 0.09 mW power dissipation is consumed. The superiority of this comparator is discussed and proved
by the post-simulation and application to a 10 bit 200 kS/s touch screen SAR A/D converter.
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1. Introduction

As the pivotal building blocks of SoC’s (system-on-chip),
A/D converters have been widely used in HDTV (high def-
inition TV), wireless sensor nodes, touch screen controllers
and other applications. SAR (successive approximation reg-
ister) A/D converters are especially popular due to their sim-
ple architecture, small area and ease of integration with other
IC blocks!!~#]. The comparator is an essential part of a SAR
ADC and the design of a low power, low offset and high res-
olution comparator is very significant for SAR ADC realiza-
tion. Though many CMOS comparators have been described
in previous works, there are very few papers that focus on a
switched-capacitor comparator based on SAR ADC operation.
In Ref. [3], by using a self-timed comparator the power dissi-
pation of a 12-bit fully- differential SAR ADC is reduced, but
the operation and the offset cancellation of the comparator are
not described. In Ref. [4], many structures of SAR ADC are
discussed and a 10-bit low power SAR ADC is realized with
an R—C hybrid structure, but the design of the comparator is not
mentioned. In Ref. [5], two offset cancellation techniques are
proposed for comparator design but these two techniques are
not completely compatible with SAR ADC operation so addi-
tional logic control circuits are needed to guarantee the correct
operation, increasing the complexity of the whole ADC design.

In this paper, a switched-capacitor comparator that is suit-
able to SAR ADC is described in detail. The operation, power
dissipation and offset cancellation of the comparator are dis-
cussed based on SAR ADC operation. This comparator is es-
pecially compatible with the operation of charge redistribution,
R—C and C-R hybrid SAR ADC, so no additional logic control
signals need to be added. A 10 bit 200 kS/s SAR ADC with this
comparator has been realized in 0.18 um CMOS, and the sim-
ulation and measurement results can prove the applicability of
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this comparator to SAR A/D converters.

2. Structure of the proposed comparator

The typical structure of SAR A/D converter is shown in
Fig. 1. As a key part of SAR ADC, the comparator is used
to compare the sampled value of the input signal and the sub-
references generated by the D/A network. It directly affects the
performance of the converter, such as the offset, resolution, and
power.

In this paper, a pseudo differential switched-capacitor
comparator for SAR ADC is proposed as shown in Fig. 2.
Not only is the sample-and-hold function of SAR ADC com-
bined in this structure, but the input offset is dramatically re-
duced by the first stage preamplifier offset cancellation. The
whole comparator is designed with a “pre-amplify + regenera-
tive latching” approach, which improves the comparison speed
through the combination of the negative exponential response
of the pre-amplifier and the positive exponential response of
the latch. The pre-amplifiers are used to amplify the differential
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Fig. 1. A typical structure of SAR A/D converter.
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Fig. 2. Diagram of the comparator proposed.

input while the latch boosts the output of the preamplifier up to
a desired output level. In the sampling phase, the entire capaci-
tor array (Cv and Cy) is utilized to sample the input signal with
the first pre-amplifier auto-zeroed. Then, Vp = Vo = Vowm,
where Vi represents a common-mode voltage. By the end of
the sampling phase, the information of the input signal can be
stored at the input ports of the comparator with switches A,
turned off. In the comparison mode, based on the comparator
output, the output of the D/A converter is controlled by the dig-
ital logic to approximate the sampled input successively. The
capacitors Cy and Cy in Fig. 2 represent the total capacitors
that connected to the reference Vs and ground. Cy is used for
reducing the input offset caused by the charge injection and
clock feed-through of the auto-zero switches A,.

3. Design of the switched-capacitor comparator

Based on the introduction of the comparator’s application
to SAR ADC, its architecture and operation in Section 2, the
comparison approach, inherent offset cancellation compatible
with SAR ADC operation, power and speed optimization will
be described in this section.

3.1. “Pre-amplify + regenerative latching” approach

In this comparator, the comparison is finished with two
pre-amplifiers followed by a regenerative latch. The two pre-
amplifiers have a same structure as shown in Fig. 3. The cross-
coupled positive feedback realized with M3 and M4 is used to
increase the gain of the pre-amplifier, which can be seen from
the expression:

8mi,2 1
8m5,6 1 - gm3,4/gm5,6‘

Apre—amp = (1)

The second component in the right-hand of Eq. (1) repre-
sents the enhancement coefficient caused by the cross-coupled
positive feedback. For a constant gain-bandwidth product, the
increase of the gain can degrade the bandwidth of the compara-
tor. Since SAR ADC:s are usually used in low to medium speed
applications, the pre-amplifiers are usually designed to be with
a higher gain to reduce the total input offset of the compara-
torl]. The tail current of the pre-amplifiers is a critical design
variable for the comparatorl’]. It is important to find an opti-
mal compromise between a small bias current for low power
dissipation and a large value to minimize noise and maximize
the comparison rate. With the above consideration, the current
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Fig. 3. Pre-amplifier of the comparator.
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Fig. 4. Regenerative latch of the comparator.

of the comparator is designed to be tunable with the control of
Itune[2:0]. In Fig. 3, the two MOSFETs connected between the
differential outputs are used as clamped transistors to limit the
output span. The signal CR is a recovery signal for reducing the
settling time of the comparator, and the transistors M7 and M8
are used to cancel the charge injection caused by the recovery
operation.

The regenerative latch of the comparator is shown in Fig. 4.
When EN = “0” and ENV = “1”, the internal nodes A-D are
pre-charged to “1” with M5-M6 and M9-M13 turned on. Then,
M14 is turned off and no static current flows from the power to
the ground. When EN turns to “1”, M5-M6 and M9-M 13 turn
off while M 14 turns on. Then, M1 and M2 will convert the dif-
ferential input voltages (Vi,, and Vipy) to differential currents,
making the internal nodes A and B to discharge with two dif-
ferent speeds. If Vi > Vinp, the voltage of node A will decrease
at higher speed. With the increase of Vpa, M3 turns on when
Vba > Vins, making the voltages of nodes C and D not equal any
more. The voltage of node C will decrease rapidly. Therefore,
the outputs V,, and V;, of the regenerative latch will be “1”
and “0” respectively. In Fig. 4, M9-M10 and M13 are used to
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Fig. 5. Offset cancellation of the proposed comparator. (a) Sampling phase. (b) Approximation phase.

guarantee the nodes A and B to be at the same voltage level at
the pre-charge phase, which reduces the input offset caused by
the cross-coupled transistors M3-M4 and M7-MS8. M11 and
M12 are used to reduce the kickback noise of the regenerative
latch.

3.2. Inherent offset cancellation compatible with SAR
ADC operation

In SAR A/D converter, the input offset voltage of the com-
parator can directly affect the DC and AC performance of the
converter®]. As for this proposed pseudo differential switched-
capacitor comparator, its inherent offset cancellation is fully
compatible with the operation of SAR ADC, reducing the cir-
cuit complexity. The operation of the offset cancellation of this
comparator is shown in Fig. 5.

In Fig. 5, Cy and Cy form the capacitor array of the D/A
network in SAR ADC. Taking a “5 MSBs + 5 LSBs” C-R
hybrid structure as an example, the total capacitance of the 5-
bit capacitor array Ct (Ct = Cy + Cn) equals 32Cy. The
dummy capacitor array Cyq is used for reducing the input offset
caused by the charge injection and clock feed-through of the
auto-zero switches A,. With Cy directly connected to ground,
the capacitor array of the converter and the dummy array form
a pseudo differential structure.

Based on the operation described in Section 2, in the sam-
pling phase, the comparator is auto-zeroed with A, turned on,
as shown in Fig. 5(a). Wecanget: —A; (Vg —Va) = W—Vu =
Vp — Vq. Here, Ay represents the gain of the first pre-amplifier.
With Vg = VW = Vom and V4 = VQ — Vos1, we get:
—A1(Vp — Vo + Vos1) = Ve — Vi. After rearrangement, we

have:
A1 Vosi A1 Vosi

L1 CM+A1+1. 2
By the end of the approximation phase as shown in
Fig. 5(b), Vx should be equal to Vy. Taking the offset of the
second stage pre-amplifier Vpg, and the latch offset Vg3 into
consideration, at the nodes P and Q we have VP’ = Vewm and:

Vo=T1pr +

Vosz Voss
VS =Vem + Vosi + —— + ——. 3
Q CcM 0S1 A, A4, 3)
Based on the charge conservation at node Q in the sam-

pling and approximation phase, we have:

(Vo = Vin) Cr = (V3 = Viet) Cumt + V4. “4)

Substituting Egs. (2) and (3) into Eq. (4), we can get:

VietCm n Voss )
Cr A1Ar )

Vosi Vos>
A +1 Ay

in =
Then, the equivalent input offset Vs of the comparator can
be calculated as below:

Vos3
A4y

Vosi Vos2

V =
ST U+ 4

(6)

It is obvious from Eq. (6) that the offset of the first stage
pre-amplifier is divided by 4A; + 1, and the equivalent input
offset of the comparator is dramatically reduced. This advan-
tage is compatible with the operation of the SAR ADC and is
achieved without any additional circuit complexity.

4. Design results and discussion

The switched-capacitor comparator proposed in this paper
is designed based on a 0.18 um CMOS 1.8 V device model.
Under the condition of typical SAR ADC application, the de-
sign results of the comparator show that it realizes high reso-
lution and low offset with low power dissipation and a small
area.

4.1. Simulation results

With the “pre-amplify + regenerative latching” compar-
ison approach, this comparator achieves high resolution at a
proper speed with low power. The pre-amplifiers are used to
amplify a small signal to a larger level, which can turn on the
latch. The latch boosts this amplified value up to a full span.
The gain of the first and the second pre-amplifiers (Al and
A2) are designed to be about 35.2 and 16 respectively. Under
a 1.8 V supply and 3 MHz comparison speed, the minimum
input value that can be recognized by the comparator is less
than 0.22 mV, reaching a resolution of about 13-bit. The power
dissipation is about 86 uW. The post-simulation result of the
current can be shown in Fig. 6. The average current is about
48 LA.

A constant comparator offset will appear as a static shift
in the overall transfer characteristic of the ADC. If a mismatch
exists between the input transistors M1 and M2, then their ef-
fect on the pre-amplifier’s offset can be assumed to be an offset
voltage Vos),2 connected between the gate of M1 and the input
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Fig. 6. Post-simulation result of the comparator current.
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Fig. 7. Post-simulation of the pre-amplifier’s offset. (a) Simulation
circuit. (b) Simulation result.

signal, as shown in Fig. 7(a). From Ref. [5], Vos1,2 is calculated
as bellow:

1 (AWI,Z ALj

Vosi,2 = AVra,2 + =
Wi,2 Li»

) ) Vdsatl, 2. (7)

Here, AVry,» is the standard deviation of the mismatch be-
tween M1 and M2 in threshold voltage. AW; » and AL, »
are the standard deviation of the mismatch between M1 and
M2 in size. Vgsa,2 is the initial overdrive voltage of M1 and
M2. Based on the mismatch model of the 0.18 um CMOS,
Vosi,2 is calculated to be 8.2 mV from Eq. (7). By adding
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Fig. 8. Post-simulation result of the comparator for SAR A/D con-
verter.

this DC voltage source Vosi,2 as shown in Fig. 7(a), a post-
simulation is made. The simulation result is shown in Fig. 7(b).
When V,, = V,,, the difference between Vi, and Vj, is the pre-
amplifier’s offset caused by the mismatch between M1 and M2.
In Fig. 7(b), b11 and by, represent V;,, and Vo, and a;; and
a1z represent Vi, and Vi, respectively. With this method, the
pre-amplifier’s offset caused by the mismatch between M1 and
M2, M3 and M4, M5 and M6 can be found. Here, we represent
them as Voffsetl,Za Voffset3,4y and Voffset5,6, reSpeCtiVelY Voffsetl,z
= 8.2 mV, Visrers,4 = 0.83 mV, and Vigreers,¢ = 1.2 mV. The
equivalent input offset of the first pre-amplifier can be ex-
pressed as:

— 2 2 2
VOS] - \/Voffsetl,Z + Voffset3,4 + Voffset5,6' (8)

Based on the simulation and calculation method, the off-
set of pre-amp 1, pre-amp 2 and the latch are found. Here, we
represent them as Vg1, Vosz, and Voss, respectively, and we
get Vos1 = 833 mV, Vos; = 9.8 mV and Vpgz = 20.7 mV.
Substituting Vosi, Vosz, Voss, A1 and A into Eq. (6), we find
the offset of the comparator to be 0.55 mV, which is about 0.31
LSB under 1.8 V power supply for a 10-bit ADC.

Under a condition of 200 kS/s A/D conversion rate and
3 MHz clock frequency, the post-simulation result of the en-
tire comparator is shown in Fig. 8. The production of a code
needs 15 clock cycles, in which the first 5 cycles are used for
sampling and the others for generating the 10-bit output. In this
comparator design, the latching process can be finished in 1/13
clock period, making enough time (12/13 clock period) for the
internal D/A conversion and pre-amplification. The regenera-
tive latch works at high speed and consumes no static power,
making the compromise between power and speed easy.

4.2. Measurement results

This high performance pseudo differential switched-
capacitor comparator is realized in 0.18 um CMOS, and has
been successfully utilized in a 10-bit 200 kS/s touch screen
SAR A/D converter!®), as shown in Fig. 9. The area of the
whole converter is 333 x 250 um?, where the comparator oc-
cupies an area of about 173 x 30 um?2.

As for the resolution, this ADC using the proposed com-
parator has an ENOB of 9.15 with a 91 kHz input signal sam-
pled at 200 kS/s. Figure 10 shows an 8000 point DFT spectrum
for a 91 kHz single-ended sinusoidal input signal. This mea-
surement result has proved the applicability of the proposed
comparator to SAR ADC. The ADC’s imperfection in the AC
performance is mainly caused by the switches in the internal
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Fig. 9. A 10-bit SAR ADC with the proposed comparator.
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Fig. 10. DFT with 91 kHz input of the ADC with the proposed com-
parator.

D/A network, rather than the proposed comparator. As for the
DC performance, the offset of the 10-bit ADC is measured to
be less than 0.4 LSB, which is mainly caused by the mismatch
of the D/A network and the offset of the proposed compara-
tor. This 0.4 LSB ADC offset proves the low-offset merit of
the proposed comparator. Since the power supply of the pro-
posed comparator is common-used in the whole converter, the
comparator’s power is not measured independently. But the
10-bit ADC consumes 136 uW, which is very similar to the
post-simulation result. It can be inferred that this silicon proved
comparator does not vary too much in power dissipation.

4.3. Comparison with previous works

The analysis, simulation and measurement results show
that this proposed comparator displays high performance. Low
power and relatively high resolution are realized in a small
area. Without adding any circuit complexity, low offset is real-
ized with its inherent offset cancellation compatible with SAR
ADC operation.

In Ref. [3], a self-timed comparator is proposed to reduce
the power dissipation. Compared to this approach, the com-
parator proposed in this paper is also low power, and is even
simpler in structure and logic control. And the FoM (figure-of-
merit) of the ADC with the proposed comparator is less than 1.2
pJ/conversion step, which is better than the 4.83 pJ/conversion
step of the ADC in Ref. [3]. In Ref. [5], two offset cancella-

tion techniques I0S and OOS are proposed. But additional time
should be given for the offset storage phase and an additional

control logic circuit is needed in both of them. But the com-
parator proposed in this paper is completely compatible with
SAR ADC operation. No additional control signal is needed.

5. Conclusion

A 0.18 um CMOS pseudo-differential switched-capacitor
comparator is realized for a SAR ADC design in this paper.
The “pre-amplify + regenerative latching” comparison mode
is utilized to reduce the power dissipation of the comparator.
By using the first stage preamplifier offset cancellation and low
offset regenerative latching approach, the comparator’s equiva-
lent input offset is reduced. Under the condition of 1.8 V power
supply, 200 kS/s ADC sampling rate and 3 MHz clock fre-
quency, the comparator features 13 bit resolution. The input
offset is no more than 0.55 mV and the power dissipation is
less than 0.09 mW. This low power, low offset and high reso-
lution comparator is compatible with SAR ADC operation and
has been successfully applied to a 200 kS/s touch screen SAR
ADCIP core.
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