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A CMOS 5.37-mW 10-Bit 200-MS/s Dual-Path
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Abstract—A 10-bit 200-MS/s pipelined ADC was fabricated
using a standard 65 nm CMOS technology. We propose a
dual-path amplification technique for residue generation. We split
the pipeline stage into a coarse-stage multiplying digital-to-analog
converter (MDAC) and a fine-stage MDAC. The opamps for these
two MDAC:s require different specifications. They can be designed
and optimized separately. They are turned off when not in use to
save power. We modify the operation of a pipeline stage to accom-
modate the dual-path scheme by using time-interleaving capacitor
sets. Operating at 200 MS/s sampling rate, this ADC consumes
5.37 mW from a 1 V supply. It achieves a signal-to-noise-plus-dis-
tortion ratio (SNDR) better than 55 dB SNDR over the entire
Nyquist band. The chip active area is 0.19 mm?.

Index Terms—Analog-to-digital conversion, pipeline processing,
switched-capacitor amplification, switching circuits.

I. INTRODUCTION

IPELINED analog-to-digital converters (ADCs) can si-

multaneously achieve high resolution and high sampling
rate. Previous published high-performance pipelined ADCs in-
clude 10-bit ADCs with higher than 100 MS/s sampling rate
[1]-[7], 12-bit ADCs with larger than 100 MS/s sampling rate
[8], [9], and 14-bit ADCs with larger 100 MS/s sampling rate
[10]-[12].

A pipelined ADC consists of a cascade of pipeline stages.
Each pipeline stage uses the quantized-feedforward conversion
operation to resolve its input into a digital code and an analog
residue. The residue then serves as the input for the next stage.
In most cases, it is the accuracy and speed of this residue gen-
eration that determines the overall performance of a pipeline
ADC. In CMOS technologies, the residue generation is real-
ized using a multiplying digital-to-analog converter (MDAC)
[13], consisting of an opamp, switches, and capacitors. It is
the opamp that determines the performance of an MDAC. Key
opamp specifications are dc gain, frequency response, noise,
output signal range, and power consumption. A high-perfor-
mance opamp consumes large power.

The overall ADC power consumption can be reduced by stage
scaling [14], i.e., shrinking both capacitors and opamps along
the pipeline. The average power of an opamp can be reduced
by turning it off when it is not in use [15]-[18]. The dc gain
requirement of the opamps can be relaxed by using the dual-
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residue architecture [9], [19], but the scheme demands matching
between two signal paths. The dc gain requirement of the opamp
can also be relaxed by digital calibration [20]-[25].

This paper describes a CMOS low-power 10-bit 200-MS/s
pipelined ADC. Resolution is achieved by the inherent capac-
itor matching of the technology. We avoided digital calibration
to keep design simple. We employed a dual-path amplification
technique for residue generation. An MDAC is split into two dif-
ferent paths. One path generates a large-swing signal that may
not be accurate due to the non-ideal opamp. The other path pro-
vides signal accuracy but needs only to generate a small-swing
signal. This amplification technique uses two different types
of opamps, which have different requirements and can be de-
signed and optimized separately. To save power, the opamps are
turned off when not in use. The opamps must be able to wake
up quickly for high-speed operation. In the dual-path configura-
tion, opamps can be designed with fast turn-on time. We also
redesigned the pipeline stages to accommodate the dual-path
techniques. We use time-interleaving capacitor sets to increase
the amplification time for the opamps, leading to further power
reduction. This ADC was fabricated using a standard 65 nm
CMOS technology. Operating at 200 MS/s sampling rate, it con-
sumes 5.37 mW froma 1 V supply. It achieves a signal-to-noise-
plus-distortion ratio (SNDR) better than 55 dB SNDR over the
entire Nyquist band.

The remainder of this paper is organized as follows. Section II
introduces the dual-path amplification technique and reviews
several residue generation schemes for comparison. Section II1
describes the dual-path pipelined ADC architecture. Section [V
provides detailed description of the circuits used in the ADC,
including opamps and comparators. Section V shows the exper-
imental results. Section VI draws conclusions.

II. RESIDUE GENERATION TECHNIQUES

Fig. 1 shows the architecture of a conventional 10-bit
pipelined ADC. There are eight pipeline stages. Each stage
includes an analog processor (AP). Each AP resolves one bit
with redundancy. The final stage is a 3-bit flash ADC con-
sisting of 7 comparators. An encoder combines the stage digital
outputs D5 to Dy to generate the final ADC digital output D,.
The pipelined ADC operates with two-phase non-overlapping
clocks, ¢1 and ¢2. The neighboring stages operate with clocks
of opposite clock phases. Consider the first stage AP1. Its input
V1 is available during ¢;. Voltage V7 is sampled by AP1 and
digitized into a digital code D;. AP1 is enabled during ¢3. Its
output V5 is sampled by the 2nd stage, AP2.

Fig. 2 shows the AP1 block diagram. It performs the quan-
tized-feedforward operation [26], [27]. Two comparators com-
pare analog input V; with references +V,. /4 respectively. A
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Fig. 3. Transfer function of an analog processor (AP).

local encoder generates D € {—1,0,+1} based on the com-
parison results. The digital code 1)1 drives a sub-DAC, whose
output, V¥ (Dy) = (V,./2) x Dy, is an estimate of V;. The dif-
ference V; — V¢ is amplified by a gain factor of G; = 2 to
generate the residue V5. The ideal V5 is

V.
Vaideal = 2 X <V1 -5 X D1> (1)

Fig. 3 shows the transfer function of the pipeline stage.

Fig. 4 shows a switched-capacitor multiplying dig-
ital-to-analog converter (MDAC) and its operation. This
MDAC performs the functions of sub-DAC, analog subtrac-
tion, and residue amplification shown in Fig. 2. The MDAC
consists of an opamp A; and two capacitors C; and C5. The
superscript on the capacitor name marks its pipeline stage.
During ¢1, input V7 is sampled onto the two capacitors in the
Ist stage, C{ and C3. During ¢9, these two capacitors and
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Fig. 4. A switched-capacitor MDAC.

opamp A; form a feedback amplifier. Its input is connected to
a reference V,. x D7, which represents the sub-DAC function
and can be easily realized with an analog demultiplexer. During
¢, the opamp’s output V5 is sampled by C} and C3 of the 2nd
stage. If the opamp is ideal and C] = C3, then V5 is expressed
by (1). This MDAC exhibits a residue gain of 2.

Any deviation of V» from (1) causes ADC conversion errors.
The accuracy of the MDAC depends on the opamp as well as the
capacitor ratio C] /C3. This paper does not cover the issue of
capacitor matching. We assume all capacitors are large enough
to satisfy a resolution requirement of at least 10 bits. There are
several design considerations for the opamps, including dc gain,
speed, noise, and power consumption. In addition, we want the
opamps to provide a large output voltage range to relax the
requirement for the sub-ADC and improve the signal-to-noise
ratio (SNR) of the analog signal path.

In the following subsections, we will review several low-
voltage amplification techniques that can be used to realize the
MDAC function.

A. Cascaded Amplification

Under a low supply voltage, the opamp in Fig. 4 is usually
a cascaded amplifier to provide enough dc gain. Fig. 5 shows a
two-stage opamp in the MDAC configuration. The 1st stage of
the opamp is modeled as a transconductance (,,,1 with an output
resistance 7. The 2nd stage is transconductance G2 with an
output resistance Ro. The G,,,2 stage needs a large output signal
swing, while the output signal swing of stage G,,1 is small.
The dc gain of stage (3,1 can be enhanced by using cascode.
The Miller capacitor C, is added to improve phase margin. This
opamp is active during ¢-. Its allocated amplification time is 7, .

Due to the finite dc gain of the opamp, the output V5 of the
MDAC shown in Fig. 5 becomes

1
Vo = Va ideal X (1 - f) 2)
where L = G,,,1 1 G aRa X O /(C + Cs) is the MDAC’s de
loop gain. The product G,,,1 21 G2 122 is the opamp’s dc gain
and the ratio C5 /(Cy 4+ C3) is the feedback factor of the MDAC.
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Fig. 5. Two-stage cascaded amplification.

The 1st stage G,,,1 is the major noise source of the opamp.
The input-referred noises for G,,; can be expressed as
v2/Af = 4kT(ns/Gp1) where ny is a constant depending
on circuit configuration. If C;, = Cy = Cp = C, C. = 0.5C,
then the total noise in V5 is

by

— kT
V2. = Yol X (24 4ny). 3)

Consider a 10-bit 200-MS/s ADC design. Let the circuit
shown in Fig. 5 be the first pipeline stage. The amplification
time T, is 2 nsec. Let ¢y = Cs = 300 fF for 10-bit matching.
Capacitor C';, = 300 fF is the combination of the C; and
C, capacitors in 2nd stage. The compensation capacitor C,
is chosen to be 150 fF. To make the opamp settle during T,
time and meet the MDAC accuracy requirement, we want
Gp1 = 1.04 mU and G2 = 9.35 mU. Assume the power
consumption of this opamp is proportional to G,1 and G2.
The opamp can be turned off outside ¢» to save power. Thus,
its average power consumption can be expressed as

Gml + Gm?

5 = 5.2m0. 4)

Pa@g,ca X Gm,ca -

B. CDS Amplification

The correlated double sampling (CDS) technique has been
used to relax the dc gain requirement for the opamp [28], [29].
Fig. 6 shows an MDAC using the CDS technique. It includes
a single-stage opamp modeled as a transconductor &, with an
output resistor R. The opamp has a dc gain of 49 = G, R.
During ¢, input V7 is sampled onto capacitors C; to Cy. The ¢2
amplification phase is split into ¢2, and ¢o. During ¢o,, , opamp
Gy, and capacitors C'; and C form an MDAC, generating Vs...
The opamp output V>, can be expressed as

1
Vae = Vaideal X (1 - —> 3)

La

where L, = Ay x Cy/{C5 + C4 + C) is the loop gain of
the MDAC during ¢s,. The opamp input, which is equal to
—Va./Ap, is sampled onto Cs. During ¢op,, C5 becomes an
input-coupling capacitor with a voltage shift of V5. /Ag. Neglect
capacitor mismatch. The final V5 is

1

Lb

1
CthiQa 17 6
2.id 1><< La,Lb> 6)

‘/TZ = VZ,ideal - (‘/2 - VZc) X
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Fig. 6. A correlated-double-sampling (CDS) MDAC.

where Ly, = Ay x Co/(Cy + C3) is the loop gain of the MDAC
during ¢ . Thus, this MDAC has an equivalent dc gain of A(z, X
Cy/(Cs + Cy + C5).

This CDS scheme is a coarse-fine two-step operation.
During ¢3,, the MDAC makes a coarse estimation of V5 jqcal,
precharges the output capacitor C'z,, and stores its estimation
in (5. During ¢, the MDAC needs only to make a fine
adjustment from V5, to its final output V5.

One disadvantage of the CDS technique is that the same
opamp must be used in both clock phases ¢z, and ¢op. Thus,
the opamp must satisfy both dc gain and output voltage range
requirements, which may lead to a conventional 2-stage cas-
caded design. The other disadvantage is that the noise sampled
on (5 during ¢o, shows up in V5 during ¢, [30].

C. CLS Amplificatioin

The correlated-level-shifting (CLS) technique is also a
coarse-fine two-step amplification scheme [30]-[34]. Fig. 7
shows an MDAC using the CLS technique. It includes two
separate opamps. The coarse-stage opamp is modeled as a
transconductor G, with an output resistor R;. The fine-stage
opamp is modeled as a transconductor G, ; with an output re-
sistor R2. During ¢1, input V7 is sampled onto €7 and Cs, and
an additional capacitor C3 is reset. During ¢s,, coarse-stage
opamp G,,. and capacitors C7 and Cy form an MDAC. Its
output V5. is an estimate of V5 jqea1 and can be expressed as (5)
with a loop gain L, = G,,.R1 x C2/(Cy + Cs). The voltage
Va. is sampled onto C3. During ¢2y, fine-stage opamp G, y and
capacitors C, C5, and C3 form an MDAC, generating output
Va. Opamp G, ¢ is coupled to V5 through C's. Its ouput Vs is

GrmpRs 1

Vap = Voo x —mdfi2 2 7
2 2 % Gmch 1+Lb ( )

where

Cy o Cs
(C1l|C2)+ C3+Cr ~ C1+ Cs

Ly = G Ra X ®)

is the MDAC’s dc loop gain during ¢2;. The final V2 can be

expressed as
1 1
: ©)

Vs = Vo idea 1-——
2 2.ideal X ( L. Tiln
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smaller slew rate and can be designed to possess larger dc gain.
By optimizing opamps G, and G, ¢ separately, the CLS am-
plification can achieve better accuracy and speed performances
than the CDS. Furthermore, the CLS amplification has a better
noise performance than the CDS. In the CLS scheme, the noise
sampled on C3 during ¢», is attenuated by the MDAC loop
gain during ¢ [30].

Note that, in the CLS scheme, both G, and G,y opamps
must remain active for the entire ¢ period, leading to an overall
power consumption similar to a cascaded 2-stage opamp design.
As shown in Fig. 7, the inputs of G, and G, 7 are tied together.
During ¢2, any switching action on opamps G, and G, ¢ in-
troduces kick-back charges injected to the input, resulting in er-
rors in V5. Thus, opamp G, ¢ cannot be turned off during ¢o,
and opamp G, cannot be turned off during ¢o.

D. Dual-Path Amplification

We propose a dual-path amplification technique for residue
generation. Fig. 8 shows the 1st pipeline stage using the dual-
path architecture. It includes a coarse-stage MDAC and a fine-
stage MDAC. The coarse stage generates a residue V5., which
may deviate from V5 ;qear of (1) due to the non-ideal opamp in
the MDAC. The fine stage also performs the normal MDAC
function, but its output is subtracted by V5., yielding V5. The
overall intended output V5 is

Vo = Vo + Vay. (10)

A
+\+>—>| S>—— (D Vat T\

Fine-Stage MDAC

Fig. 8. A dual-path pipeline stage.

Voltage V5, can be treated as an estimate of V5 jqea). The differ-
ence between the ideal residue V5 jqea1 and Vo, is recovered by
sz.

In this dual-path architecture, the coarse stage generates a
large-swing signal to emulate V5 jgea1. The fine stage determines
the accuracy and noise performances of the entire pipeline stage,
but needs only to generate a small-swing signal. The opamps
in these two stages have different requirements. They can be
designed and optimized separately, leading to a better overall
MDAC performance.

Fig. 9 shows a switched-capacitor dual-path MDAC. Similar
to the CDS and CLS schemes, it also employs the coarse-fine
two-step amplification technique. It includes a coarse-stage
opamp G, and a fine-stage opamp G, s. The ¢o period is
split into ¢a, and ¢op. During ¢4, input V7 is sampled onto
capacitors Cy to Cy, while C5 is reset. During ¢2,, opamp
G, capacitors Cs and Cy are configured as a coarse-stage
MDAC, generating output Va.. Voltage — V5, is sampled onto
capacitor C5. A signal of negative polarity is easily available
in a fully-differential circuit. During ¢2,, opamp G, and
capacitors C7 and Cs are configured as a fine-stage MDAC,
generating output Vo ¢. Voltage V. is subtracted from V5 by
connecting C'5 to the opamp’s input, reducing the signal swing
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Fig. 9. A switched-capacitor dual-path MDAC.

of V5. Note that capacitors C3 and C; can be much smaller
than C7, Cy, and Cj5. This is because the coarse stage does not
have stringent requirements for accuracy and SNR. Its error
can be corrected by the fine stage.

Consider only the MDAC dc characteristic. Neglect capacitor
mismatch. The coarse stage output V5. can be expressed as (5)
with a loop gain L, = G,,.R1 X Cy/(C3+ C4). The fine stage
output can be expressed as

R ) 1
Var = (Vaiideal — Vae) X (1 - L_> (11)
b

where the dc loop gain Ly, = G,y Re x Co/(C1 4+ Co + Cs).
Then, the realized intended output is

1
Vo = Voo + Var = Vo idea 1— . 12
5 2e + Vay 2.ideal X ( La,Lb> (12)

Similar to the CDS and CLS cases, the effective gain error of the
dual-path amplifier is 1/(L,L;). Comparing to (2), the dual-
path amplifier has an equivalent dc gain similar to a 2-stage
cascaded amplifier but reduced by a factor of Cy /(Cy + Cs +
Cs).

During ¢»,, the same thermal noise in V5. is sampled onto
capacitor Cs and C'r,1 . During ¢9;, the voltage sampled on C; is
subtracted from V5. In the next stage, the summation of V5, and
Va¢ cancels most of the noise sampled on C5 and Cr1, reducing
the noise power from the coarse-stage MDAC by a factor of
1/L}. Thus, the fine-stage MDAC is the dominant noise source.
The input-referred noises for G, ¢ is expressed as E/ Af =
4kT(77,f/Gmf). IfO] = 02 = 05 = C, CLQ = 120, then the
total noise in Vo is

—— kT
V2. =— x(1.6+ 1.6ny).

n,dp C (13)

Comparing (13) to (3), the dual-path amplifier has a better noise
performance than a two-stage cascaded amplifier, unless the

compensation capacitor C. is increased. Note that the capaci-
tance of U5 is calculated based on the ADC architecture de-
scribed in Section III. The capacitors in the following pipeline
stage are scaled by half.

Assume clock phases ¢9, and ¢9; equally divide the ¢o pe-
riod, i.e., T,,1 = Tyo = T, /2 where Ty, is the total amplification
time in ¢». At the end of ¢4, the coarse stage output is

T, B )
Vae (—) ~ Vs ideal [1 ~ e (Ta/2)/ } (14)

2

where 7. is the time constant of the coarse-stage MDAC. At the
end of ¢9;, the fine stage output is

T, T, e
VYQf (7) ~ |:‘/2.idnal - VQ(: (?)] |:1 — € (T./2)/ fil

(15)
where 7y is the time constant of the fine-stage MDAC. Thus, the
realized output V5 at the end of ¢, is

Vo = Vac + Vay & Vajideal [1 - G—T"'/TF”} (16)
where
1 1 1 1
= . X - + - . (17)
Teff 2 Te Tf

The above equation illustrates that this dual-path amplifier has
a settling accuracy similar to a single-path amplifier with an
effective time constant of 7.y ; and an amplification time of 7,,.
Ifr, = 74, then 7epy = 7. = 7y.

Consider a 10-bit 200-MS/s ADC design. Let the circuit
shown in Fig. 9 be the first pipeline stage. The total amplifi-
cation time 7T, is 2 nsec. Both the coarse-stage amplification
time T,; and the fine-stage amplification time T,» are equal
to Ta/2. Let C; = Cy = C5 = 3001F, C3 = C4 = 60 1F,
and Cr1 = Cra = 360 fF. The pipeline architecture described
in Section III requires larger capacitive loadings Cr; and Cr
than the C'p in the single-path amplifier. To make the dual-path
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Fig. 10. Dual-path pipelined ADC architecture.

amplifier settle during overall 7;, time and meet the accuracy
requirement, we want G, = 5.62 mU and G,y = 4.15 mU.
Assume the power consumption of the MDAC is proportional
to Gme and G, ¢. The coarse stage needs to be turned on
only during ¢s, and the fine stage needs to be turned on only
during ¢o;. Thus, the average power consumption of the overall
MDAC can be expressed as

Gmc + Gmf
_— 1
; (18)

Comparing (18) to (4), the dual-path MDAC consumes only
50% of the power of a MDAC using a 2-stage opamp of similar
settling accuracy.

Comparing to the CLS scheme, the dual-path amplification
provides similar equivalent dc gain and noise performance.
Opamps G, and G,y demand similar specifications in both
cases. The required G,,. and G,y transconductances are
similar for both cases to achieve the same settling accuracy.
However, in the CLS scheme, both G, and G,y must re-
main active during the entire ¢2 phase. Thus, a CLS MDAC
consumes twice the power of a dual-path MDAC with similar
performance.

Poog.dp X Gdp = = 2.4 m0U.

III. DUAL-PATH PIPELINED ADC ARCHITECTURE

Fig. 10 shows a 10-bit pipelined ADC using the dual-path
amplification technique described in Section II-D. Each conven-
tional pipeline stage is split into a coarse stage and a fine stage.
Consider the 1st pipeline stage. It is split into a coarse stage 1C
and a fine stage 1F. Its input is V7 and its two outputs are Vs,
and Va¢. Clock ¢y is splitinto ¢1, and ¢1,. Input V7 is available
during ¢4, . It is sampled by stages 1C and 1F, and is also quan-
tized into code Dy € {—1,0,+1}. Stage 1C is enabled during
®15. Its output Vo, is sampled by stage 1F and the 2nd stage.
Stage 1F is enabled during the entire ¢ period. Its output Va
is sampled by the second stage.

Consider the 2nd pipeline stage, it is split into a coarse stage
2C and a fine stage 2F. Its two inputs are the coarse input V.
and the fine input Va;. Stage 2C samples Va.[k] during ¢1,[%]
and Vay[k] during ¢a[k]. Its output V5. [k] is generated during
#1[k+1]. Stage 2F samples Va.[k] during ¢14[%], Va s [#k] during
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Fig. 11. Schematic and operation of stage 1C.

¢a[k], and V. [k] during ¢ [k +1]. Its output V5 7 [k] is generated
during ¢s[k + 1].

Excluding the 1st pipeline stage, all other pipeline stages em-
ploy the same architecture and the same timing scheme. Each
stage has two inputs, a coarse input and a fine input. The effec-
tive input is the summation of the coarse input and the fine input.
Each pipeline stage comprises a coarse stage and a fine stage.
Both the coarse stage and the fine stage stage have an amplifica-
tion time of half clock period in each clock cycle. Each pipeline
stage includes a sub-ADC, which quantizes the coarse stage’s
output. The sub-ADC has the entire ¢ period for quantization
operation. Note that the design of the Ist pipeline stage is dif-
ferent. It receives only one input, V;. Stage 1C has only the ¢,
period for amplification. The sub-ADC that quantizes V; has a
quantizatioin time shorter than the ¢y, period.

Fig. 11 shows the stage 1C schematic and its operation.
During ¢1,, input V; is sampled onto capacitors C1¢ and C3°.
During ¢1;, it is configured as an MDAC using opamp Aj..
Its output V5. is sampled by stage 1F and the second stage. To
save power, the opamp Aj. is enabled only during ¢1;. Fig. 12
shows the stage 1F schematic and its operation. During ¢1,,
input V; is sampled onto capacitors 011 7 and 021 7 During ¢o, it
is configured as an MDAC using opamp A; . Its output Va is
sampled by the 2nd stage. The stage 1C output — V5, is sampled
by capacitor C’;f during ¢y;. Capacitor C; is connected to
opamp A; ¢ during ¢b2 to subtract V5, from the opamp’s output.
To save power, the opamp A; is enabled only during ¢>. The
10-bit resolution requirement of the 1st stage is segmented into
a 6-bit requirement for opamp A;. and a 4-bit requirement for
opamp Aj ;.

As shown in Fig. 10, stage 2C needs to generate Vs, during ¢;
while sampling V5. during ¢1,. Two capacitor sets are required.
Fig. 13 shows the schematic and operation of coarse stage 2C
during cycle [k]. One capacitor set (C75, C35) samples Va,[#]
during ¢y, [k], while the other capacitor set (C75, C3%) is con-
figured with opamp As, to form an MDAC during ¢1 [k]. During
P2 k], the stage 2F output V ¢[k] is sampled onto capacitor C3°.
Fig. 14 shows the stage 2C schematic and its operation during
cycle [k + 1]. During ¢ [k + 1], capacitor set (C75, C35), ca-
pacitor C2¢, and opamp A, form an MDAC. The MDAC has
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an effective input of Va,.[k] + Var[k] — (V,./2)D2 and a cor-
responding output V3. [k]. The other capacitor set (C7%, C3%)
now samples Va.[k + 1] during ¢1,[% + 1]. The MDAC output
V3. |k] is sampled by stage 2F and the 3rd pipeline stage.

Stage 2F shares similar design principle with stage 2C. Stage
2F needs to generate V55 during ¢, while sampling V5 at the
same time. Furthermore, the V5. sampled in clock cycle [%] is
used to generate the V3 in clock cycle [k 4 1]. Two capacitor
sets are required. Each capacitor set contains three capacitors.
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Fig. 15. Coarse-stage opamp schematic.

Within each clock cycle, one set samples Va. and Vay, while
the other set is configured with opamp As. to form an MDAC.
There is an additional capacitor, which samples — V3. during
¢1. It is also connected to opamp Ao, during ¢» to complete the
stage-2F MDAC.

IV. CIRCUIT DETAILS

The dual-path pipelined ADC described in Section III has
been realized using 65 nm CMOS technology. It was designed to
operate under a single 1 V supply. This section describes circuit
details.

A. Coarse-Stage Opamp

Fig. 15 shows the coarse-stage opamp schematic. It consists
of two parallel signal paths [35]. As shown in Fig. 16, A1 rep-
resents the common-source amplifiers M1 and M2, A2 repre-
sents the telescopic amplifiers M7 to M12, and A3 represents
the common-source amplifiers M3 and M4. Path A has a higher
dc gain than path B due to the additional amplification provided
by A2. However, A2 contributes a dominant pole at frequency
fp1-Both Al and A3 contribute poles at the same frequency f2,
since their outputs are tied together. The signals from the two
path are summed at the output V,, creating a zero at frequency
f~. By careful placing the poles and zero, the compensation ca-
pacitor can be eliminated, results in a low power design.

Not shown in Fig. 15 are two continuous-time common-mode
feedback (CMFB) circuits, generating biases V.1 and V,.y2. To
facilitate power control, this opamp is activated by ¢ through
MOSFET switches MS1 and MS2, and CMOS switches S3 to
S6. When ¢ is low, the opamp is turned off, nodes V1, Vg2,
Vo,p, and V,, ,, are tied to a dc voltage Voaro to eliminate the
memory effect and improve turn-on time. When activated, this
opamp takes only 0.17 nsec to turn on. To reduce glitches at
outputs, S3 to S6 are turned off after MS1 and MS2 are turned
on.

In stage 1C, this opamp consumes 0.87 mW when activated,
among which the A2 telescopic amplifiers M7-M12 consume
only 0.07 mW. The opamp has a dc gain of 49 dB. The frequen-
cies of the poles and zero shown in Fig. 16 are f,; = 3.7 MHz,
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fp2 = 54.6 MHz, and f, = 44.3 MHz. When used in stage
1C, the resulting MDAC has a loop-gain unity frequency of 530
MHz and a phase margin of 67°.

This opamp exhibits several sources of errors. It is not com-
pletely settled at the end of its allocated amplification time. This
is mainly due to the slow settling of the pole-zero doublet [36],
[37]. There are extra noises introduced by the A2 telescopic am-
plifier. The opamp is not capable of input common-mode rejec-
tion. Input common-mode variation may lead to variation in the
output. Most of the errors in the coarse stage are corrected by
the corresponding fine stage.

B. Fine-Stage Opamp

Fig. 17 shows the fine-stage opamp. It is a single-stage dif-
ferential telescopic amplifier. A large output voltage range is
not required. A continuous-time CMFB circuit is used to gen-
erate V,r3. To facilitate power control, this opamp is activated
by ¢ using MOSFET switches MS1 and MS2. When ¢ is low,
the opamp is turned off, nodes V,, ,, and V, ,, are tied to a dc
voltage Viopro through CMOS switches S3 and S4. When ac-
tivated, this opamp takes only 0.14 nsec to turn on. To reduce
glitches at outputs, S3 and S4 are turned off after MS1 and MS2
are turned on.

In stage 1F, this opamp consumes 0.52 mW when activated.
It has a dc gain of 29 dB. When used in stage 1F, the resulting
MDAC has a loop-gain unity frequency of 510 MHz and a phase
margin of 110°.
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The capacitances of the capacitors in the fine stages are
chosen to meet the matching requirements. The resulting 7'/ C'
noise is much smaller than the ADC resolution.

C. Comparator

As shown Fig. 10, the ADC input V; and the outputs of the
coarse stages are quantized by the corresponding sub-ADCs.
Each sub-ADC consists of two comparators. Fig. 18 shows the
schematic of the comparators in the 1st sub-ADC that quantizes
V1. The comparator comprises a switched-capacitor input sam-
pling network and a regenerative latch. To save power, there is
no amplifier or buffer between the sampling network and the
latch. The latch offset is tolerated by the MDAC redundancy.
The sampling capacitors C; and C- are both 30 fF. Each com-
parator consumes an average power of 5 uW at 200 MS/s sam-
pling rate.

The analog input of this ADC is sampled directly by the first
pipeline stage. No additional sample-and-hold amplifier is used.
The sample-and-hold operations is synchronized for the sam-
pling capacitors C1¢ and C¢ in Fig. 11, the capacitors C11 T and
Czlf in Fig. 12, and the capacitors C'; and C' in Fig. 18. All the
V1 sampling switches controlled by clock ¢4, are bootstrapped
n-channel MOSFET switches [38].

For the other sub-ADCs, the operation of the sampling net-
work of the comparator is modified. The sampling capacitors
C and C in Fig. 18 are first precharged to V., and V,.,, re-
spectively, then they become the input-coupling capacitors for
the latch and connect to the outputs of a coarse-stage opamp.
This arrangement can reduce the total input capacitance of a
sub-ADC as seen by the coarse-stage opamp.

V. EXPERIMENTAL RESULTS

The ADC was fabricated using a standard 65 nm CMOS
process. Fig. 19 shows the chip micrograph. It has an active
area of 0.19 mm?2, including clock generator and encoder. All
capacitors are standard metal-oxide-metal (MOM) capacitors.
The chip was mounted directly on a circuit board for testing.
Voltage references are externally supplied.

Table I lists the power consumption of the opamps at 200
MS/s sampling rate. Also listed are the unit capacitances in dif-
ferent stages defined in Section III. Capacitors and opamps are
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TABLE 1
POWER CONSUMPTION OF OPAMPS.

| Stage [ IC | IF | 2C | 2F [ 3C-8C | 3F—F |
C (i) 60 [ 300 | 40 [ 200 | 30 130
Act. Power (mW) || 0.87 | 052 | 055 | 043 | 039 | 0.29
Avg. Power (mW) || 023 | 0.29 | 030 | 0.23 | 021 | 0.16

scaled along the ADC pipeline. Aggressive scaling was not pur-
sued due to design time constraint. In Table I, the active power
is the power consumption of the opamp when enabled, while the
average power is the power consumption of the opamp averaged
over the entire clock period. The opamp in stage 1C is enabled
for 1/4 of a clock period, thus, its average power is about 1/4 of
the active power. The opamps in other stages are enabled for 1/2
of a clock period, thus, their average power is about 1/2 of the
active power. At 200 MS/s sampling rate, the total power con-
sumption of the ADC is 5.37 mW, among which the opamps
consume 3.11 mW, the comparators consume 0.11 mW, the dig-
ital encoder consumes 0.36 mW, and the clock drivers consume
1.55 mW.

Fig. 20 shows the measured differential nonlinearity (DNL)
and integral nonlinearity (INL). The maximum DNL is
+0.08/—0.38 LSB, and the maximum INL is +1.36/—1.29
LSB.

Fig. 21 shows the measured output spectra at 200 MS/s sam-
pling rate. The upper plot is obtained with a 1-MHz 1.3-V,,,
sinewave input. Digital output is collected off-chip with a
down-sampling ratio of 8. The signal-to-noise-plus-distortion
ratio (SNDR) is 57 dB and the spurious-free dynamic range
(SFDR) is 64 dB. The lower plot is obtained with a 99-MHz
1.3-V,,;, sinewave input. The measured SNDR and SFDR are
55 dB and 59 dB respectively. There are time-interleaving
capacitor sets in all pipeline stages except the 1st stage. The
mismatches between the capacitor sets can introduce spurious
tone at f,/2 — f;,. In Fig. 21, this spurious tone is less than
—75 dB, much less than the 3rd-order harmonic tone.

2913

=y

o L 4

]

S0

z

o

-l

2

m 1

7]

0

—

Z -1

) PR U R R R
-400 -200 0 200 400

Output Code

Fig. 20. Measured DNL and INL.

0

n
L
m SNDR=57dB
T SFDR=64dB
S
o
S
[+
a-
n
e
o SNDR=55dB
) SFDR=59dB 4
S
o
3
n'-100 L Loudi o Ll Vb
0 0.1 0.2 0.3 0.4 0.5
Frequency (f/f5)
Fig. 21. Measured output spectra.
70 T T T T T T T T T
~ b SFDR T
m
K
60— =
& . __SNDR
L © S ©
o | T STT——e—
=]
o
& 501 .
=
® | Fg=200MS/s 4
1 | 1 | 1 | 1 | 1
40y 20 30 100

40 60
Input Frequency (MHz)

Fig. 22. Measured dynamic performance versus input frequency.

Fig. 22 shows the dynamic performance versus input fre-
quency measured at 200 MS/s sampling rate. The measured ef-
fective resolution bandwidth (ERBW) is above 100 MHz.

Table II is the ADC performance summary. This ADC con-
sumes 5.37 mW from a 1 V supply. The differential input signal
range is 1.3 V},,. The figure-of-merit (FOM) is defined as

Power

FOM = .
2ENOB 5 min{2ERBW, f,}

19
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TABLE 11
ADC PERFORMANCE SUMMARY.

Technology CMOS 65 nm
Power Supply 1V
Differential Input Range 1.3V,
Input Capacitance (Per Pin) 720 fF
Resolution 10 Bits
Sampling Rate f 200 MS/s
DNL +0.08/-0.38 LSB
INL +1.36/-1.29 LSB
SNDR @ f;;, =1 MHz 57.1 dB
SNDR @ f;, =99 MHz 54.8 dB
Power Consumption 5.37 mW
Core Area 0.19 mm?
FOM 48 fl/conv.-step

TABLE III
ADC PERFORMANCE COMPARISON.

Reference [6] [71 [39] [9] This Work
Architecture Pipe | Pipe | SAR | TI-Pipe Pipe
Technology (nm) 90 90 65 40 65

Supply (V) 1 12 125 1

fs (MS/s) 500 100 100 800 200
SNDR (dB) 53 55 59 59 56.7
SFDR (dB) 674 | 76.5 70 64.2
ENOB (Bits) 851 | 8.84 | 9.51 9.51 9.13
ERBW (MHz) 233 50 50 400 100
Power (mW) 55 4.5 1.13 105 5.37
FOM (fl/conv-step) | 300 98 15.5 180 48
Active Area (mm?) | 0.49 | 0.058 | 0.026 0.88 0.19

where f, is the sampling rate, and ENOB is the effec-
tive number of bits at low input frequency, defined as
ENOB = [SNDR(dB) — 1.76]/6.02. Table III compares
this ADC with other 10-bit ADCs that achieve > 100 MS/s
sampling rate. It shows that the pipelined ADCs can achieve a
competitive FOM at high sampling rate.

VI. CONCLUSIONS

Signal amplification is a fundamental analog function.
Accurate high-speed amplification becomes more difficult in
nanoscale CMOS technologies and under a low supply voltage.
The coarse-fine two-step amplification technique provides an
alternative amplification scheme. It decomposes the intended
signal into two separate signals of different properties. It facili-
tates the use of switching opamps with fast turn-on time to save
power. In the pipeline stage design, the use of time-interleaving
capacitor sets increases the amplification time for the opamps,
leading to further power saving. We designed a 5.37-mW 10-bit
200-MS/s pipelined ADC to demonstrate the above techniques.
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