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A 14-bit 80 MS/s CMOS ADC with 84.8 dB SFDR and 72 dB SNDR

Cai Hua(%1£)" 7, Li Ping(Z°F)!, Cen Yuanjun(4'iz%)?2, and Zhu Zhiyong(%4: & 5)?

IState Key Laboratory of Electronic Thin Films and Integrated Devices, University of Electronic Science and Technology

of China, Chengdu 610054, China

2Chengdu Sino Microelectronics Technology Co., Ltd., Chengdu 610041, China

Abstract: This paper presents a design of 14-bit 80 Msample/s pipelined ADC implemented in 0.35 um CMOS.
A charge-sharing correction is proposed to remove the signal-dependent charge-injection, together with a low-jitter
clock circuit, guaranteeing the high dynamic performance for the ADC. A scheme of capacitor-switching and a
symmetrical layout technique minimizes capacitor mismatch, ensuring the overall linearity. The measured results
show that the calibration-free ADC achieves an effective number of bits of 11.6-bit, spurious free dynamic range
(SFDR) of 84.8 dB, signal-to-noise-and-distortion ratio (SNDR) of 72 dB, differential nonlinearity of +-0.63/—0.6
LSB and integrated nonlinearity of +1.3/—0.9 LSB at 36.7 MHz input and maintains over 75 dB SFDR and 59 dB

SNDR up to 200 MHz.
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1. Introduction

For modern communication systems such as wireless re-
ceivers, ultrasound applications are the main driving force
behind the improvement of high-resolution and high-speed
ADC. In particular, the improvement of an IF sampling sys-
tem requires that the ADC not only has a higher sampling
rate and over 12-bit resolution, but also other high dynamic
performance, in terms of signal-to-noise-and-distortion ratio
(SNDR), spurious free dynamic range (SFDR) and input band-
width, with low power dissipation. As the resolution reaches
14-bit, it is very difficult to design high-speed ADCs that main-
tain the required linearity over a large bandwidth maintaining
over 80 dB SFDR and 70 dB SNDR. A great deal of work
has been done for such research. The on-chip buffered ADCs
can get over 14-bit accuracy and 100 dB SFDR at over 100
Msample/s for 100 MHz input!!=#!. However, the input bipo-
lar buffers will dissipate a great deal of power and cannot be
implemented in a CMOS process. CMOS technology offers
many advantages for ADC design, including low cost, low
power consumption, etc. The CMOS switch-capacitor pipeline
is the most widely used structure to realize high-speed high-
resolution and low power ADCs. However, it suffers from
limited amplifier gain and bandwidth, MOS device charge in-
jection and capacitor mismatch. So design of such an ADC
presents many tradeoffs and challenges.

This paper presents a calibration-free 14-bit 80 Msample/s
pipelined ADC fabricated in 0.35 um CMOS process, by us-
ing a charge-sharing correction (CSC) technique, the nonlin-
earity due to signal-dependent charge-injection and the load
to the previous stage is greatly minimized. The capacitor-
switching technique and symmetrical layout for capacitor ar-
rays is adopted which reduces the capacitor mismatch a great
deal. A low-jitter clock circuit is added to maintain the ADC
performance at high frequencies with high SNDR. A dynamic
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biasing scheme and scaling technique helps to reduce the total
power consumption. The measured results show that the ADC
achieves 72 dB SNDR, 84.8 dB SFDR at 36.7 MHz input and
maintains 59 dB SNDR, 75 dB SFDR up to 200 MHz input.
At 80 Msps, the ADC consumes 303 mW power under 3.3 V

supply.

2. Architecture

The ADC structure used in this work is shown in Fig. 1. It
consists of a front-end sample-and-hold amplifier (SHA) fol-
lowed by pipelined switched-capacitor ADC, which includes
a 4-bit first stage following by eight 1.5-bit stages, and a final
3-bit flash. Each pipeline consists of a flash ADC and a multi-
plying DAC (MDAC). The use of multi-bits for the first stage
provides an optimal power and speed budget in high resolution
ADC!%:¢] and relaxes the linearity and matching requirement
down the subsequent stages. So the bias currents and capaci-
tors of these stages are scaled down by certain ratiol”). The first
two stages utilize a capacitor switching technique® to average
out the mismatch error of capacitors. On-chip trimming can ad-
just bias point for op-amp and reference currents to control the
gain and offset errors. The differential reference is externally
decoupled and is on-chip buffered to provide a stable reference
for the ADC. A low-jitter short path clock circuit is presented
later which contributes a little on-chip clock jitter.

3. Circuit design and implementation
3.1. Sample-and-hold amplifier (SHA)

Flip-around architecture is utilized for the SHA for its
unique advantages®] over charge-redistribution one. A boot-
strapped circuit is used to linearize the input switch. Usually the
input switch is made large to minimize its on-resistance, which
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Fig. 1. ADC Architecture.

Fig. 2. Flip-around sample/hold (S/H) with CSC.

also shares the charge on the bootstrapping capacitor. In order
to reduce the charge loss, sometimes a very large bootstrapping
capacitor is used. However, as the capacitor is increased, the
allowable operating frequency is lower and the external driv-
ing requirement becomes higher. In this work, a CSC circuit is
added to effectively solve above problem. As shown in Fig. 2,
during the hold phase (@, low, @, high), the bootstrapped ca-
pacitor Cyor is charged to Vpp, the input switch S1 is open, the
C1 (same size as Cpoot) of CSC is discharged to ground and N2
(dummy switch of input sampling switch S1), which has the
same size as S1, is charged to Vpp and the high-speed unity
buffer is disabled. During the sample phase (®; high, @, low),
the dummy transistor N2 is shorted to C; so that the voltage at
the gate of N2 is just the equivalent charge loss, which mim-

ics the charge-sharing between Cyooc and gate capacitance of
S1. This equivalent voltage is buffered and connects to gate of
input switch S1 (node B), effectively compensating the charge
loss due to the charge-sharing.

To further prove this theory, it can be seen that if CSC is not
added, at hold phase, the charge on Cyoot 1S Vpp Choot; at sample
phase, the charge on Cy; (the gate—source capacitance of S1)
and Cuoot 1S Vy(Cgsi + Croot), as the charge keeps constant, Vpp
Choot = Vi(Cgs1 + Cpoot), so the bootstrapping voltage loss
(AV) due to the charge-sharing is

Cgsl

AV =VWpp— Vi =Vop—"-—.
bp bb Cgsl + Cboot

M

In CSC, at hold phase, the charge on Cy; (the gate—source
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Fig. 4. THD of S/H circuit with and without CSC.

capacitance of N2) is VppCnp; at sample phase, the charge on
Cy and Cny is Vy(Cy + Cn), for VppCnz = V4 (Cy + Cnz), 50

O\

V, = Vpp———.
Y PP + G

2

As Cnp = Cgsla C1 = Cpoot, Obviously Vy = AV that
the voltage at the gate of N2 equals the voltage loss due to the
charge-sharing.

Figure 3 shows that by using the proposed CSC, the charge
loss is almost completely compensated and the input depen-
dent charge-injection is completely removed. In addition, the
total harmonic distortion (THD) of the S/H circuit with CSC is
much lower than without CSC, as shown in Fig. 4, especially
at frequency higher than 100 MHz.

For a 14-bit 80 Msps ADC design, the S/H amplifier
should have over 110 dB DC gain and 1 GHz unity-gain band-
width in practical casel®]. Usually a gain-enhanced folded-
cascode amplifier is used to meet these stringent require-
ments!'%], The bandwidth of the overall amplifier is determined
by Gun/Cy, and Gy, is proportional to the aspect ratio of the in-
put pair. Usually the size of the input pair is very large in order
to get a large bandwidth, but it will introduce a large parasitic
capacitance to the folding node and consume a lot of power. In
order to solve this problem, a symmetrical amplifier is adopted
in this work so that a current mirror is utilized instead of fold-
ing, as shown in Fig. 5. The mirror ratio determines the ampli-
fier bandwidthl!1].

A single-ended current input of a gain-enhanced amplifier
is used so as to keep the layout on the signal side clean('2].
As the current of input branch is not fixed, this amplifier can
help the main amplifier slew more quickly acting as a push-pull
function. In addition, a capacitor Cy is placed with appropri-
ate value at the output of gain-enhanced amplifier to push its
unity-gain frequency to the right place to minimize the doublet

T, 1Th O
I — -

2 T
/V\l _|

Voo
A7 N

N2 ,
l’ b2 —l
Fig. 5. Proposed amplifier for SHA.
effect('3],

The amplifier is the most power-hungry unit in an ADC. In
this work, the dynamic switching bias'¥l is adopted to reduce
the amplifier power dissipation. At the sampling phase, switch
SO connects to power supply and at hold phase, connects to
ground. The control clock for SO is a little ahead with respect
to normal sample/hold clock, preventing transient current af-
fecting the normal operation. The simulation result shows that
there is 20% power saving for the entire ADC when dynamic
switching is enabled.

3.2. 4-bit first stage

The main source of non-linearity in this ADC structure
comes from the capacitor mismatch of the first pipeline stage,
which consists of a 4-bit sub-ADC and an MDAC with gain of
8. As shown in Fig. 6, the first stage contains an 18-capacitor
array, a switching network, a sub-DAC and a two-stage gain-
boosted amplifier for the MDAC and a sub-ADC.

In this work, the poly-insulator-poly capacitor is used and
the MDAC capacitors are placed as a common-centroid for-
mation. The typical value of unit capacitance is 0.85 fF/um?,
which forms a 4.96 pF capacitor of the first stage to minimize
KT/C thermal noise. The mismatch of the capacitor pair is
proportional to the reciprocal of its area; the matching para-
meter of capacitor is defined as: ac = +/ WLO(AC—C) (ac is the
matching parameter). The random deviation provided by the
process is 0.09 which is theoretically enough for 14-bit linear-
ity. However, in practice, the mismatch parameter may vary out
of specification due to process variation. To ensure matching
accuracy, a switching network similar to Ref. [8] is added. At
each sampling phase there are two of 18 capacitors connected
as feedback capacitors and the other 16 capacitors connect to
Vin, Vier and Vpac, as determined by the 4-bit sub-ADC out-
put, so that the capacitor mismatch error is averaged out. Ac-
cording to Ref. [8], when the capacitor switching is used, the
transfer curve error due to capacitor is %(%8,’ - %aj), g and
€j (i =0to7o0r9to16; j =8 or 17)is the variation of the
unit capacitance. There is about 1-bit improvement of differen-
tial nonlinearity compared to normal MDAC operation without
using the capacitor switching technique. The large number of
switches contributes a large amount of capacitance to the SHA,
so the bootstrapping with CSC technique is also adopted here to
minimize this loading effect and remove the signal-dependent
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Fig. 6. Pipeline stage 1 in this work.
charge-injection.
The capacitor switching is utilized in second and third 1.5- t;(ADC) = \/ tj2 — tj2 (clocksource). 4)

bit pipeline stage, in which the 2-bit flash output code controls
the switching logic for a 4-capacitor array.

A layout technique for reducing the capacitor mismatch is
utilized. All the signal capacitors are surrounded by guard ca-
pacitors so that each capacitor will see the same parasitic con-
dition. The fringe capacitors are placed along the peripheral
line for the etching errors. Each signal line is shielded and cov-
ered by ground line, being isolated from the environment influ-
ence. The contact arrays uniformly locate at the top of polyl
to reduce the connecting resistance. As a result, the parasitic
for each signal capacitor is almost the same and capacitor mis-
match is greatly reduced.

The first pipeline stage should settle to 14-bit accuracy
within half of operating period, as the sampling frequency in-
creases, the allowable op-amp settling time is reduced, which
requires an MDAC amplifier with a large DC gain and unity
bandwidth. To meet this stringent requirement, a two-stage
Miller compensated gain-boosting amplifier is used. The large
DC gain (124 dB) of the op-amp in this work helps relax the
MDAC capacitor matching requirement(!3].

3.3. Clock jitter

The signal-to-noise ratio (SNR) will be significantly de-
graded by the jitter, which mainly comes from the external
clock source and the internal clock path. The clocks will add
periodical and random jitter to the ADC, and usually this jitter
is much larger than the signal noise. So at a given input fre-
quency, the SNR can be defined by

SNR = —2010g; (27 finput; )- 3)

It is obvious that a high-speed ADC is very sensitive to
the quality of the clock input. According to Eq. (3), if the total
jitter of ADC is 200 fs, at 100 MHz input frequency, the SNR
is about 72 dB. The low-jitter source with a proper band-pass
filtering can contribute jitter of 30 fs['6]. Referring to Ref. [3],
the maximum jitter of ADC is restrained by

From above equation, the maximum jitter provides by
ADC shall be less than 197 fs.

Except by using a clean clock source, the reasonable way
to minimize jitter is to utilize layout isolation, shielding and a
decoupling technique. In addition, the jitter from on-chip clock
path is
_ Veuk iteer
- dVerk / dr’

So the clock jitter is inversely proportional to the clock
signal slope and the slope can be increased by the clock buffer.
The total delay of clock path is proportional to the clock jit-
ter! 7], In this work, the differential clock input is used to cancel
the common-mode noise and a duty cycle stabilizer with short
delay controls the clock edge, which is followed by a balanced
clock distribution circuit.

As shown in Fig. 7, the buffer followed by a differential-
to-single ended amplifier (D-to-S) includes a PMOS input pair
which can accommodate a wide input range. The NMOS cross-
coupled and diode-connected pair increases the gain so as to
increase the clock slope. The DCS consisting of a Schmitt trig-
ger, a low-pass filter and flip-flops, provides the stable 50%
duty cycle clock to minimize unwanted spurs and harmonics,
allowing the duty cycle of input clock varying between 30%
and 70%. Certain dummy inverters are added to the clock dis-
tribution circuit to balance the capacitance load so that to re-
duce the clock skew in each pipeline stage. Simulation results
show that the clock jitter is estimated to be less than 120 fs.

Iy

&)

4. Measured results

The ADC is fabricated in a 0.35 pum 2-poly 4-metal CMOS
process and packaged in 32-lead ceramic LCC. The die area is
5.9 mm?, containing the pipeline ADC core, clock and refer-
ence generation, etc, as shown in Fig. 8. In the test setup, the
clock signal comes from a low-jitter crystal-controlled oscilla-
tor and is narrowly band-passed to provide an 80 MHz clock
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with less than 40 fs jitter. The clock source supply is isolated
from other parts on the board and all the supplies are heavily
decoupled. The ADC is driven differentially through a high-
frequency transformer, which helps maintain the ADC perfor-
mance in under-sampling case.

Figure 9 shows that the DNL is +0.83/—0.78 LSB, INL
is +7.1/—6.3 LSB without capacitor switching and reduces to
+0.48/—0.7 LSB and +2.8/—1.6 LSB, respectively, with ca-
pacitor switching enabled. For a 36.7 MHz input, the ADC
achieves 72 dB SNDR, 84.8 dB SFDR and 11.6-bit ENOB
at sampling rate of 80 Msps (Fig. 10). Figure 11 indicates the
measured results of SFDR and SNDR characteristics with CSC
enabled and disabled, which proves the availability of CSC
technique. The SNDR and SFDR maintain over 75 dB and
59 dB respectively up to input frequency of 200 MHz. Under
3.3 V power supply, the ADC dissipates 303 mW. The perfor-
mance is summarized in Table 1.

5. Conclusion

This paper presents the design of a 14-bit 80 Msps switch-
capacitor pipelined ADC fabricated in 0.35 um 2P4M CMOS

Clock distribution circuit

. 7. Clock generation circuit.

Table 1. ADC performance summary.

Parameter Value

Resolution/Sampling rate 14 bit/80 Msps

DNL (LSB) +0.63/-0.6

INL (LSB) +1.3/-0.9

SFDR (dB) 84.8 @ Fi, = 36.7 MHz
75.1 @ Fin, = 200 MHz

SNDR 72 @ Fi, = 36.7 MHz
59.2 @ Fin =200 MHz

Power supply (V)/Input range  3.3/2.2

(Vp-p)

Power dissipation (mW) 303

Technology 0.35 um 2P4M CMOS

technology under 3.3 V power supply. By using the CSC tech-
nique, the signal-dependent charge-injection is removed. A
technique of capacitor-switching and a symmetrical layout of
signal capacitor arrays is adopted to minimize capacitor mis-
match, and a low-jitter clock circuit is utilized to increase the
SNDR significantly. The ADC consumes 303 mW power at 80
Msps under 3.3 V supply, which achieves +0.63/—0.6 DNL
and +1.3/—0.9 INL with 84.8 dB SFDR and 72 dB SNDR at
36.7 MHz input and maintains high dynamic performance up
to 200 MHz.
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