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Abstract

To promote the government policy and
satisfy the industry’s need, this project combines
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the resources of several researchers to
investigate the mixed-signal circuit techniques in
nanoscale CMOS technology. There are 5
sub-projects in this combined project: (1)
high-performance transceivers for optical
interconnects, (2) the study of contactless
high-speed chip-to-chip communication interface
design, (3) advanced Gm-C analog filter design
techniques, (4) high-performance analog-digital
conversion techniques, and (5) development of
advanced on-chip ESD protection circuits.

The topics of all the sub-projects are related
to the mixed-signal circuit techniques. Besides,
the resources of all the sub-projects can be
shared in this combined project. In addition, the
technical abilities of the graduated students will
be enhanced to satisfy the need of IC design
industry in Taiwan.
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3.1) A CMOS 5.37-mW 10-Bit 200-MS/s
Dual-Path Pipelined ADC

A pipelined ADC consists of a cascade of
pipeline stages. Each pipeline stage uses the
quantized-feed forward 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 generation that
determines the overall performance of a pipeline
ADC. In CMOS technologies, the residue
generation is realized using a multiplying
digital-to-analog converter (MDAC), 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-performance
opamp consumes large power.

We have designed a CMOS low-power
10-bit 200-MS/s pipelined ADC. Its resolution is
achieved by the inherent capacitor 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 different paths. One
path generates a large-swing signal that may not
be accurate due to the non-ideal opamp. The
other path provides 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 designed 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 configuration, 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.

We propose a dual-path amplification
technique for residue generation. Fig. 3.1 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 Vj,, which may deviate
fromV;igeal due to the non-ideal opamp in the
MDAC. The fine stage also performs the normal
MDAC function, but its output is subtracted by
V3, yielding V¢ The overall intended output V;
is

Vo=Vt Py

Voltage V. can be treated as an estimate of
Va.ideal- The difference between the ideal residue
V2.ideal and Vy is recovered by Vay.

In this dual-path architecture, the coarse
stage generates a large-swing signal to emulate
Viideal- 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. It can be shown
that, comparing to a conventional MDAC with
two-stage opamp, this dual-path design provides
similar accuracy and speed but consumes only
50% of the power.

Fig. 3.2 shows a 10-bit pipelined ADC using
the dual-path amplification technique described.
Each conventional 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 V; and its two
outputs are V. and Vi Clock @1 is split into
®la and ®1b. Input V; is available during ®1a.
It is sampled by stages 1C and 1F, and is also
quantized into code D; in {-1,0,+1}. Stage 1C is
enabled during ®@1b. Its output V. is sampled by
stage 1F and the 2nd stage. Stage 1F is enabled
during the entire @2 period. Its output V¢ is

sampled by the second stage.
Vac %

Vi

1 +
(S IENES
1 1
Hh | |+
b Encoder
Y

Fine-Stage MDAC

Fig. 3.1. A dual-path pipeline stage.
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Fig. 3.2. Dual-path pipelined ADC architecture.



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 V¢ Stage2C samples Vj[k] during @ 1b[k]
and Vadk] during ®2[k]. Its output Vj.[k] is
generated during ®1[k+1]. Stage 2F samples
Vao[k] during ®1b[k], Vadk] during ®2[k],and
Vic[k] during ®1[k+1]. Its output Vidk] is
generated during ®2[k+1].

Excluding the Ist pipeline stage, all other
pipeline stages employ the same architecture and
the same timing scheme. Each stage has two
inputs, a coarse input and a fine input. The
effective 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 have an
amplification 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 ®2 period
for quantization operation. Note that the design
of the 1st pipeline stage is different. It receives
only one input, V;. Stage 1C has only the 1b
period for amplification. The sub-ADC that
quantizes Vi has a quantization time shorter than
the 1b period.

The ADC was fabricated using a standard
65nm CMOS process. Fig. 3.3 shows the chip
micrograph. It has an active area of 0.19mm’,
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. At 200MS/s
sampling rate, the total power consumption of
the ADC is 5.37mW, among which the opamps
consume 3.11mW, the comparators consume
0.11mW, the digital encoder consumes 0.36mW,
and the clock drivers consume 1.55mW.

Fig. 3.4 shows the measured differential
nonlinearity (DNL) and integral nonlinearity
(INL). The maximum DNL is+0.08/-0.38LSB,
and the maximum INL is +1.36/-1.29LSB. Fig.
3.5 shows the dynamic performance versus input
frequency measured at 200MS/s sampling rate.
At low input frequencies, the
signal-to-noise-plus-distortion ratio (SNDR) is
57dBand the spurious-free dynamic range
(SFDR) is 64dB. The measured effectivere

solution bandwidth (ERBW) is above 100MHz.
Table 3.1 is the ADC performance summary.
This ADC consumes 5.37mW from a 1V supply.
The differential input signal range is 1.3Vpp.

0.08 mm

E
EncoderD I E

AR

069mm

Fig. 3.3. ADC chip micrograph.
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Fig. 3.4. Measured DNL and INL.
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Table 3.1: ADC performance summary.

Technology CMOS 65 nm
Power Supply v
Differential Input Range 1.3 Vi
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 @ fy, =1 MHz 57.1 dB
SNDR @ fs, =99 MHz 54.8 dB
Power Consumption 5.37 mW
Core Area 0.19 mm’
FOM 48 fl/conv.-step
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Bl 4.3. SEM photo of core circuit after 500-V CDM ESD
test.

@A) FREAEZLFT I ERVZ IR~
Hx 2{IETRBLAY

ol Sk ?}.ii“'fﬁ"* blg ko A3 FE - F
RAARTES T2 g ¢ 4 r iTiE S ,;ﬁ“gl
aimﬁﬁ‘Mamﬁﬁﬁﬁj}i@J
(Electrical Overstress, EOS)en % X sc # L
FERT R VR B S IR L - B I I}
PR 278 HT R BH/ N2 cd TREBH
Bl 4.4 #7575 o pt 4 D en™ jF 2 3 0.6-um 40 R
# Bipolar-CMOS-DMOS (BCD)# 424 it ;4
Fdp BT N FHE o

Additional Sensmg and

|
1
|
|
|
|
|
connected connécted |
|
|
|
|

to the to the
L gate gate
‘GND terminal terminal

of MHP6 of MHP7 K

B8] 4.4. New proposed sense and compensation circuit.

TR TEEAVAARE ZRA
ERL P f’r‘& 3 (Safe Operating Area,
SOA)e &R 5 ¥ - BE R 7 LR RI - &~
PR erforslga SOA Mg - &
- it 2 > :cd SOA BAE o ¢?;
E* 2o 0 VU AT RRBETI b AeE ~ AR S
B~ TR R > #5158 SOA ik it
meed om e G oo e L 22 R g
%&%%%‘?wi%ﬁﬁ‘ﬁ&%ﬁ%%
FooRh- BFHMTREF TR B
@ﬁ%&mﬁﬁw,aﬁua%ﬁaiﬁﬁé

R ERRERT R RF L
ZeAsa B o~ o BT E TR R E o

= 1 w P
4.5 ZA i arde den :‘%‘rﬁfﬁi?d?ﬁ%w
R I = L 1;7} PETRFEREN ;
PRIRLREY/ W SN A T :
0.13-um 1.8-V CMOS @4z ¥ F iF> &k Stk B

FRT S L A L S
%’—‘;_T:“f /FMJLIIL}/} Lm/}ﬁ’fﬂ %“é-l;]%%mngu
Kk TG ASLE DA B &R
P v e £ oar B R TE 0 € AT R U EL
(reset) i kA p B iTw AR ende (7> B 4.6 5 F
ERET TG R RIFEKE
Voo & e Voos
= AL
50Q | 3pF
Bl Vo
| E i i
| T 8
5‘m!ﬁm.z Iﬁzo/n.z r{
— -
L e —
[ 5001 3pF
: e Vaurs
i25/0.2 s 100/0.
ol 3] [
N T —
500 3pF
: p‘%l_'l J— Vour2
I
wniwrﬂ%:{ﬁ‘om r|
;_______________~__ __[—_Ml\'m
L, - Vo, 3
[ 500 | 3pF |
| Vours|
| 50/0.2]4—{[50/0.2 H
w | wo | & |
——————— Cw—m70 —
" Noise Filter ' ———— o _ ___ W
Network CR-Based Transient Vreser X

Detection Circuit

] 4.5. Proposed 4-bit transient-to-digital converter.

C‘\Z‘é Air-Discharge

\k: Test Mode

' Auto Test Main Board

Oscilloscope

Detection
Circuit

] 4.6. Measurement setup for system-level ESD test.



In
i
i,

PEEAFEL N0l £ T 3l p AR
LodFEhPRE DRSS EE AT
GBI PBEL 0 S FR 10 FRFED

i H v o FEmETE

E 8
Fod rRAPATE AL G o

Bl BB ESY A
REFEERRT RO RENEEF
Mo B AR T 4 B

SR ERWmc
Journal

[1] T.-Y.Lu, C.-Y. Yu, Wei-Zen Chen, and C.-Y. Wu,
“Wide tuning range 60 GHz VCO and 40 GHz DCO
using single variable inductor,” IEEE Trans. Circuits
and Systems. I: Reg. Papers, in press. (SCI)

[2] T.-Y.Luand Wei-Zen Chen, “A 3-10 GHz, 14-band
CMOS frequency synthesizer with spurs reduction
for MB-OFDM UWB system,” I[EEE Trans. Very
Large Scale Integration Systems, vol. 20, no. 5, pp.
948-958, May 2012. (SCI)

[3] Wei-Zen Chen, W.-W. Ou, T.-Y. Lu, S.-T. Chou,
and S.-Y. Yang, “A 2.4 GHz reference-less wireless
receiver for 1-Mbps QPSK demodulation,” /EEE
Trans. Circuits and Systems. I: Reg. Papers, vol. 59,
no. 3, pp. 505-514, Mar. 2012. (SCI)

[4] Y. Chai and Jieh-Tsorng Wu, “A CMOS 5.37-mW
10-Bit 200-MS/s dual-path pipelined ADC,” IEEE J.
Solid-State Circuits, in press. (SCI)

[5] H.-W. Tsai and Ming-Dou Ker, “Layout
consideration and circuit solution to prevent EOS
failure induced by latchup test in a high-voltage
integrated circuits,” IEEE Trans. Device and
Materials Reliability, in press. (SCI)

[6] C.-Y. Lin, T.-L. Chang, and Ming-Dou Ker,
“Investigation on CDM ESD events at core circuits
in a 65-nm CMOS process,” Microelectronics
Reliability, vol. 52, no. 11, pp. 2627-2631, Nov.
2012. (SCD)

[7] C.-Y. Lin, L.-W. Chu, S.-Y. Tsai, and Ming-Dou
Ker, “Design of compact ESD protection circuit for
V-band RF applications in a 65-nm CMOS
technology,” [EEE Trans. Device and Materials
Reliability, vol. 12, no. 3, pp. 554-561, Sep. 2012.
(SCD

[8] W.-Y. Chen and Ming-Dou Ker, “Characterization
of SOA in time domain and the improvement
techniques for using in high-voltage integrated
circuits,” [EEE Trans. Device and Materials
Reliability, vol. 12, no. 2, pp. 382-390, Jun. 2012.
(SCI)

10

[91 C.-Y. Lin, L.-W. Chu, and Ming-Dou Ker, “ESD
protection design for 60-GHz LNA with
inductor-triggered SCR in 65-nm CMOS process,”
IEEE Trans. Microwave Theory and Techniques, vol.
60, no. 3, pp. 714-723, Mar. 2012. (SCI)

[10] Ming-Dou Ker and C.-C. Yen, “New 4-bit
transient-to-digital converter for system-level ESD
protection in display panels,” IEEE Trans. Industrial
Electronics, vol. 59, no. 2, pp. 1278-1287, Feb. 2012.
(SCI)

Conference

[1] Wei-Zen Chen, T.-Y. L., Y.-T. Wang, J.-T. Jian,
Y.-H. Yang, G.-W. Huang, W.-D. Liu, C.-H. Hsiao,
and S.-Y. Lin,” A 160-GHz receiver-based
phase-locked loop in 65 nm CMOS technology,” in
Proc. IEEE Symposium on VLSI Circuits, 2012, pp.
12-13.

[2] Y.-H. Chen and Wei-Zen Chen, “A 0.6-7 Gbps, 1/7
rate, burst mode clock and data recovery circuit and
demultiplexer,” in Proc. IEEE RFIC Symposium,
2012, pp. 531-534.

[3] S.-T. Chou, S.-H. Huang, Z.-H. Hong, and Wei-Zen
Chen, “A 40 Gbps optical receiver analog front-end
in 65 nm CMOS,” in Proc. IEEE International
Symposium on Circuits and Systems, 2012, pp.
1736-1739.

[4] Y. Chai and Jieh-Tsorng Wu, “A 5.37mW 10b
200MS/s  dual-path pipelined ADC,” IEEE
International Solid-State Circuits Conference
(ISSCC), 2012, pp. 462-463.

[5] L.-W. Chu, C.-Y. Lin, S.-Y. Tsai, Ming-Dou Ker,
M.-H. Song, C.-P. Jou, T.-H. Lu, J.-C. Tseng, M.-H.
Tsai, T.-L. Hsu, P.-F. Hung, T.-H. Chang, and Y .-L.
Wei,“Design of ESD protection cell for dual-band
RF applications in a 65-nm CMOS process,” in Proc.
of Electrical Overstress / Electrostatic Discharge
Symposium, 2012, pp. 331-335.

[6] L.-W. Chu, C.-Y. Lin, S.-Y. Tsai, Ming-Dou Ker,
M.-H. Song, C.-P. Jou, T.-H. Lu, J.-C. Tseng, M.-H.
Tsai, T.-L. Hsu, P.-F. Hung, and T.-H.
Chang,“Compact and low-loss ESD protection
design for V-band RF applications in a 65-nm
CMOS technology,” in Proc. IEEE International
Symposium on Circuits and Systems, 2012, pp.
2127-2130.

[71 C.-Y. Lin, L.-W. Chu, Ming-Dou Ker, M.-H. Song,
C.-P. Jou, T.-H. Lu, J.-C. Tseng, M.-H. Tsai, T.-L.
Hsu, P.-F. Hung, and T.-H. Chang, “ESD protection
structure with inductor-triggered SCR for RF
applications in 65-nm CMOS process,” in Proc.
IEEE International Reliability Physics Symposium,
2012.

[8] Ming-Dou Ker and W.-Y. Lin, “New design of
transient-noise detection circuit with SCR device for
system-level ESD protection,” in Proc. IEEE
International NEWCAS Conference, 2012, pp. 81-84.



RAL gt pmd g SR T4

P #:2012/10/23

B B3 SRk 10D

Rt gATesztd  PHigt Fryg

3% % 100-2221-E-009-095- FrAagsE: EIr kKt

R A RHR TR




100 E R BT HEFT SR EL

s

FELAEFA P 3% %5 £ 100-2221-E-009-095-
PR AR RERENTREFHNEY S (D
i Bir (F o
At @ LR ;e
& %3 p REeEd s | RERT | g 7P
e (R (B(ZRR | s 7l 5 BT 2
fegi) | ) H oo o T,
%)
BT~ 0 0 100%
s s PR IBAAREL O 0 100% B
¥ E T
Fi g 0 0 100%
%3 0 0 100%
¢ %d—c‘ i+ 0
51l #e 0 0 100% .
¢ EE ik 0 0 100%
B i g 0 0 100% &
FoasH
iU 0 0 100% + =
e 0 0 100%
S E s RN 0 0 100% o
=K
(*FE) PLimg R 0 0 100%
5 izpig 1 | 100%
LEEN 10 10 100%
o e PALARRBATED |0 0 100% fa
Y FIE
B3t e 8 8 100%
%2 0 0 100% 3/
—3_;1 0
o1 & i 0 0 100% Y
© EEEE 0 0 100%
AN (,P
g CF S 0 0 100% i+
PHs i
£ & 0 0 100% + =
LN 0 0 100%
g g A4 [EL s 0 0 100%
Py
(“RE) ELemgh |0 0 100% '
ENEgE ] 0 0 100%




H A%
(miz gz
5 hoyE B s d S
HREE S ERREE
V=g g NP LB T
SR R D B
Vicne S TSN | 2
EE G F A

}ljo)

g

’i X538 P

frebs

—

#R%EL S(7 FRredn)

/e

Re|grga epe A1 8

21

Fi

B ye s IR

T e

3
1
4e
g |FiHE/ iy
i
p

PEASHAEZ 2 (BR) Ak

OO O OO O o (o




R g AR 34 3 R 474 324

%ﬁpzwﬁﬁ”ﬁ%%WFﬁ&\&éﬁp
E(Fﬁiﬂﬁ%wﬁixaa\ﬂ@\%
ELEMIE AR FL ] LR FRA

PR T S R B
Freg- HFELF AP LT
2t R

—_

3 T/E'—- /".LL:'PI‘F‘ o

1Ly f FERF;-EApBAR  E XY P IRTRIT- 5580
| EeT
(ki p 5 (e > 12100 F 5 92)

(15 % % bz

BEESE AN

[JH & & 7]

G

2. F Ak a g g A A Y BB
we W2 A2 UER? Ui
B &® LY 57 e
B s []e Ha (e e
#w@ (12100 F 5 2)

3. ?@F B 3~ BLAFAIRT S AL € 22;3 E e

T (RS ErRtz L1 :

5 F ')

AEEAFTFET £ 5%AWW&§ﬂﬁ@ﬁ%’fﬁig%3$i%%ﬁﬁi%

?c%ﬁﬁﬁ%ﬁﬁi%?.%W“?“&Wﬁ#ﬁﬁ7éisuﬁf% v R

2 ' =g M aE T g %}m’ﬁ%ﬁMW%J £ & A

Fo sRS2EED
THEOFFLE D MR R R G T R Z N AFUIRAURRF L2 R
ERELNTRATE L AP T o
AP F L kT BER T R s R E R P AT FRLEL o AE L
p;?%i%4@$%kapzﬁ’wF§4aﬁwﬂﬁ% KAPERLZRY > FER
LAY B o A LA T H TE B P o B #Eé%mfwiﬁ WIRXAE
i?%%$’pﬁwﬂmﬁﬁﬁ%ﬁubt%bW%§ AEY VAR NE R PG D
%f%?%ﬁﬁﬁlﬁ4§ﬁﬁ%&m@mm€w»ﬁ?&&?ﬁ%ﬂﬁ?ﬁéﬁ@?%
AF2ZBBRFAA > URAFPFUIRE A ELREAS
PELEAFe N[0l E TP I PHARE d IR THRE TORREFEERT
G BRIP BRI CHF L N0 ERED TR 2 8 HREEHK? - EwF ] S5
P FRA PR AL o




