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Design of 5GS/s 6-bit ADC and DAC

Student : Chen-Kang Ho Advisor : Dr. Hao-Chiao Hong

Department of Electrical and Control Engineering

National Chiao Tung University
ARSTRACT

This thesis presents a 5GS/$ 6-bit flash analog-to-digital converter (ADC)
and current-steering digital-te-analog converter (DAC) pair in TSMC 0.13pum
CMOS Mixed-Signal RF technology for-serial-link transceiver designs. Active-
feedback technique makes the analog pre-amplifiers achieve higher bandwidths.
Averaging and interpolating skills were applied to reduce the offsets and the
number of the amplifiers. For digital circuitry, current mode logic (CML) gates
were used to alleviate the severe power-ground bouncing. The CML gates
operate at lower input/output swing resulting in lower power consumption and
a higher speed. The measurement results show that the cascaded ADC and
DAC pair achieves a 36.98 dB signal- to-noise ratio with the 0.5GHz, -1dBFS
sinusoidal input at 5GS/s. Furthermore, this data converter pair presents a
signal-to-noise ratio of 36.977 dB with the same stimulus but running at 6GS/s.

The ADC and DAC dissipate 655mW and 115mW respectively from a 1.2V

supply.
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Chapter 1

Introduction

1.1 Background

W2 A BT R o e BT (74 )ﬁ—jﬁ'{%@@ﬁiﬁrﬁ;ﬂ

"EEFIR S RN 0 TR TRILE ﬁ A TRIRE T o
BT
] ﬁ;.] ( Serial-link ) #H ¥R 1+ E-

Kf’ﬁ,’ 9""]‘!]_@4" Q'}I’"/‘cha’ ILAP

IR AT GRS N XL FRARA G GE D]

ﬁW?Wﬁéﬁ PC i 4 ciajw %8 » d S 8eniif B 4 g &b g i e
MR Z 6 45 (Low Voltage Differential 'Swing, LVDS) #73~i% » o 2004

e L E B4 PCI-Express-# Serial ATA iz 38 5 71| @ﬁ%lév’ﬂ”? FUAE BB X
Fog enl {7 R 2R ﬁ o R e & 4R o F] M SoC (System
on Chip) P et S 3 S TEK 2 2 NF & 3 {9 pE ok $ul

Eﬂ$ﬁUOE£4%$§w¢o

1.2 Motivation

’&ﬁ’}r—ﬁmpﬁ @%J w4 85 @%Jm" oAy o BB
s — B A ETAEE > e HIRFFEE 7 @ﬂia:]év’ﬁ%%i% % B ¥4 bit stream
%$%®ﬁ’ﬁ%ﬁﬁﬁﬁﬁﬁﬁﬁ&&ﬂ%’@ﬁﬂ%%%l%iOo
TRl ARSI R THEARG S BHTGRE
%ﬁﬁﬁ@’Migﬁﬁ®i%ﬁ@%ﬁﬁ%ﬁ%ﬁﬁ%o&ﬁ’MM-

bit-per-symbol 7 5 # i+ F i}l if %J 3% v B]4r non-binary £ Pulse Amplitude



Modulation (PAM ) & Quadrature Amplitude Modulation (QAM ) % i = %

P ?ﬁi@ﬁ;—lﬁrjﬁ:ﬁvf— FEB 5] A B o

PAM 77 38§ & s B T {7 3 7| cnbit stream e i 3 5L F FL 9 4% =
- BHE SNBSS R BB o N AT AT T RE R i
WELNS BREERE S T Ap OB EFEEFT > - iF PAM @
b’“r@ﬁg?]fﬁﬁf%}iiféifp ¥ 5t H_BciE bit stream T (7 @ﬁ%],.‘%% v BT LT e 2D
= ?ﬁi@@?ﬁ‘ (Data Rate) - @ & § 4t & PAM m;u‘”“:}i@%?]" AR
& agEger - Bt ik £ (Digital-to-Analog Converter, DAC)
KRBT (T T L S - B ELRE 7 @ﬁi%] R PRV

Yo * - Bt fiei- e B (Analog-to-Digital Converter, ADC ) #-$ 14z

Il B T Ao T E]_'lf_igure 1.1 #7751 °

7

Transmitter
Pre—Processor
Receiver
Post Processor

Figure 1.1 Block diagram of the on-chip serial-links transmission system

@ ¥ {245 Hartley-Shannon Law # %> ;'f%‘ d g5 3503 It 2 kg 77 (error-
correction coding scheme ) ¥ & {7 - B 2 4 6 i i enig ﬁs?] it # C (channel
capacity ) # 7T & !

C =BW log, (1+ SNR) (1.1)

A @ BW At i 2 4750 SNR AGUEUEHR 5T 2 Jest et o 9r 2 iyt
2 ADC & DAC {5 %7 {3 "L 570 #4c 8 SNR & » F B hil
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Rhe A EATERPE PR &P RO TR AR
HET CBPETE  PREAEL - PP FPETAR ALY FR
- B PAM 3538 e ¥ ) B (Network on Chip, NoC ) @ﬁ%l Jero om A
S F e AR ;‘M\i}a{ﬁé E BRI @éi%l,]‘s AT E 2 423 i ADC &
DAC- iz ADC 2 DAC ¥ F B d 3 & 3 25 5 Mgt i 75
B H 5 senFop ik -‘—?‘iﬁéj}‘u{d ZH TR BT R AR AT
BEAREAE T h ADC 22 DAC 73 & ehfidr & 7 * + F > & L B~ {RH4f 5 4r
PEF g o Bt R R H B B L SenF f iR ADC 4

DAC z_ ## 4 u]4cT 4 Table 1.1 4o 1.2 #77% -

Table 1.1 ADC specification

Process TSMC 0:13um CMOS Mixed-Signal RF
Supply voltage 1.2V

Resolution 6 bits

Sampling rate 5 GS/s

Differential input swing +400 mV

Input termination 50 Q

Table 1.2 DAC specification

Process TSMC 0.13um CMOS Mixed-Signal RF
Supply voltage 1.2V

Resolution 6 bits

Sampling rate 5 GS/s

Differential output swing +400 mV

Output termination 50 Q (double termination)

BA ot doe e if 4 0k Giga &2 b 4ot § i 5 ADC & DAC -
4 % H v SiGe skl kF R[Q2]—[6] 0 L LT REL S 2

,

g EARE  p o S P BTy CMOS #4253 408 0 #7uE % SiGe



AR ¢ L BB SoC chr &4 > @ ¥ & * SiGe Azl ¥ & jf fL &

rt oo @ ek B * CMOS # A2 kK3 izfa B # ADC £ DAC &7 >

&

B AR S i * time-interleaved 77 $[7]—[10] %k 3 4 3 7 :ﬁ%l a1 i

¥ &_time-interleaved 7 {4 ** v AT EZEH R < 0 iRy g3 2

SRR o FIY o AR A g AT A 173 @ * time-interleaved

EHET AT SR (TSMC) #t# &2 0.13um CMOS Mixed-Signal RF

WA KL R IR PR 2 A/DD/A F# #& #% % ¥(Data Converter pair )e

1.3 Thesis Organization
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Chapter 2

Fundamental of ADC and DAC

AR ERA L B 23R ADC fo DAC »cit i ehfodic » d 3t
FEAL R Ahe P F Y IRE - B AR R T AR LY A
SHCF 9T 2 o 2 F A WH ADC fr DAC hi fE 2 6 f] B m ot i

TR I L AN

2.1 Parameters of Data Converter

~ A% kg it ADC e DAC it Slici 3 5 f6 0 - 604 2
(Static Parameters ) > ¥ — & & #* f& 58 ( Dynamic Parameters ) o § 2 ¢

AL ST hA L (Offset Error) ~3% & 4 (Gain Error) ~ £ B 2t& 1

( Differential Nonlinearity, DNL ) >/ 72 £ 48 2£ 5244 (Integral Nonlinearity,
INL) & o @ % L ehde fi S8 & 423532+ (Signal-to-Noise Ratio,
SNR ) ~ B ¥ten 4 ¢ (Signal-to-Noise and Distortion Ratio, SNDR ) ~
7 7% =~ #e( Effective Number of Bits, ENOB )~ 43¢ /& 4 E ( Total Harmonic
Distortion, THD ) » 12 % & 3t 5L f& # [ ( Spurious-Free Dynamic Range,

SFDR) % -

2.1.1 Static Parameters

§ A g- B ADC & DAC # » 224 148 o ramp JUELPF > 7 45§ )
“?%ﬁﬁwmﬁx% VB U] o & F W Figure 2.1 ¢ ¥ 5 3
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Vfull—scale (2 1)

LB = N
2

<

B Vilscale » #* FRER BT dZ2 oS 8 TRAGLFER - 72—
AP - B ViggenT BERH2 5 - B LSB- iz& -~ B & H = (unit-less)

23 4 ¥R AT R E i normalization f& - B EE R o Bk o F

A 3] 1.2 LSB pFr W A p gt T REE 12,7 9 Vg o

(1) Offset Error

Offset Error, Eoper » #dp 7 "Z #FEH SrIZ @440 M2 B 5 ch- B
HET# LR > 4B Figure 2.1(a)*777 - H & 2 F P M2 5 - B

BRI B oI R SN - B S BR BATEL o B

x5 AeTF
V_ -V __ .
Eoﬁs(at — mln,aCIUé\ll/ min,ideal (LSB) (22)
LSB
’;E'? 4 min,actual Af‘? Vmin,ideal a2 V”'J ;";“ '? Kf"l‘% ’1% 'H-— 4 %ﬂf“ﬁﬁ#"ﬁ— d %ﬁl‘;ﬁ%: - Tl}

(2) Gain Error

Gain Error, Eg,ip » #.4p i1 § Offset Error efiin™ » 1 % £ ib o e
WEFEY Rz FRAFOLRE > 7P R N2 A F 3083 ] 5
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AR CHEIRIFEREY R A - BPEFELS-REHMLY M
Boti- BEBELRZ FFeni ® 0 4oB Figure 2.1(b)#77w » M #E N 4 7

JoF

Vv VoV
E _ max,actual max,ideal _ max,actual -1 (LSB) (23)

ain
¢ Y,

max,ideal max,ideal
"F‘! 4 Vmax,actual Af‘? Vmax,ideal A F”'J ;‘T:*‘ ? Bf‘% 4’3‘1& a4 %ﬁ{‘frﬂ_ﬁ ;i%'ri 4 %ﬂ\ﬁjﬁ" %é - Tl}

BARETRE -

Digital Output Digital Output
A ry
Vmax,idca] Vmal.at;lua]
Ideal Characteristic Ideal Characteristic e
rd
e Gain Error
z rd
rd
r
Ll
,
’, 4 \
s, s
s rd
’, s
. i Actual Characteristic
. Actual Characteristic .
rd /,
Voo dea Voninacts - i
min,ideal min,actual Analog Input Analog Input
o

Offset Ecror
(a) (b)

Figure 2.1 (a) Illustrating offset error (b) Illustrating gain error

(3) Differential Nonlinearity (DNL)

TAwmEMY a1 "%:}i‘ Offset Error 4= Gain Error 2 {$ > H & & i #837
BB AT RAECEROTRLE (7 Vi) 2 Feigd E45
DNL - # #3830 I8 1 cnF 445 B @ step %A 81 LSB» & %
P - BAEEIGstep AT H € RFATLSB #ruH fr 1 LSB chii# £
SELTEAN RS THEEFILE TR

DNL(n) :V”\*/l—_v"—l (LSB) (2.4)

LSB

B8OV E N0 BAREN S E TR -
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T o I T ALEH F 5 B step TR 1LSB > A DNL

:T“u@ 4%37% 0 LSB - ™ [] Figure 2.2 8 &|#.p? DNL e84 & o

Digital Output

9

DNL=0.7LSB

T Actual | !

| Characteristic J'
\ I
|

1

I

|
T I |0 Ideal
Characteristic

| DNL=-0.5LSB

! | | | | | | >
I | I [ [ [ "

Analog Input

Figure 2.2 An example of differential nonlinearity error

(4) Integral Nonlinearity-(INk)

(o3 = S "fﬂ- Offset Error ¥ Gain Error sn{fin ™ » 30 — B Hc 48
FEFEY ATHED PG I REfER AT REZF m?ﬁiﬁkﬁ‘
25 BABINLE - a2 »INLTE LT 9 %M Rfcm B4
bR LR cdekfznwm BASDNL B3 4cdr ks ¥ 120173

TRAEAINLZEE «c B v g4

Vo Vi (LSB) (2.5)

LSB

INL(n) =

B Vo 5 2B TR By - BRMRELTRE -

™ [ Figure 2.3 #27F — % INL 3£ chi|+ o



Digital Output

F 3
INL=0.3LSB
T Actal l \—
_ Characteristic — H
I
I
1 , |
I
T~ INL=—0.5LSB :
| l . ' Ideal
I [+ : Characteristic
|
|
|

! | | | } | | >
Analog Input

Figure 2.3 An example of integral nonlinearity error

Fehg - BRE LR e B ;RENRAEET S H 4p$ s H DNL - INL & -
3 - AT o A PRI B FEERES DNL & INL pF o i F 308
ia v Ak Boo] W e

pe
"

2.1.2 Dynamic Parameters

RS
AAPE 0 el 2 UL M i Rl L R R R R

ADC 2 DAC # ¥ 3% £ 3 § £ i* #2350 (quantization noise) » igfrH #i%

E

oo S dg AR o~ SUBLE M AL G

BRI ARG M R REBRB S TEPN VAL fe T2
SR EC R ) % (harmonic distortion ) 58 > " ¢ £ AID~D/A &

TREEERY FAFLNLE 0 A B }“%*K«frﬁﬂ)x WELG B oo ]
NPT AET A SRR - B TR R E ARk gAY
Vi @ oapd Sl F YRR A Rsagligd @ 2 F @k (Fourier Transform )

RN AR S



(1) Signal-to-Noise Ratio (SNR)
SNR H2tBifses et & > — 58 0 dB hB 3558 4 57 o ¥ * 5L
RIFF oR i (RMS) Rt 8 v 4 7% st o F 00w o4 50 Pl s

FE AT A7

P.
SNR =10~logm[ Fj'g“a'J (dB) (2.6)

noise

Psignal L;'Ea Pnoise J & %\ ﬂ‘ gﬁal}j s ﬂ‘ rTJJ?4 LF'— v ,3’/12‘.;% {«Jf%] Nqu.iSt ‘H;F‘T %J‘l P\
SRS A REA DR KBRS S AR IR L ¢

FE I F o

(2) Signal-to-Noise and:Distortion Ratio (SNDR)
SNDR #2u5i4tse2n 2 2 B il (g i ¥ 2 dB 5 8 o - ﬂ;@ﬂ
- LML TR B AR TS AR B TR ek S

BN RIT T T

P.
SNDR =10-10g10( stonal j (dB) (2.7)
noise + I:)harmonics
ﬁ 4 Phannomcs iLNquISt ‘H;F‘ ﬁ‘ll F\ MTF B /}i E%’{,I4 é‘. o

d 3> SNDR ¢ SNR %2+ 5 7 34 et 5 5 7]t SNDR % % Gy

(3) Effective Number of Bits (ENOB)

$o B R RE i Nbit FREHES T 0 46

— SRR UL 3B 0 3UBE T i Flengo 4 SNR % 6 4 [11]
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SNR_ =6.02N+1.76  (dB) (2.8)

Fob— PR R E e~ RS £ 90 SNDR B %~ 1 54(2.8)
SNRmaX ’ ﬁ 3 #/E—:E‘ t"l-i—f_k = ﬁjfi;"gt%{gﬁ’gﬁ ':/fj}i Tsl‘—' ’L‘& ENOB ° l"] e

TH- BFHHHE EHENOB ;¢

ENOB = SNPR=L76 iy (2.9)
6.02

SNDR 4= ENOB #_# % 4% 77 ADC £ DAC § "%t chgfic, 2 2 &
REAFERTHFERELIREDETRLARAR PP Er g ER
e R o ¥t S Bl ABRRIIFHTEOIEE
30 3K B~ LR I S PRI PR 8 4o pF - SNDR - ENOB i §
MR TR e A S F O S g B SUELA tone chF FrMUIER F T A6

IR SR A< s o B S gl S s L S

(4) Total Harmonic-Distortion (THD)

Brpk A L THD EApHg a0 975 s AU Behe? 8 £ $ 3 gl
2t E s Hie e dBe H#cE L

I:)harmonics \] (dB) (2 10)

P

signal

THDle-logm[

A ELA 4 R PSRRI A S

LU
THD %#c> 277 1 j2— BT ROERAEEET § KL -

(5) Spurious-Free Dynamic Range (SFDR)

BAR R T A A tone FUELIY H TR R ISUELEST A2 & Spur
Spur ¥ 2 A EL ~ » 7 it A clock feedthrough i & et 5L ~ x & K &

11 -



H o 2 5L intermodulation #7 & # 2_31 %L - @ SFDR ,T‘u%'\a‘ﬁ 5L tone £
# 4 do % Spur # F et g 0 7 gl & dB @ frd + Spur i

dB ez fFFenZ B > H =& dBco MIEE N & F 40T
I:)signal
SFDR =10-log,,| ——— | (dBc) (2.11)
max,spur

N
B °

H P Praxspur 77 & Bx £ Spur #
T B Figure 2.4 5 — #f B » 3P SFDR 2. ¥ & -

10 T T T T

SFDR=55dBc

Power Spectrum Density (dBFS)
A
(=]
IA

0 0.5 1 1.5 2 25

Frequency (Hz) x10°

Figure 2.4 Illustrating spurious-free dynamic range
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2.2 ADC Architecture Review

ISP ADC = FRIHF LN & BEEFT I P ol
Bt om B RS R R R AT Ry U FERG
Poengpt e e Brric E R OfRT R € 4 1 I E 345 R 2 ADC
F OO Jt el o 970 ADC RS KT Rk R AofR TR A G

Z ¥ > 4rT 4 Table 2.1 #15r [11] »

Table 2.1 Different ADC architectures

Low Speed, Medium Speed, High Speed,
High Accuracy Medium Accuracy Low Accuracy
Integrating Successive approximation  Flash
Oversampling (Z-A)  Algorithmie (Cyclic) Interpolating
Folding

Two-step (Subranging)
Pipelined
Time-interleaved

A B BB I AT B L s ¥ BB AR
>-A ADC -~ successive approximation ADC ~ pipelined ADC 12 2 flash ADC
T fd o T-AADC + % §.% 2 F A mdlip i M gt o HEHARE
MFZE¥ B 5 @ successive approximation ADC &g B Vb fin - it 5 A
Mg R RARH TR R QAT INAES Pk 3 F ik ¥
successive approximation ADC » # AL @ * 3> F KL 2 g+ 5 33
pipelined ADC g (Fig B X 7 00 { o 7 3| ¥ B chE s w85
1??%&%‘»* W K o B fs R flash ADC > v P whiE R AR
ETRLfENT R Y e A Mahe o A REET R 2 M BT YT

P Figure 2.5 -
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Resolution bits

F 9

20—
18—
16—
14—
12+

101

Successive
Approximation

Flash

| | | | | | |

»

>

| | | | | | |

10kS/s  100kS/s  1MS/s  10MS/s 100MS/s 1GS/s  10GS/s  Sampling rate

Figure 2.5 Different architectures vs. speed and resolution

Vref+

IN

]

T.,II:%W ?TWT

Vref—

N N bits
28%-1 to N Digital
Encoder Output

Code

Comparators

Figure 2.6 A basic flash analog-to-digital converter
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B PheT - AT B PR R Bk AP R
2. ADC enf247 B 3 B » B 4f F4r 8 2 i o Tt Aigtkenig 2 T o

At Ri ’;'Jﬁxrﬁ Rz ﬂash ‘E’J’_ Ig 11—‘1}[‘ %@ )'1:% o

- 1 & A& & ¢ flash ADC 7 H4c ] Figure 2.6 #771 %J »EREV B €
o AT - AEEE X S0t B o #4550 Nobit chflashADC @ = » 3 5 3 &
2Nl BRE L RPE- %% TR (reference voltage, Vref) &d — F e
(resistor ladder) A /B & 4 2N-1 B %% B (5 A WEFZE W R BT -
o e F N GUBLACY 2T RRE OV RER DS 1o deosk iy usle
4 TR BER R R D 0 FRMERT - Ry~ BT RE o

ARSI i:%-ﬁg?J I — AP ¥R R B A (thermometer code ) »

Lo

Rd
i

¥

ai

AR 5 ) B Sl BT 19 2] Nebit Sl gy ) -

d 3+ flash ADC Z_% # 7] ;% et R B2t 2 53] 4 = N EH &
X F & - B clockcycle ¥ = M@ g ok R 2LF hP- o AT en
ADC i # * flash 7 #f - # i#'6-bit =12 flashADC = > F £ 5 63 B+ & F >
ﬁ%%k%i%ﬁﬂ63@wm$ﬁ§4**gm<’WWéﬂ%@ﬁ»
HE PhFE L T F 0 A iPanflash ADC * £ 4 7 interpolating e 37 o
interpolating ADC # Z_flash ADC 02> A A R IR I Ap e > v K,% 3
?;‘);‘i"/‘ﬁg?lx\i%év’ﬂ% R E L L T MO B A Lo offset 8458

e L R INL o DNL > 2 A% Z R N F 4§ 5 Fmimp o
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2.3 DAC Architecture Review

R4 DAC #HARIFTALZZN AHATRAR - TFBE
1B R e N[12] 0 73 BRB % DAC TR F TR Vref 5
d— B RREABRIEBHE DT RE S L S B kAT
Q#W@Q@ﬁ&@@gﬂﬁm%;@{ﬁﬁﬁ;{ﬁﬁﬁﬁ%&ﬁwﬁ
HELTE o 7 e DAC snm i = 2Pt iz— ¢ resistor ladder »
RIEfeR 2 Bl EhL R > 25 o i ¥ Q1IvERY TILE € G R4

FRIWU M RmE BRILE- L3 ApR > 27 g7 T
PR BRA RN N DAC HF R g i o

’%’K-— ’}’%\ )

\mk

??%E%Q#HQE’ﬂ&#ﬁﬁéiﬂlkﬁﬁ“ﬁﬂ?@ﬁ°ﬁﬁ

A %% DAC W7 e 8_vU ik i g

st
P

ERRE S
TG OB RSN L i AR R R A o A 184 7]

AR TR F o R ITEARAPHDE R

TR RN DAC Bl &n%%ﬁﬂﬁ%%%%iﬁ%*?ﬁ

AR - A AREFNOTIEBRRAL V- A EY AR HTIR

AA om@rREEBNTIEAL TG N o dek i LT AR
PO A gt~ TR R RS IREL 0 s kxR 0 - 48 R2R 1

FRIEH R DAC W T v SR AHMER o FER Y AR
AR R ER P AR AR RS R RN
TR e g i A R B 0 TR RS SR TR
v Pl Pih- B FIR AP AR K DAC (Y BB N T IR
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T fﬁ » — S 42 5 current-steering DAC -

Foobo EREERA D TREARCT IR Z 9 DAC » ¥
£ 5z i £ 5% (Binary-weighted ) 2 78 & 3+ 75 ;% ( Thermometer-code )
@ f8 o T 4 Table 2.2 # - ¥ 3-bit binary-code - thermometer-code B 7% 73
BlFed 2P T gl BRVBS BB DT FEAY > HEF-

CERIPAS IS S R R L R AN N
Mo REH/IITZTE N BR Fﬁéﬂfrﬁxf“;ﬂﬁj NI LT 0 BT R TR D

ERRAT LGRS FIoF 2T F e 2 ER Y IERIBY AT
HAF e F L @ 4§ R IS s B N ,.’z?f[a;;bfig‘j’ﬂ—k,yi&jg?g;{?g\;
T T RAE R s AR E A B T BRERM S R TR
ik B DNL fo INL Ap ¥t ¢ v ], oom 2 0E % § R H17 M Agif— B
DAC ¥ 3 |+ (Monotonicity,) . #7385 3 I’i‘{:}ﬁ ¥ Boiap et e B oenfici
o~ AR e U et IR R B R A R IR F L j]%,{;m
Hfg e F e M F AR A S B AP — B2LE 2 M4 DAC
#-¢ 3 22F LHDNL 230§ — B 3 B DNL £ 30 1 &0 20

-ILSBenpFiz > Hoe 2 & 5 MAE AP e m [ RPB 40 DAC 7 &

Table 2.2 Thermometer-code representations for 3-bit binary values

. Binary Thermometer-code
Decimal

B B: Bp T; Te Ts T4 T3 T T,
0 0 0 O 0O 0 0 0 0O 0 O
1 0 0 1 o 0 0 0 o0 o0 1
2 0 1 0 0O 0 0 O 0 1 1
3 0 1 1 0O 0 0 O 1 1 1
4 1 0 O 0O 0 0o 1 1 1 1
5 1 0 1 0O 0 1 1 1 1 1
6 1 1 0 o 1 1 1 1 1 1
7 1 1 1 1 1 1 1 1 1 1
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B s ko sruft- BitTA S F i 3 EA S 0 AT
YofB S N E B A4 euEHR o T B Figure 2.7 BT - BE R AT IR
BRI R E

T l U

Ton_° > Tye = Ty > T,e >

_ Vout

1 " s 8 8 8 8 8 0 8 8 1 1 1

Figure 2.7 A thermometer-code current-steering digital-to-analog converter

d AR R 2kt DAC PR A (Rl -~ 234t R 2 3 > Tt E
R R AR SRR DR - A E R E AP 3 g T 6-bit
DAC % & 2°-1=63 2B M fog imm s 5aik g 4 2 F 4 T 5Lt o 90
(8- HeRiR &SR R AFIRTA D R g B4 (Hybrid
thermometer-code current-steering DAC) > ¥ 6-bit ¥fg B4+ 4-bit {r
2-bit & BIRA o dopt - KT PR M AT /T/)i’lﬁ%/ﬁ" ARy 15+43=18 o
BEARGE R FIEARGRRZ B £ 7 a0 § ol s — 2 e gk & shiEi o

%

- P 2 po2p 2Ly IR - NS
o g % FARE c B mE s e T4 WP o
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Chapter 3
Design of the 5GS/s 6-bit

Analog-to-Digital Converter

AR EELPTT P AP oK - 5GS/s 6-bit ADC > T Ao H
WS -

# ADC =5 i 28 4o ™ B Figure 3.1 #7177 o &8 i# % BAZ > el 5
AF BT P HA LR AT Mg sen (thermal noise ) ~ B 4F M EL

28]
(coupling ) $e3t ~ % i #& fi FFen+ JE3est (glitch ) ~ & £_F ik el & f

( power-ground bounce ) ° AT F @ TR WA FP AP ER T
Ao >3 “’3"‘"3 5+ > L# ;8 (fully=differential ) 28 1‘# k| H £ #B
221 (common-mode noise ) % #% =t #E9k  (even-harmonics) % E

Resistor
Ladder
Vdd
vai g
5 . (:DE
= :E . = 1 é
== : = % ] P , I 3 b G5 G5b
::" i)g]ﬁE :21_':9 i 5 E L )3% i )Ei o
- 1] 38(1051/ {J’/é:f(uwf(
==z n | Z2 2 | = |28 26 | EH | 2 = |12 GO GOb
[ 2
Vref =
T/H >
Vdd -
AKX
A L A
Clk+ T 7 .
7 = s

AMAA
YYVY

MMM
YYYy

Intentional Timing Skew Buffers

<H

Figure 3.1 Block diagram of the ADC
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# % ;% e Input 355 (IN+,IN-) fr Clock 3 %5 (CLK+,CLK-) ﬁg?l IN
FARI-HARTIE A TIRT I T F 50Q h7 R IE4RE > dept
§B ML IR N S Y 0B S S 2 A BRIER PR 0
B~ SUBLST R a0 B R

BF oy~ LG R RS TR #. ( Sample-and-Hold #¢ Track-and-Hold )

4 ¥ 7] Averaging & Interpolating 557 » A BT IEH» 24 L H38eh

—\\

4 R BREI K EDE %* B (pre-amplifier) % - % Gilbert-Cell k'i’iia?l
NELRCS £ BN et i o i53F Interpolating o ﬂi;f] »IELATE R T e B
A B RO < ﬂp/ﬁ“ s F]pL i@ R R ﬁ%] MenhF A FTFE S AR
Averaging F 37 "% KR B¢ F)1® 42 mismatch #7ig = i offset B o W B
WA Eer v LR M MR AR R B 0 £ (S
Latch #= i B gt £ B 53R & Bl e P ocnfic i3 5 > 4opt TP
FR BT b AL NDE R BEL EE s BT R E
Gray-code ¥fg ® -~ ¥ § 58 - = Latch tafF 5+ e b 218 > i{ 7 (8 3
Z % ;% e 6-bit #ic i+ ﬁ,{ﬁﬁj 4o

Fooh s d 0t TR R B R R B s PRI cn 1E B pE Y 100ps
e BREBTHR AR R R - Rl TR TR
R F B3 LEANE G gate delay > @ T TR RA k2 (501 &

B 2 (critical path) af & e fF ¥ € A7 35 2 33 8P ehpr F o F]pt 2 i & Clock
MELR G ﬁis?]ﬁ*’éi‘f‘_i 4v ~ intentional timing skew buffers % zf & pF % 2 85 »
PRPE R ol B g enuf SBPER T L SUPR b aE 2 BT o B PITHE

Z_ & wave-pipelining [13] °

=T ifj‘uéﬁ' ADC ¥ 1% B Block 4 %4 1 ZP o
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3.1 Resistor Ladder

Resistor Ladder & .45 - B BT A REY KARAEA NEB
% EEE %Y R E o Figure 3.2 &1 — IB;%J AL Vi, fe e RO
AE “‘*"ﬁﬂ rAGF RG] B RE fﬁ%} R e H A
(differential pair, M1 & M2) - R B ¥ 5 I} » 2% Resistor Ladder & #
Nen%Y T RIADCE ﬁsal »EL Vi, 4P € 538 £ # 5 M1 fe M2 9 Cgg
2 coupling 2 %4 T BhiE > 2 R % f2 5 £ - fE 5 feedthrough
¥ %13t Resistor Ladder » & ern& 282 48 B S+ o B3k Resistor Ladder
ﬁﬂ?%?@EéVm’Mﬁ%ﬂ%W%%Wmﬁﬁﬁ%&wMW@?u
Ja i F[14] :

Vs _ 7 ¢ R 3.1)
V. 4

]

in
HY fi, 5 ﬁ""] B2 HE ¥ v R % Resistor Ladder <07 feE ~ C & ﬁa?l »
'ﬁ F| 0%, coupling 7 % & » A I C=nCge/2 1 % ﬁi‘l N R 'F% I enE B4
®

B#c > AP IRt S 6 =11 o

7 —F 4 R I_Eiﬁ /] o 28 feedthrough _'rﬁ%%fg?;ﬁ .| 3 f& Resistor

'

Ladder h7g [2 & @/J\ » b AL ER 3 R AR At Rk o Fptd (3R

vV, 44

n

m g C 22V fC

(3.2)

H ¥ g5 P B 37 "4 0 feedthrough #2538 > 8 =& _LSB; N ¢ ADC
fEdT R o dc o 3 ¥ € K g=1 LSB > 4 ${¥ Resistor Ladder #it & * h

Bk RILE o
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Resistor Ladder

Cos ™~~~

Figure 3.2 Reference ladder feedthrough of the input signal via the series
capacitive combination in the differential pairs of the input gain stages

PR Y o LT T § B REIDRE A LR
Sig— B Track-and-Hold T Bos #r SR k3t m 2 0 5480V, % =
2.4, Track-and-Hold m@‘;} A28 o 4 A9 ‘Track-and-Hold 7 . » i ¥ Vi,
WEL € G A AR AR T A R G e A etE 14 feedthrough o 4 3R

Rmax EE S "T"LL ﬁ&%f’ﬁ °

3.2 Track-and-Hold

Track-and-Hold ( T/H) T B & Giga &1+ 8 i #f e B9 §_
2FEReN TV '/’iﬁ%])‘ ELF X OEF AT Ak - BRI
RRFEE o X H G g flash ADC ¥ o fiy » SUELT]F ot S F BT
R ARER TR 6 LML R FILERREA L ] AR TER

ADC ki 1% Ko m T/H RRD 87 1R deis B B 3L kel 58

LEBERADC E P B FRiER e d o ¥ b @ % THREFFE
s FREMEERCRBATT2ZMEE R O RS O RE

= o #mE 4 T/H 82 ADC ¢ ' A 3% T/H 83~ L £ 4 it i
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m@])"@%° - BB EREERELT i U mﬁﬂ)"f?‘i'
HT/H R EGR;EFFEEBAETE -

- B AEE DHE P T/H 7 B3] 4o B Figure 3.3 #7571 > .4 - B

B2 - BT F Cyfresr  HA ¥ A8 €887 = B2La2 g anf® 35[15] -
¥ — 1 ¥_hold-mode feedthrough » 4-®® 1 *fH7r » 1% & chfh F LB M ch
ﬁ;?l)\‘frﬁ% 2 B3 FA2LF 0 @ F & hold-mode FFehifiy » U5 ¢ 15 i 2
%% coupling PI# Ji 4 > B T/H T i4F LnTRE - R FHFIELT &
MELT (TRFF NP R B E o % = B A_#73) ¢ charge injection > 4- ] ¢ £ 2

AT 0 48 4 & track-mode 7 4% | hold-mode epF iF > fin B ER R AR

b MOS B M g f5 ¢ B 3 B R Fla f EF 4L T R
PEHTE Cud o BERS THLE RS P TRE S @

Clock 3 5Ls I fefab-id & i v Tt gLy ¢ B ERMOE L TF

BAea TR @R FL L CuR T o T oAt T - BT B Ol

TRF GBI A SRR AT L E RS TH g 5 G - B D

2 R A E
T_w, P B

Figure 3.3 Single-ended T/H artifacts
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[15]—[19]% ehillp - FE¥ Léhg @ TH REFH - 7 E:2 FX 304
i * SiGe W A2*7#k &2 bipolar T S #8 o 4 ¥4 1 & £ * emitter follower

PR R > T »IRE fully-differential 7753 > ﬁq?l » % (Clock 3 %;i‘,é"‘ T

differential pairs > » F]p* % Z & rail-to-rail 7 Clock LT ¥ fa*r 4% » o &
p B

PRBFEHEOAL R R - o RA 0 M ETRTE G L~ dsupply R
4 it 4 &K 3+ emitter follower B B > =¥3° 1.2V e CMOS @Az m 5 » & F

T~ 1 #F i e source follower #_F H FEfid e o 11 F o 2 T/H T R
TR i B R DB i R emitter follower sH T iR < o 0 B R E P4 S 0

B TR R F F R A B e oo

[2014c[21]+ & ¥ ¢t - % L T/H T8 - 232 & 4% - B source
follower 71 Vgs k& MOS F B & 5 constant Vg thdF{E » 5 MOS B B e
Vgs % constant » | charge injection g/ 24 H ﬁf»-ri’ﬁg?l »AELaE R R
< %4 F_constant 0 H FLEGR § A E — i offset hiH A E o Aopt T
FATH MR Z H 5 o~ B i@ e en TH TR iy
¥ F ¥ Clock Bz = fully-differential <775 3% 4% 7 > £ d 3> MOS 7 % %2
B#cr 5 N FAREF LA MRERR f? i P B EAE R R L B o

REP ALY ZRRE L

APE it - BE S MOS BB TR K T/H; Fli & H
MOS FHHEEFLTHFRS® > {3 FE NEAR P g T 5 8
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Figure 3.4 Track-and-Hold circuit
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Figure 3.5 Simulated differential output waveform of the T/H with 0.503GHz
sinusoidal stimulus and 5GS/s sinusoidal clock signal
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Figure 3.6 Simulated output spectrum of the T/H with 0.503GHz sinusoidal
stimulus afnid SGS/s sinusoidal ¢lock signal
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3.3 Averaging and Interpolating

2w A% £H/E > — B 6-bit eirflash ADC T > F & 63 B R E »
WPWHmﬁ1Eﬁ%%%ﬁﬁ63%“@%ﬁ%’MEﬁﬁ%%i??
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i * 7 interpolating 37 o #r3 interpolating £_frAp AR 0t L F T < F
LA B BT A RSN Y B ant f g > 4o B Figure 3.7 #95% -
& A palarcx B2 P p BN Y - Bas o, PR #@b’%’f«gﬁiéﬁﬂiﬁﬂ IN
{3 B % Bl 4o Figure 3.7 + Bl #77F o d *t§ A FLEiT ¢ B o7 Latch threshold
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A BEATIRARR o d J0F Svo & R % - sihinterpolating - #j ~ 4 E 4%
Mg, B QR0 RaT- L ﬁﬁ)‘%”* TE JT*U“ b TE e

Yoo ip- i B nR R E § averaging % 0 i :td DNL fr INL
hd T o d AR £ § 8 T RIEER differential pair &% % > 7 fe

ARWEREE T F+ offset THRAR

-

& Bt R F e offset M8 Aple o

3

v Bepoffset € it H R A S E TR PR R (threshold voltage )

=

o ¥ flash ADC @ % > v i B eoffset < ) ¢ B 2% 52 DNL~INL

Output (V)
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l * Input (V)
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Figure 3.7 Interpolating structure and transfer response
for the interpolated signal
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Figure 3.8 Effect of averaging
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3.3.1 Averaging Edge Issue

Figure 3.9(a)% 7+ — & * averaging #7972 i-4| » B3R5 offset h
Fm™ 3 LR~ B E 0 R AV T 2 TR 22 R I
Z8 @ Ry A3+ B?m@?l 'FEFL > Ry & averaging 7 FE o pt BFI4E KVL
VOB e S RN 4ol

AVref :Rl(lx_IX—1)+R2|x+R1(IX_IX+1) (33)
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Figure 3.9 Subcircuit model in (a) an infinite averaging array
(b) a finite averaging array
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Figure 3.10 Zero crossings shift at averaging edge
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Figure 3.11 Averaging termination method [25]
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+ + +—+
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(3.5)

HY AR R RR L B E o I EKRRTF AR=0pF > F 34
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WAEH LT AR 5 OFF » AVy % £ AV,» 7 % € 5 DNL J13 o
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§ ¥ e 1 8 -Ry<AR<R/3 B > DNL ¢ /| 30+ 0.5LSB  #712 §430 7 =4
T FE Ry-Ry A 3 0 F K G 400 %rnd X &l A il 45 £ 0 B Ry-Ry 2 B4 /R

/] Ry/3 4 ¥ 7& % DNL €| 35+ 0.5LSB ¢

3.3.2 Determining the Number of Input Amplifiers
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Figure 3.12 Averaging & interpolating architecture
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3.3.3 Gilbert-Cell

Figure 3.13 % #1i¢ * &0 Gilbert-Cell 7 88] > ¢ = 24p F loading
differential pair #7142 o § M2~ M3 fv M7 ~ M8 ifisize K40 > ¥ Ml
o M6 thisize » 4l ¥ > M2~ M3 e M7 ~ M8 s g, IR F € — fk 0 #F

. H output function ¥ F =

OuT = gm2,3 Ron4,5 ((VIN+ _VIN—) _(Vref+ _Vlref )) (38)
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Figure 3.13  Gilbert-Cell
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3.3.4 Pre-amplifier

Bk IC KA 3 BY L id #2 % Limiting Amplifier
Hop % §B O] HTEUBE X > P F] L AT HeUELE B R 0 TR
R4 & 49K 0 Flet - B Limiting Amplifier )r‘ L {_& 2 % high gain * wide
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Figure 3.14 Pre-amplifier using active-feedback configuration
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(1) Active-Feedback

- 42 % A &1 Limiting Amplifier #_Cherry-Hooper amplifier [28] > #_7 2
£ #5234 B (differential amplifier) B 4% > & &% = 2 ehd $ 3 4o
shunt-shunt feedback 7§ ¥ 27 rE k34 HH4E 7 o @ & Figure 3.14 ¢ F $k
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Cherry-Hooper amplifier ch8_» # ¥ 2L # jhds N ehF e kg w420 @ &
sz MOS s g, kil #58 f w2 (active negative feedback, M7 ~ M8 ) -
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Figure 3.15 Active-feedback architecture
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R,CR.,C, R,CR.,C,
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d 3t — B = FF & S transfer function ¥ B &

V

2
out __ A\/oa)n 5 (3.10)
Vie $°+260,5+ o,

Fl PR (3.9)% (3.10)78 7 At kB

Ao, =—m—m (3.11)
Bk Ak + T B (maximally-flat Butterworth response) eiffiwT™ >
=12 » Pl T A e W L BB A F T 3B AR R
W, =0 54 ° ¥ © Fv— i differential amplifier <3 £ 48 % 4 ( gain-bandwidth
product, GBW) % G,/C_ > ® H unity-gain bandwidthe, * § %> GBW >
F) £ G, /C ~G,,/C, ~ @ =@
A s = (3.12)

PR AN f w Rk Seen GBWIELE

At 15 = 0y (3.13)
348
f

Aofsw =1 f (3.14)
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g Fin 3dB BRHAE T o B & & 0 Fptd BN B E T Ao 8 4B N
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(2) Negative Miller Capacitance

% Figure 3.14 ¢ Pre-amplifier * > M2 =7 gate ##f= M3 i drain = 12 %
M3 gate fv M2 drain 2. 2 %5 4e t R F > 225 7 & pyrHAL f T
% BT % [27][29] - 295 Miller’s Theorem ¥ % > Figure 3.16(a)® # i &°
ZLA~B R Y ¥ 2 & Figure 3.16(b)s0755% » # = Y =Y(1-Ay) »
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Figure 3.16 Miller equivalent ctrcuit.for.a floating conductance

¥t & Figure 3.14 = Pre-amplifier #+ > M2 gate | M3 drain 4 0 Ay &
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3.3.5 Specifying the Gain and Bandwidth

ADC mﬂiﬂ > 5L T/H T2 63 2 REd Gilbert-Cell #2
Z® Nt £ d Pre-amplifier #-Z B & &3c+ > 4 st &I {6 & 0 Latch

K MELFci it o F] 5 Gilbert-Cell v Pre-amplifier < 1T & Jf & & pFo% en
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BimT o plE316)8 7 2 B

Bandwidth = L 53 6 GHz (3.17)
2T

F]p ¥ A # B Averaging & Interpolating & &% Jf 3K 3t iE ¥ Gain>38dB ¥
Bandwidth>2.6GHz -

Figure 3.17 ¥ &g 7+ & # Averaging & Interpolating & B Hifit 79l 5 %
S% > HHEFF 384dB R E287 GHz # R &t HELAPTZLE R A
Figure 3.18 i%l = B % 50V/us 0 ramp 3 ELPFF F] 0 63 B H "*’%J
A2 R P ¥ ) Averaging & Interpolating F&F § = ¥ s 4 HL AT
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Figure 3.17 Frequency response of the ADC’s averaging & interpolating
section by ac analysis
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Figure 3.18 Output waveforms of the ADC’s averaging & interpolating
section with a full-scale 50V/us ramp input
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Figure 3.19 The corresponding output waveform of the ADC’s averaging &

interpolating section with a step input
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3.4 Current Mode Logic

AP TR eniz i Data Converter P 0 3 W[t — AL skt end @
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Figure 3.20 Basic structure of the current mode logic
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Figure 3.21 Current mode logic gates
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Figure 3.22 Bonding wires on power supply
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3.5 Bubble Errors

WEL - B h CML Latch 2 15 » 236 ¢ F5]- B 1 i B
Fo e @ v V4L ¢ 1IR4e™ B Figure 3.23 #75F fe— B 1§ ¢ Fr il

0 :45 3% > i8R % fL 5 Bubble Error » # fi Sparkle » @ ® Bubble i # &_
NI AT B ] Rahens S oo d AR ® (FE B UE i offset
gt RDETHERRT GG A T R R - R
D7 sk A L B 0 BV P 0] (RET 0 T T A § A2 Bubble
Error - £ —‘F’T ) B B (T T s pEEREL# 8 (Clock Jitter) » € #2538 Clock
WELT|E B REOPFF > ) timing 34 5 #-¢ K Bubble # 2 o ¥ 4

% noise ¢ coupling % & i+ ¥ iy 4% = Bubble Error sh/m 7] -
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Figure 3.23 Using 3-1nput AND gates to cancel bubble errors
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Figure 3.24 Using 2-input OR gates to cancel bubble errors
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3.6 Thermometer-to-Gray Encoder

3.6.1 Metastability Errors

% flash ADC %% i 3% (25T 5 d 3% timing 938 £ > E\'@?J N
FrRr - 2 TROLELF PP P ERVCREREZ LT IYPFRTP
Z%rd high R F_ low > 3 s eny BRisg d PR feﬁk’fx'—\“r;ﬂ e
metastable J % > " IRINH (S g B R B E 2 ﬁa?l I FE ARG o T R
Figure 3.25 12 — i 7-bit thermometer-code # = 3-bit binary-code %5 & 5 |
B2 o1 4 4 Metastability Error pFenffim o B ® &7 X & 7 3% RGBT BB
metastable > H ﬁ%l % I unknow =k i o @ 3-bit Thermometer-to-Binary
Encoder 7% 4% #c (booleanfunction) = & 77 4o
B, =T,

Bi=T,T,+T; (3.18)
B, =T, + T, T, +T.T, +T,

[\S)

| |
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x > to X
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X
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Mclasmbilit)/,

]

[ L /1]
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Figure 3.25 Metastability errors in the binary encoder
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Bk § Ty et 8 E 9L Metastability Error B5 > B By~ By ~ By = B 2~ 3%
55—%?] IV Arags iR % o F| b Metastability 3 4 BF > i * binary-code

S BT A € g A A b oendiy DB 42 o

& 75 Metastability % 2 e 5 > ¥ R So b B i F oA R 0 & AL
FU#* i 7B DS F 77 K 'F K Metastability Error 782 5% - Gray-code 7

KOy ;‘1%%’; BApg ¥ ALY &g @ ADC el o

3.6.2 Gray-code Encoding
T % Table 3.1 5 — i# 3-bit Gray-code 7]+ o H ¢ N-bit Gray-code fr

binary-code 2. FF el (2% 12T 5[ 3N & T2 !

iz{Bi if i=N-1 (3.19)

B.®B,, if i=0,112,N-2

Table 3.1 */3-bit Gray-code example

Decimal Binary-code Gray-code
B, B: Bo G, G; Gy
0 0 0 O 0 0
1 0 0 1 0 0 1
2 0O 1 O 0 1 1
3 0 1 1 0 1 0
4 1 0 O 1 1 0
5 1 0 1 1 1 1
6 1 1 O 1 0 1
7 1 1 1 1 0 O

#_F £ 7 4§ > Gray-code 53 & B E AP RS BB B R G - B
S RERE E SL Rl EIEY SRS RS SR
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AR R F Ty ot R E I IR Metastability Error % > 2% 2 5 G- B
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Figure 3.26 Metastability errors in the Gray encoder
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F 3. Thermometer-to-Gray Encoder e, § 2 fﬁ&rl%] Figure 3.27 #15 »

Bt AT TP L 4-bit (h% 8 R L k] o 2 ¢ 4-bit Gray-code cZ it 3¢

AR SN L
G, =T,
G, =TT,
ot (3.21)
Gl :TzT() +T10 14
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Figure 3.27 4-bit thermometer-to-Gray encoder

-49 -



3.7 Simulation Results of the ADC

et ADC ¥ e ¢ B Block T B384 4934 38 1 ’#%%*q&kﬁgﬁﬁgﬁn
Bste % o @ AL iasE ADC fij ~ = 1 ME 40V/ps ¢ ramp 5L 0 @ B0
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ok f B A o BEZRA R % 7 ayeraging termination =7 ;N K 5O PR
4% > 2 d Figure 3.29 (7 DNL ~ INIifist 5% 7 57 1 - o+ ADC B £ f{ #ie
7 % 3 edge effect (hF. 5 » AT A SHHDNL w3 E R § & > #7100 INL 0
At RN F A o 7 i FA DNLR-Z 4% > 2+£0.1 LSB 2 p > INL

e 0.3LSB 1P o ARET e E P

ET k¥ ADC ﬁa?l » — 1 0.503GHz & sinusoidal 2155 » @ PF %20 5L
4% %_sinusoidal ~ B~#%#F & 5 5GS/s o p+ pEF %J Ven#c 2 8L R FFT + (7
Figure 3.30 22 #f 3% o d U H4E % % ¥ 325 11 2 SNR % 36.68 dB ~ SNDR 7
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B~ USLEME S (S > T T @ Figure 331 B 20~ 415 BB S4H 7%
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Figure 3.28 Simulated 6-bit digital output Gray-code with
a full-scale 40V/us ramp input
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Figure 3.29 Simulated DNL and INL of the ADC
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Figure 3.30 Simulated digital output'spectrum of the ADC with 0.503GHz
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Figure 3.31 SNR, SNDR, and SFDR vs. input frequency of the ADC at 5GS/s
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Chapter 4
Design of the 5GS/s 6-bit

Digital-to-Analog Converter

B2 ADC 23348 » #7 kA & AT RP P K7 R

b~ 5GS/s 6-bit DAC » & b PFEf 7 3% B Ba 3k 352 R 2 % o

T ] Figure 4.1 = 5% DAC 2 1R  “TF du 5Ly bR & 2 £ 6
A R o BET RIS 2 B - R CML 28 0 @ #cA5 -+ & 6-bit
Gray-code o F4rL % #1k > 5 1T G 2 FA T F 0 T 6-bit e
¥nFE BT = 4-bit fr 2-bit AR FRA o ﬁ""‘] » &1 6-bit Gray-code § - 1% 1% Latch
PPE R anle o B F T i aedliae L 280§ 4-bit MSB 7 Gray-code >
‘548 Buffer { # » 7| 4-bit Gray-to-Thermometer Decoder 2 4 fi2 £ fg: % -

D AR e 15-bit B R HAE o @ F — %4 B #- 6-bit <1 Gray-code & & =
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1
1
1
! I
8 8 Decoder 30 30 : .
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1
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1
3 |
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1
1
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5 g |

-1 = I
- GE &3 . ouT
GO GOb 12 = - . i
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I

6-bit 2-bit [SCSy:

8 Gray—to— Binary—to— --oo!
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Figure 4.1 Block diagram of the DAC
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Table 4.1 Hybrid thermometer-code representations

Hybrid Thermometer-code

Dec.
Tmis Twia tt e Tmz Tv2 Tmi Tis T T
0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0
2 0 0 0 0 0 0 1 1
3 0 0 0 0 0 1 1 1
4 0 0 0 0 1 0 0 0
5 0 0 0 0 1 0 0 1
6 0 0 0 0 1 0 1 1
7 0 0 0 0 1 1 1 1
8 0 0 0 1 1 0 0 0
9 0 0 0 1 | 0 0 1
61 1 1 1 1 1 0 0 1
62 1 1 cH° P 1 1 1 0 1 1
63 1 1 1 1 1 1 1 1

binary-code 2. f& » f B~H LSB &1 2-bit ﬁiﬁl » 3| 2-bit Binary-to-Thermometer
Decoder 2 fi# 1! 3-bit <78 & 3-#5 - # ¢ 4-bit MSB Gray-code 5% i% € 4v »
Buffer .5 7 4o ¥ — 1 2-bit LSB i je chus S ™ fieo fogt o & T 4,2 17
Flen 15+3=18 B % & ;%8 & 3+ 4#5 (Hybrid thermometer-code ) 4% Table 4.1
S0 WM ELE - = Latch @R b 15 0 T 4 51 b el p e
7 # 3% T 7k (Switching Current Source, SCS) o B {8 & 45 0t e Fe > M LT
i#iﬁ‘)ﬁf‘]ﬁ i} i\l Tt I E'Hia?l MengE it BT R B o ﬁ%] D xden
fiied B s A3k S0Q T s AR AL ﬁ%} DB BB A P IR
TR E & o ¥ ¢4 3k A Clock I BLEAEL /T 4e b ointentional timing skew
buffers * i wave-pipelining » 14 2 V& pF#% pF FF > 48 1§ critical delay i & 2.
P4 > & Latch ¥ MR F| & genfifd o
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4.1 Hybrid Gray-to-Thermometer Decoder

4.1.1 Direct Decoder

4-bit Gray-to-Thermometer Decoder =73K 3+ > 3¢ ,T.%%szﬁ ww ADC 2
Encoder — 4% > 11+ £ ®) (Karnaugh map) * @ # kb #cis £ 12 AND v
OR B{EM 2 & ¥ » #T U gt 7§ upvﬁgfi o 4 i 2-bit LSB = Gray-to-
Thermometer Decoder ‘* $iedF %] » %] 5 #_* Gray-code ¥nf5 » #& /% & 325~ H
LSB 2-bit # 4 = thermometer-code > @ S_fwff i 6-bit &7 Gray-code 2 F13%
3 B o 4o 4 Table 4.2 #77% 5 — % LSB ¢ 3-bit thermometer-code = 4-bit

Gray-code 2. [ B 7% 0] 3 o j&t 4 @ ¥ 5 1 2 {v Gray-code ¥ =~

Table 4.2 The truth-table of 4-bit Gray to 3-bit LSB thermometer decoding

4-bit 3-bit LSB
Dec. Gray-code Thermometer-code
G; G Gi Gy Tz To Ty

0 0 0O 0 O 0O 0 O
1 0 0 o0 1 0 o0

2 0 0 1 1 0 1 1
3 0 0 1 0 1 1 1
4 0 1 1 0 0O 0 O
5 0 1 1 1 0 0 1
6 0 | 0 1 0 1 1
7 0 1 0 0 1 1 1
8 1 1 0 0 0O 0 O
9 1 1 0 1 0 o0 1
10 1 1 1 1 0 1 1
11 1 1 1 0 1 1 1
12 1 0 1 0 0O o0 O
13 1 0 1 1 0 o0 1
14 1 0 0 1 0 1 1
15 1 0 0 0 1 1 1

1

W

(9]
1



¥ B Eg o 2 % 3 LSB 0 3-bit thermometer-code 4~ E i o

% d Table 42 ehZ &4 (truth-table) 2 A+ Bl it f§ + 54 3-bit

LSB thermometer-code 7% xS #ic 5 -

TL3 = G3G26160 + G3 Gz Gl Go + G_3626_16_0 + G_3G_2G1G_0
TL2 = G3GzG1 + G3G_26_1+G_3626_1+G_3G_2G1 (4-1)
TLl = G3GzGl + GSG_ZG_I + G_362G_1 + G_3G_zGl + Go = TLz + Go

£ 14 2-input f= 3-input 2_ BAERM F R T B 4o B Figure 4.2 9777 o j @] ¥
¥ 5 d1» 12 4-bit Gray-code &IJJI‘&LQ S 7% 40 gate delay > ® #7F ciBdE
M#ch » 4p% % > P|F "2+ 6-bit Gray-code 2. ## 3% 7 F. 97 7 =1 gate delay

TR A MR L5 P A LR AR S

G3 G3
G G2
Gl ——
Gl
GO G3
Gb
G3 Glb
G2b = T}2
G3b
Glb G2
Gib Glb ———
:D—- 1,3
G3b G3b
G2 G2b
Gl
Glb
GOb

G I/\ Til

Gb
G2b

Gl
GOb

Figure 4.2  4-bit Gray to 3-bit LSB thermometer decoder

4.1.2 Binary-based Decoder

¥ - §87 ;4 F_& ¥ 6-bit Gray-code # = binary-code {¢ > £ B~ binary-
code =7 LSB 2-bit 4 & 1! 3-bit thermometer-code » #] % binary-code 1= &

FAIEE S AT F L igt B 8P LSB ¢ 2-bit 4 # = Hybrid thermometer-
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code 7 LSB 3-bit = = B Figure 4.3 7 — B ¥ %3k 3+ 6-bit Gray-to-Binary
Decoder 2. 7 4 - # # N-bit ¢ binary-code v Gray-code 2 B {3 ¥ & = T 7]
I S

| {Gi if i=N-1 42)

|G @B, if i=0,12,,N-2

G5 ' > BS
' » B4
. _L)D |
' » B3
G3 o
' > B2
” 9 » Bl
Gl u_/
BO
GO 7

Figure 4.3 Conventional 6-bit Gray-to-binary decoder

£ L EET P 2E 1 N-bit ,T* 7 & N-L#XOR fe-gate delay - 7= ¥ 6-bit (1% &
51 XOR BIERM {v 5 B gate delay s (TR E £ % - 2FA PV LR * ]
5B IER ok 0 2 gate delay © 3BiF B i R 3 4 o T [ Figure 4.4 8
¥ - fars % ;¢ (Hierarchical ) 7 £ 1 ¢91 6-bit Gray-to-Binary Decoder » $2 78 _

* 7 7 % XOR B4&ER » & ¥ 5 3 # gate delay -

G5 ' » BS
> B4
G4 —L)D
) > B3
G3 ’ ID
> B2
G2
Gl ’ 7
L >
7

GO

Figure 4.4 Hierarchical design of 6-bit Gray-to-binary decoder
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LA R A 4 LSB R4 chpt 5 H % BT L 4o B Figure 4.5 #7151 o
7 i j%_6-bit Gray-code f#45 1} 3-bit LSB thermometer-code ¥ % & 4 i gate
delay » v 30 g e NIRD (s o HY DREE RARTINS R A Fen

F15 ¥ % * binary-code 9 LSB 2-bit » #7127 12 E & % #— 1 XOR gate °

6-bit Gray—to—Binary Decoder

2-bit
s (it > B5 Binary—to—
Thermometer
s —H .~ | T > B4 Decoder
o N\~ rmm s s m - ==
G3 ——p === == L T > B3

G1 ' u_/
GO —LD ol m e :

Figure 4.5 LSB part of the hybrid Gray=to-thermometer decoder

4.2  Switching Current-Source

% BBV T 1 4 DNL e INL> @ @ % 58 & 358 B 378
PRl -HEFREeHE FLTFE - 59 MSB{rLSB A RS 3] eh
15+3=18 /8 & ;N\ R /B 5L 8 & 3 474 ﬁ%l 1 #8 & Switching Current
Source ° iz 18 i Switching Current Source 7%, & 48] Figure 4.6 74 1 >
15-bit MSB #7#=4|ehq7 it £ §_3-bit LSB e 2 o H ¢ TR EHF* dik

(cascode ) # ;Vzk 2+, H ¥ »:ﬁ%l DrEFrt s o gt DAC 3 #dFen

¥eii £ R[34] o

m d > 53 Latch ﬁiaa] Dengic gLt ¢ 7 Clock coupling #73id = ¢35 #

Hdge > P d L% Switching Current Source {8 ¢ # 53] DAC
ﬁﬁkuﬁﬁﬂ.ﬂﬁ, Tl A X BN B R b B e r RGR R4F R A 0 dummy
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Figure 4.6 Switching current sources
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BT R G- BRAL WBE D) LB A B M D £ o e
timing ¥ &t € 7 — R o F M E F v M ELNREL B P S high & B P L low
i ps o B DAC #5 1{ § # 2 g2 R 2 3% > 2 SNDR v SFDR ~
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4.3 Simulation Results of the DAC

BF K ER DAC 2 i 5% - 7 Lk kit DAC ﬁ%l > — p i
ramp N EL o 7 D] enggt ﬁ?] A1k 254 B Figure 4.7 #751¢ © t BlE T £ frv%]
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Figure 4.7 Simulated output waveform of the DAC with a digital ramp input
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Figure 4.9 Simulated output spectrum of the DAC with 0.503GHz digital
sinusoidal stimulus and 5GS/s sinusoidal clock signal

=9= SNR

—a— SNDR

== SFDR
30 .
< 25} -
20 .
15 .
10F .
5l -
%.5 1 115 2 215 3

Input Frequency (GHz)
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Chapter 5

Design-for-Testability and Layout
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5.1 Design-for-Testability Consideration
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Figure 5.1 Design-for-testability circuitry

Table 5.1 Relationship between control signals and DfT test modes
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1 1 Mode 2
0 0 Mode 3
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5.2 Simulation Results in the Test Mode

Bt - fofis o nsr kR ADCHrDACE Ent ¥1 15 4% &
He o 3 e m PRAN 2 1 AT i £ 0 Flpt AP
RIZ LB E B2 2 5% o 2T g ADC & DAC Bl ficst =
TP AR AR o

Figure 5.5 %7 &3 = T % ADC ﬁa?l » — B 0.503GHz = sinusoidal
28 ~ Clock 5 sinusoidal 5GS/sifEen DAC ﬁ;'] AR RS o Hpl M ELA A3 (R
FFT 4 47+ 17 4-§] Figure 5.6 #7775 2483 » =¥ SNR 3 37.78 dB ~ SNDR
% 37.13 dB ~ SFDR % 45.68 dBc > ENOB ¥ :£ 5.88 bits - @ Figure 5.7
S'Pa%f\?mﬂi@]%*f%'"ﬁﬂ‘%m e Sl 2 BT BlY MT 4 B
FF SNR = SNDR 7% Eﬁ,,ﬁ (SRR 4 ﬁ;f] »HE XAz 8 1GHz 1 8 | T *F enfx

Beo 2 A 35GHZz FFin ¥ %4 4 30dB 12+ o

6b 5g adc + dac

400m

200m

Voltages Jdiny

-200m

400w

T T T T T T
10n 12n 14n 16n 18n 20n
Time (lin) {TIME)

Figure 5.5 Simulated output waveform in the test mode 3 with 0.503GHz
sinusoidal stimulus and 5GS/s sinusoidal clock signal
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5.3 Zero-Order Hold Effect
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5.4 Measure Setup
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Figure 5.13 Measurement environment
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Figure 5.14 Measurement setup

5.5 Chip Layout
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Figure 5.15 Layoutof the full test chip
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Chapter 6

Measurement Results

6.1 Chip Micrograph and Probe on Wafer
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Figure 6.1 Chip micrograph (test on board)
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Figure 6.3 S,, parameter and Smith chart of the output port of the COB test
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Figure 6.5 Chip micrograph (probe on wafer)
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Figure 6.6 S, parameter and Smith chart of the input port on wafer
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6.2 Static Test
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Figure 6.9 Measured input-output transfer curve in the test mode 3
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6.3 Dynamic Test

Bk AipEd N = T S BofRE S 5 5GS/s BF s ﬁa?l > — 500.0305MHz
) 8 I = o %J > enfetyg < -] > ¥ £ 1 Figure 6.11 m%l A2 g2
SNR *ifﬁﬂ Rl TR SRR FHT 7.%.?%] » ¥ty % -1dBFS ]EE%J
7 B~ SNR & > B i 36.98 dB o - FFiR| ¥ 2 47 ¥ 4 ] Figure 6.12 #7751 >
G T R TS oS B AER A £ VRS 30T H SNR B3]
36.98 dB - iz SNDR {= SFDR 4 %] % 5 20.91 dB 4~ 24.17 dBc -

§ i S Avst AR B R B L~ UL e R SUELA 4 T ApTh
(Inter-Modulation ) 2 58#73k o d 3+ &2 ADC *» ch T/H 7 B 4% MOS

B R erZe 1‘#&” » &R % * rail-to-rail FOPFPRALEL A & SRPe 0 @ L rail-to-

-83 -



40 L T L L L T

-30 -25 -20 -15 -10 -5 0
Input Amplitude (dBFS)
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Figure 6.12 Measured output spectrum with the 0.5GHz, -1dBFS sinusoidal
stimulus at 5GS/s in the test mode 3
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Figure 6.14 Harmonic distortion vs. clock frequency with the 0.5GHz
sinusoidal input in the test mode 3
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Figure 6.20 Measured output spectrum with the 0.5GHz, -1dBFS sinusoidal
stimulus at 6GS/s in the test mode 3
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6.4 Noise Measurement
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Figure 6.24 Measured output spectrum when input OFF and clock OFF
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Figure 6.26 Measured output spectrum with the 0.5GHz sinusoidal stimulus
but clock OFF
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Figure 6.27 Measured output spectrum with the 2.5GHz sinusoidal stimulus
but clock OFF
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6.5 Power Dissipation

KB RIE B B ehrt F ) 440 4 Table 6.1 #77 » A B~HE45 & 5 5GS/s~

1.2V supply & BT > ADC 2 i} 4 655mW > DAC B & i 4 115mW -

Table 6.1 Power consumption of the full test chip

Mean Power ADC DAC Total
(mW)
Analog 468 20 488
Digital 187 95 282
Total 655 115 770

6.6 Performance Summary.

# ADC 22 DAC TR 8 4 BHPamdn 2 R % T 4 Table 6.2 -

Table 6.2 Performance summary

Technology TSMC 0.13um CMOS Mixed-Signal RF
Supply voltage 1.2V
Resolution 6 bits
Sampling rate 5 GS/s
ADC DAC

DNL (LSB) -0.16~0.13 -0.12~0.09
INL (LSB) -0.44~0.40 -0.16~0.15
Power consumption 655 mW 115 mW
SNR @ fin=0.5GHz

felk=5GS/s’ 36.98 dB
SNR @ fin=0.5GHz

tolk=6GS/s" 36.977 dB

" measured in the test mode 3
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6.7 Benchmark of the ADC

Table 6.3 # W FiT B E X FEH T €2~ “T%# £ 2 7 # ¥ & GHz
71 16-bit ADC » fo2t i er2k 22 ADC 4pt » 27 4k (4 6 GHz » 7 %%
P A AT ik R B 6-bit ADC o @ 14 4L 5 ",% MBS A ARk
W PERAPADC & GHz 7% 42 # 50 > 23 109mW -
e 2P bR 4 55mW [39] 0 # iE3:% ADC £ * 90nm 2. 4z > 7 &
#* Two-step ch7E H14 % 7 3 38 T % (Switched capacitor ) mﬁg?l NS =Y
TR G ipu S ?Kﬁé’»—iﬁ 7 ADC e 425 F s > e fpend 7 iF 3

2B P AR R BE R EAPATE R KR fo

Table 6.3 Benchmarksof'state-of-the-art 6-bit ADCs

Type JSSC 02 | ISSCC 03 | sVESI'04 . JSSC 05 | ISSCC 06 This
[25] [36] [37] [38] [39] work
Process 0.18pum 0:18pum 0.13pm 0.13pm 90nm 0.13pm
Resolution 6 bits 6'bits 6'bits 6 bits 6 bits 6 bits
Sampling rate 1.6 GHz 2 GHz 4 GHz 1.2 GHz 1 GHz 6 GHz
Power 340mW 310mW 990mW 160mW 55mW 655mW
Power/GHz 212.5mW | 155mW | 247.5mW | 1333mW | 55mW 109mW
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Chapter 7

Conclusion and Future Works
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