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13

1
—@— 1415fiostng |
=== 13/15 floating
+ = 11/15floating

10601 5

IEEE802.15.3c IZERASIN TWS 1B 14/15

M LDPC HEEA—X(Z, HE1LE11/15, 13/15. j;'jj;' =ion

14/151Zx3 59 %
Overlaid-rate-compatible (ORC) LDPC Code
THRICBEE

1.06-06

1.06-07 1

1.06-08 +

Bi t-error(‘)ate bER

106-09 1

B AL 7BitlRADCZELSINE AL L TER S TR,

10611 + -,
A [l 5
= FFL 10612 4
(Time-based) Z#—/L 71207522 ZADC
10613 !
40 0 3 4 5 6 7 8 ] 1 1 1
_ o THis Work : Signal-to-Noise Ratio, SNR (dB)
® This work
a X A |ISSCC1997-2013
_ 35 - " g VLS| 1997-2013 ||
o -, —I— —l—
kel A [—=] ET7X3
£ . : £, o |  BHREESBitHDACELSINE AL THH
Zz A[3]
oz =E g, 1
2 R - Ewiti 1ZEDAC
A
20 N o Technology 40nm CMOS
f GS/ . o -
snya [GS/s] Sampling rate 3.52GS/s
ISSCC 2008 [3] | VLSI 2012 [8] | VLSI 2013 [9] This work : :
Technology 90nm 40nm 32nm SOI 40nm LP Resolution 8bit
Resolution [bif] 5 6 6 7 SFDR 39.2dBc@1GHz
Power Supply [V] 1 1.1 0.85 1.1 —
Sampling Frequency [GS/s] 1.75 3 5 2.2 DNL < +1.0L.SB
Power Consumption [mW] 2.2 11 8.5 27.4
SNDR @Nyquist [dB] 27.6 33.1 30.9 37.4 INL <2 0LSB
FoMw [fJ/conv.-step] 64.5 99.3 59.4 210
FoMs [dB] 143.5 144.4 145.6 143.3 Core Area 0.033 mm?
Core area [mmz] 0.0165 0.021 0.02 0.052 ;
Calibration Off chip Foreground Off chip No need Power Consumptlon 28.9mW

20

(104/1o




Flash Type ADCs 14

Flash ADCs (2-6 bits)

© Highest conversion rate and lowest latency

® Power and area are proportional to the
number of comparators

Folding-Flash ADCs (6-10 bits)

© Less number of comparators

® Power consuming of amplifiers in the folding
circuit[l, 2]

New efficient folding architecture is required

[1] Y. Nakajima, et al., JSSC 2010 [2] T. Yamase, et al., VLSI symp. 2011
2017/04/18



Conventional Folding-Flash ADC 15

N : Resolution [bit]

S @)

g = . .
" T 2 Folding times
> = 2M-1
O —
© =
© — » Number of Comps
s — % oM 4 2N-M+1
=) — Q _
v = © Coarse Fine
2 ®
IS k= .

L N=7bit, M=4

ADC input signal Threshold 128=>32
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Conventional Folding Circuit 16

 Large current is needed for high speed
* \Voltage gain is reduced by technology scaling

2017/04/18



New Design Concepts 17

Time-based-folding architecture
« Voltage-based = Time-based Folding
© More suitable for finer process

» Simple logic circuits can realize folding signal
of the timing edge
© No static current

Voltage-to-time amplifier
« Dynamic amplifier with resistive averaging

© No static current
© No need of calibration

2017/04/18



Voltage to Time Conversion 18

Voltage-based Time-based

Vour

Casel :\/P E::
ase
AV
Ve>Vy N
t

Vour

Case?2 —\\;NJKV |:>
VeV | [T F

t
ErEDa e —
X X —
DNo—_D"'*—_}QFB t

(R) SR-Latch

e
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V-T Amplifier Example

VDD ® ¢ ®
{
Dn :||\}/:|3 T\|/||4: Dp

VINPO—II:IMl Mz/:H—OVINN

¢LO{’LM5

VT-Amplifier

2017/04/18
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V-T Amplifier Example

20

Vbp ' ¢TL t Slower D
D|\| :||\h3 T\|/||4: Dp (D)
o—1 ——o° £
I_
VINPO—II:IMl I\/Iz/:”—OVINN g
a

PL Ms
O—H%’, Dpo

Faster
VT-Amplifier
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V-T Amplifier Example 21

Vbp ? n ! Slower Dy Dns
{
o [T i D e
o—¢ +———o©° &
=
VINPO—II:IMl Mz/:H—OVINN g
O

pro[ wm,
Dpo  Deps

Faster

VT-Amplifier
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Block Diagram

22

Dynamic
Voltage-to-Time

Am

- — s+
1B
Input 23 i
range 5
D

S/H

""“1H75

Vin+C
Vin— C
g | oo
CLK

Py D25 °
4 O
28 o)
7 2
< 24
® ® 15
> | D, 2 £
< @ Py
@ —
o L
Q =) i
Q |- (1bit for
redundancy)
Deq T
— >
-rl —
© 3 |Dg %c:_:
I | — = |15
D /
' - =3 D Qv = 7/
Q F3] = O
| X 0 S o
> 2 2
: Q2 |Dg4 @
o
25}

Japooug

. X44-d
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Block Diagram

23

Japooug

. X44-d

Dynamic
U p p er Vee, VoIPg e-to-Time
Amps. A
dummy D
— S/H & ™ o
| 2] S
- s ' 24 2
Input D ' E S & 15
- Q_J o 0 > D1 0))] I/
range = SIH st 2
@ > 3
- _ = Do =) 4bit
Lower S/H < Ho (1bit for
dummy Vis l' redundancy)
% T
. — 2
Vin+ O 8'3 De> wl
Vin. O 2o Y2 15
O o R
'l S 9 |Des] 235 7
| X O S o
il ol = % -
CLK |4, =
CLKO— gGen.

2017/04/18



Voltage-to-Time Amplifier 24

PFB can increase the gain by about 4 times.
=>No need calibration in coarse and fine Latches.

Positive feedback 1.2

DER
rro

1.1ps/mV

=
L

o
o¢)

VT Amp outputs [V]

o o

~ (0)]

4
7

Ui
/
/

O
Z

w/o PFB Ss |Dp
0.2
—0.24ps/mV .
0 ]
4.0E-10 5.0E-10 6.0E-10

Time [S]
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Resistively Averaged VT Amps 25

Resistive averaglng reduces the mismatch voltage.

2017/04/18

\/

i
o N NN
\Y/ Y/

DNL(O‘)
ldeal case O LSB

Outputs [V]



Resistively Averaged VT Amps 26

Resistive averaglng reduces the mismatch voltage.

\/

o N NN
\Y/ Y/

2017/04/18

Outputs [V]

DNL(O‘)
ldeal case O LSB
Mismatch 0.5 LSB



Resistively Averaged VT Amps 27

Resistive averaglng reduces the mismatch voltage.

\/

o N NN
\Y/ Y/

2017/04/18

Outputs [V]

DNL (o)
Ideal case O0LSB
Mismatch 0.5LSB
Averaged 0.16LSB



Output of VT Amps

28

Each VT Amp generates pulse signal which
has delay time depending on input signal.

A
Vines \L T ? ., DpPanNg 5 5 ! / \
o— N3 P3 H
V-T . . >
VIN33_ > N ' '
Dp2 N2 / ! \ / ! \
VNP2 P2 DP2 : DN2 L }
O— >
Vi | VT v Dp1 N1 / /
T ’ Dp1 DN1,' N
N N )
Vinp1
O—
VNN V_-I> ¢ - / \ / \
o—/[ ! >
\/ t

2017/0%18



Block Diagram

29

Dynamic
Voltage-to-Time

Am

Upper VFS+
dummy —
— S/H
18
Input 23 i
range 8
)

S/H

Vin+C
Vin— C
g | oo
CLK

;UDi._
4 @]
28 o
41 2
< »
@ ® 15
> | D, 2 #
< @ Py
@ —
® 2
Q. ) i
Q |- (1bit for
redundancy)
T
— >
-rl_.
SENRE B
I | — = |15
[ ¢ o o = A
Q = O
| X n gg
1| &~ =)
Q ®
o
éo \_

Japooug

. X44-d
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Output of VT Amps 30

How iIs the folding signal generated Iin
time domain?

<
=z
z
w

Dp3
o— ~So—>
Vigns V-T >c Dis SIOW:r Dnvo Dni Dnz Dnz Dna Dns  Diwe
Vinp2 >c Rr2 = +

® __________x ___x __x ______x ___x 4
Vinwa| V1 D2 9 ,VIN
V'Nplj, Dps |
- >c © Faster Deo Dp1i Dp2 Dps Dpsa Dps Deg
V-T

VNN i
o— >c

1

oL
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Delay Time Selector 31

Slower signal = AND Gate
Faster signal = OR Gate

D2 D11 D2 Dl

Delay time selector 1

2017/04/18



Time-Based-Folding

Peak fold = OR gate

D, ;=Dyo OR D, D; =Dy OR Dpg
SIow:r l Dnvo Dni Dz Dnz/Dne Dns Die

_l_.

Delay Time

Faster Dpo Dp1 Dpz Dpz Dps Dps Des

2017/04/18



Time-Based-Folding 33

Valley fold = AND gate

D, ;=Dyo OR D, D; =Dy OR Dpg
SIow:r l Dnvo Dni Dz Dnz/Dne Dns Die

_l_,

Delay Time

D, ,=D, ;ANDD, ,

P6

2017/04/18



TF Circuit Implementation 34

Symmetrical input logic cells are used for realizing
same transition time.

VDD

Folding factor =8

DNO O~
Dpz O-

g
_<

DN4 o
Dp6 O~

Dns o-
Dp1oo-

Dni1zo
Dpi6co-

|—
T Lo L1 g || LI lgl1yg

g
_<
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TF output for interpolation 35

Time-based folder outputs four signals to
interpolate in the fine SR latches.

* Des De

Delay Time

Folding signals
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Block Diagram

Dynamic
Voltage-to-Time

Am

S/H

]

S/H

Buibelany aAlSISaY

Vin+C
Vin—C
s | oL
CLK
CLK O— Gen.

yaole] ys °sie0)d

¢o

(1bit for
redundancy)

Qf—_

uj auiq

D>
L.

¥ X 1ap|0
paseq-awl|

ok,

yalel us

a1e|odia)
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=

[
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TF output for interpolation 37

Time-based folder outputs four signals to
interpolate in the fine SR latches.

A

Delay Time
|

2017/04/18



38

3bit
Interpolation

Dr>

4
A \h \b — 'ﬂ

3w Keaq™.

Time-based folder outputs four signals to

TF output for interpolation
interpolate in the fine SR latches.
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Interpolated SR Latch 39

Gate weighted inverter realizes interpolated signal [6]
=No need of reference signal in fine SR latches.

DF1 o- S
--|>o— S =
Drs 0- Dr "/sm
*ThS (DF]_:D|:4:5:3) """

i iamills R
DF2 o-@ P
oo 2] L P+

" ¢ R (Dr2:Dg3=5:3) Qe
Dr2 o- | SR-Latch
Dr3 o-

2bit  1bit SR-Latch response in the case of
3bit Interpolator interpolation ratio of 5:3

[6] D. Miyashita, et al., VLSI symp. 2011
2017/04/18



Chip photo 40

* 40nm LP 8M1P CMQOS technology
« Chip area of 0.052mm?

0.25mm

<€ >

A

0.21mm
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Measured DNL, INL

2.0

+0.6/-0.6 LSB

1.0

0.0 |

-1.0

DNL [LSB]

-2.0

0 32 64 96 128

+1.0/-1.0 LSB

2.0

1.0

00 |

-1.0

INL [LSB]

-2.0

0 32 64 96 128
OUTPUT CODE
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Sampling rate vs. SNDR

42

SNR, SFDR, SNDR [dB]
N w W H0N HAN ol
ol o ol o (@) o

N
o

2017/04/18

Input Frequency = 100MHz
SNDR =38.3dB@2.2GS/s

|
<

J\FM

—o—.-—o—-o——o——o-—o—kk\

ey

——-SNR -#SFDR -4-SNDR \k

400 800 1200 1600 2000 2400 2800
Sampling rate [MS/s]



Input Frequency vs. SNDR 43
Sampling rate = 2.2GS/s
SNDR =37.4dB@1.1GHz
50
§45 -\!-—-/'_-\-—n—l\.//\
% 40
Z
Niassssss—
O
230 —-SNR -2-SFDR -+-SNDR
Z 25
20
0 200 400 600 800 1000 1200 1400

Input Frequency [MHZz]
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Measured Spectrum

44

Sampling rate = 2.2GS/s
Input frequency = 800MHz
(Output code is decimated by 8)

[dB]
o

N
o

IN
o

Normalized Power
0 O
(@) o

o TP
0 50 100 150
Frequency [MHZz]
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Performance Summary 45
 The highest SNDR in Flash ADCs
exceeding 2 GS/s
* No need of calibration
ISSCC 2008 [3] | VLSI 2012 [8] | VLSI 2013 [9] | This work
Technology 90nm 40nm 32nm SOl 40nm LP
Resolution [bit] 5 6 6 7
Power Supply [V] 1 1.1 0.85 1.1
Sampling Frequency [GS/s] 1.75 3 5 2.2
Power Consumption [mW] 2.2 11 8.5 27.4
SNDR @Nyquist [dB] 27.6 33.1 30.9 37.4*
FoMw [fJ/conv.-step] 64.5 99.3 59.4 210
FoMs [dB] 143.5 144.4 145.6 143.3
Core area [mmz] 0.0165 0.021 0.02 0.052
Calibration Off chip Foreground Off chip No need

*3.3mW for reference ladder, 19.4mW for analog and 4.7mW for digital




12bit 800MS/s ADCEAF 46

c NOBEERBOBRAICKYFRT7 D TREEHRZ L2 TICEM
« IOty MEE, A1 V2 —)—TF ¥ RILEGHIERNZER
« AN, BREENYI7ZRBLF Y TSN ERAEHZEM

ADC Ach

<<
2

-- Pipeline Stage
[ smHe ”VPlA — ntaext ”VPZA i 400MS/s x 2
o = gy £ B — T
[ Sg-'A& >N InthfXL > Nen Dz
T FA T2 i 3] | &
Flash | L offset int&ext. | L offset > m
& IAiDCI —Cal.lll_i_0 > ADCi —Cal.llii:' g ;U; Z‘EEHE%%EWE
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12bit 800MS/s ADCEF{ifi & & 47

o MIEBMEIZEYSNDR 15~20dBa=E
o [EIEKEmFFEO.7mm?2, 134mW@810MS/s

B4R 150mW
1.3mm ( )
ANEEZ 10MHz
80
_70 |= -/""\E"‘"\-\.
a8)]
c ?60 == =t
= 2 50 t
5 z | 15~20dBtX
— Qf 40 “\
@) 30 N
@ 20 ——SNR —=-SFDR
" 10 —+-SNDR —<fHIERISNDR
0

o
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TDC Introduction 50

« Motivation

— A fractional-N digital PLL with the phase
noise comparable to an analog counter part

Analog PLL Digital PLL
1:re i fOUt - Qi 1:out
— »{PFD & cHP | Ar('f"l?)%;';t)er | vVCO FCW 5 DF'i?t':" | Dco
A ‘
C |
N ounter

FCW ; J TDC 44—' fref

—— A > Modulator

 Low phase noise * Higher phase noise

e Large size « Smaller size

 Low bandwidth * High bandwidth
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Noise Contributions 51

 TDC contributes in-band phase noise

_ (272-)2 ’t2 . deCO
12 res f

I:)Ntdc,in—band _

ref

 DCO contributes out-band phase noise

f, (L+p)KT 2af L
A2 V.2 Qe

sig

Thermal noise PN, =10log,{

}

. . 2 2
Qu_antlzatlon PN =10l0g, 1 [Afresj 1 [ ginc A
noise 12 Af fref fref
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Practical Issues for TDC

- A digital fractional-N PLL also demands the TDC

with

— Enough range, low power, small area, and sufficient

bandwidth

TDCs applied in digital fractional-N PLLs

JSSC'05 JSSC'08 JSSC'09 Target
Inband PN [dBc/Hz] -93 -108 -117 -120
TDC type Delay Time Amp. GRO ?
Res. [ps] 20 6 0.75 < 1ps
Range [bits] 5 11 9 10
Power [mW] 1.68 3.45 70 <3
Area [mm?] 0.01 0.04 0.6 <0.02
Noise-shaping No No Yes (1MHz) No

2017/04/18




High Resolution TDCs 53

* Pipeline * Noise-shaping
- Large power and area® - Low bandwidth ®
%» Delay ™ Delay Tin ED z Doyt
CKaol chain b| ™ || chain A (Counter) [ Q=
Encoder | Digital-to-time
{ | converter [*
Dout
« Stochastic * Integrator (Charge domain)
- Short linear range ® - Large power and area ®
N arbiters w/ mismatches [Z.Xu, ISSCC 13 SRP]
Vp —>\ Von |C|: [

[ ‘ AN Dout
Ci@ Dout Tin Gnm t Vo o Ty <ADC 7>
+@+’ \ 4 [
CK2 V, —» V I N—
Ve ¢
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Time-to-Charge Conversion 54

 Time-to-charge conversion suggests extremely
high resolution

« The thermal noise is suppressed by trading off the
power (I) and area (C)

At tres - CVIsb / I
At At V
b 2 _ ) Vlisb | O
R Y, Dout O =HT7 -3 |
oo ( ADC p— 1:res d
-2 ) %r 2 1 t =1ps, 10-bit,V, , =1mV,g /., =9
In” 4 ds Oyn —— C res Isb m d
)\ D 0.5 0.5pF O.S/mA,_//
— 0.4 - 1pF
C 1pF o '
p % 05 // . ima
I 1mA < / |
b 0.2 |
V 1mV / 2pF,
Isb 0.1// omA
Lres 1ps 256 512 768 1024

At [ps]
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Proposed Low Power Solution

Charge pump + SAR-ADC, t
Low power: 2.47mW

Area: 0.06mm?, still large
Range: 8-bit due to non-linearity, not enough

Charge pum

res

= 0.84ps

12-bit SAR-ADC

.................................

| Bootstrap

switches

Self-
clocking

2017/04/18
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Chip Measurement 56

- CMOS 65nm Pt

m 1 | _
Z precision: 0.81 LSB
D -
0 256 512 768 1024 4
x 10
15
o 2W 210
| AN § s
Z' ) M)\M ﬂv _'4 ' .
0 256 512 768 1024 522 524 526 528
Code Code
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Architecture of This Work

57

e Counter-based ADPLL

 An interface between TDC and DCO is required

Fv
1/2 }—e—p

2017/04/18

O<+—¢

CK
Delay > >|>
| D.
FCW v Coarse
R — &
Fre Phase | Pe | fine
DTDC Pfrac detector filters
F |TDC »? —> D
—
A
K
e Pint Dent
Counter <
Y [
Pulse selector
& <

counter’ s latch




Measured Phase Noise

58

 Phase noise in integer-N mode

Agilent E50528 Signal Source Analyzer & E5053A Microwave Downconverter

2017/04/18

Phase MNeoise Start 1 kHz

PPhase MNoise 10.004B/ Ref -120.0d4Bc/Hz _
-10.00 Carrier 1.799399915 GHz ~ -3.1222 dBm
' 1: |1 kHz -93.6605 dBc/H=z
-20.,00 2110 kHEz -101.9337 dEc/Hz
— >53r: %OO kHz —%%g%ggg gﬁcﬁHZ
=l . ! MHZ - ] EC/H=zZ
40.00 Ref Spur 5: 10 MH= -127.5704 dBc/Hz
- ' === Noise H==
50.00 -41 dBC Analysis Range X: Full Range
Arnalysis Range ¥: Full Range
50,00 Intg Moiser —46.1747 dBc /40 MHz
RMS Moise: 6.94673 mrad
-70.00 J98. 018 mdeg
8000 EMS JIitter: 614,226 fsec
' Fesidual FM: 61.6161 kHz
-90,00
100.0 4
110.0 3
120.0¥ /
100 1.8 GHz
)
-140.0
"1 -112 dBc/Hz@400 kHz
w00 - RMS Jitter: 0.6 ps
"170.0 &5 1K T il 151

stop 40 M-z IR




Measured Phase Noise

* Phase noise in fractional-N mode

Agilent E5052B Signal Source Analyzer & E5053A Microwave Downconverter
PPhase Moise 10,0048/ Ref -120.0dBc/Hz

Carrier 1.812499894 GHz ~ -2.4763 dBm

R 17 (1 khZz  -104.7473 dBC/Hz
-20.00 2: 10 kHz -98.4785 dBo/H=
. 3: 100 kHz -105.9193 dEC/HzZ
-30.00 Ref. spur. 41400 kHz -106.1357 dBO/HZ
4000 =01 |2 MHzZ -109.5395 dEc/Hz
' === No'ise H==
5000 _41 dBC Arnalysis Range »: Full Range
Arnalysis Range Y: Full Range
-60.00 . Intg Moise: —-34.6081 dBc /40 MHz
00 FraC Spur RMS (Moise: 26,3092 mrad
- 1.50741 deg
8000 -~ -60 dBC RMS Jitter: 2.31021 psec
' Rezidual FM: 327.227 kHz
-90.00
-100.0
—110.U£

o 1.8125 GHz
w00 -106 dBe/Hz@400 kHz

-170.0 g =Y 155 & 100

Start 1 kHz >top 40 MHz
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State-of-the-Arts

60

This [2] Hsu [3] Tasca Yao [5] Elkholy

work JSSC'08 ISSCC'10 JSSC'13 VLSI'14
CMOS (nm) 65 55 65 180 65
Reference freq. (MHZz) 50 50 40 52 49.1
Carrier freq. (GHz) 1.8 3.6 3.3 3.2 4.5
Max bandwidth (MHZz) 05~5 0.5 3.2 0.95 3
In-band PN (dBc/Hz) ! -100 -108 -101 -107 -106
Worst. frac. spur (dBc) N/A -50 -42 -55 N/A
Ref. spur (dBc) -41 -65 -72 -75 -69
RMS jitter (ps) 2.3 0.3 0.56 0.23 0.49
FoM (dB) 2 -224 -234.5 -238.3 -240.4 -240.5
Power (mW) 7 41.6 4.5 17 3.7
Core area (mm?) 0.38 0.7 0.22 0.62 0.22
Type of TDC e GRO BB AN 4'bitffr?§rse'

1 Normalized to 3.6 GHz

2017/04/18

2 FoM = 10*log10(jitter*Pdc/1ImW)
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1R EEE HIIEEZREOMERE/TOERRr—

SEYT14Z%EFLI-ADCDBIF

— 12DNDADCTHRW B TF7T)r—avIxtit
2. oY HAHLBRIRERILELI-7FOJ B

AR DB

— b FTE YRR TARAER—FE) TR HE

- BEMEROA D SERE., YR T—4EBBER
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SEEA—5JIJLADC 64

FEREEADC: BNBEAIE | pe e ow e L
AS ADC : B = = EE) 1k :|‘ EE-EEODXT—57 )Lk

BICY R TORIBEZAFIVIMMELTEHLETHEEER N
RT—ZTIALEERLETORL— A DEGREE=T

10

SAR
Logic SNDR>90dB
, CDAC T s 1
Vin O— £
v 1 R
. 6-12 bit &
Eng T 0.1 OSR=16
‘ OSR=32
$§§j\%§ OSR=64
K- AR7T DCEREE AR 100 1000
RE:AA4FIVUEME. EODCEi [E2 8 (kHy)
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A
R FE
EH -

==K

30dB-90dB (10,0004%)
1kS/s-50MS/s (50,0001%)

SERERTHRSZELANILOENNRZTEIR

ColumnF!ADCADNERAEVRILBETILFFrRILinAFHLE A EE
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-Y Lin, TCAS-I 2015
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ERET L% O RT—4

53 AR RE N 27OV F— X+t
THERRHE F T9/80—/—F  Ynm
SREE Ve Metal & VA=

@ @ TE

[SkilEEA—R BRISYRT+—L |
1L ropumcemsr

‘ Schematic, Symbol, Layout, TAMF ‘
U amemear<orumm

| BT RYF—4(GDS) |
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