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RF IC design

60GHz CMOS transceiver



Usage model

Giga bit ultra-fast data transfer systems around 60GHz.
4 ch. 1.8GHz BW provides 3.5—7.0 Gbps data transfer.
Low power and small size are required

) (((| (-

Peer-to-peer BPSK: 1.7 Gbps
QPSK: 3.5 Gbps
2160 MHz 16QAM: 7 Gbps

1760 MHz

—>

Ch.2 Ch.3

60 61 62 63 64 65 66

Frequency [GHz]
Kiosk download BW: 1.8GHz, 4 channels IEEE 802.15.3¢

97 588 39



Equipment image

Two chips solution on one PCB with antenna

E Field[¥/m]

1. 0BBBe+0BY

. 3750e+083

. 7500e+083
1258&+883
5600e+083
5750e+083
250@e+8@3
6250e+083
DEO0e+083
3750e+083
7500+083
1258e+8@3
5600e+083
8750e+083
2500e+083
2500e+002
0. 0000 +200

Low cost system

bt o e B e B o o B B s B

PEREENODOFOOOD NG @

BB MODEM SoC

40nCMOS 65nCMOS

eocsc000000ee

E Field[¥/m]

. . BOOOE +80Y

-

375Be+003
. 7500e+003
1250e+083
So@ge+003
8750e+283
2500e+003
6250e+883
BPO0E +003
3750e+003
7500e+083
1250e+003
5008e+003
8750e+083
2500e+003
2500 +882
. BEE6E +A08

Gain: 5.6 dBI

OO ERRERNOBENO DD NG DW




60GHz Transcelver: Block Diagram

RF front-end Analog/Digital BB

60GHz 60GHz |

20GHz PLL

60GHz 60GHz |

Digital

BB ] 6.3Gb/s



Die Photo 7

K. Okada and A. Matsuzawa, et al.,
65nm CMOS (RF) ISSCC 2012

40nm CMOS (BB)
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Chip with antenna in package

The 60GHz RF chip are mounted on the antenna in package
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RF+BB Measurement Setup :

RF chip _
W|th 6dB| antenna [3] BB chip

Power supply Power supply

Tx mode Rx mode /
BB PHY RF board RF board BB PHY

Control Control
(FPGA) ] I ]| (FPGA)
= IQ o o [I[e] I[e] o g
° n P n 5C trol signal 4 Control signalf n ps n °
= Ul [u < U™ U —

-
]

Laptop PC Laptap PC

R. Suga, et al., EuUMC 2011




3.5Gb/s QPSK (max 8Gb/s)

10

Channel ch.1 ch.2 ch.3 ch.4 | Maxrate

¥ ¢ e | F o | & & @ ¥
Constellation

R o U T I

spectrum |: LT LI

Back-off | 3.8dB | 3.9dB | 4.4dB | 5.0dB | <190

Data rate* | 3.5Gb/s | 3.5Gb/s | 3.5Gbls | 3.5Gbls | S:0GP/s

(ch.1-ch.4)

EVM  |-21.2dB | -21.6dB | -21.4dB |-20.1dB | /-3¢

Distance®™ | 1.3m | 1.4m | 1.6m | 1.6m | >0-01m

(ch.3)

*The roll-off factor is 0.25. The bandwidth is 2.16GHz except for Max rate.
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**Maximum distance within a BER of 10-3. The 6-dBi antenna in the package is used.



7.0Gb/s 16QAM (max 10Gb/s) 1

Channel ch.1 ch.2 ch.3 ch.4 Max rate

AR S RSB R e AT E e £OY T 5 ¥ OF 3

. Fow R B S 4 Ao & R S £ o o
Constellation| ., , . | .. .. C i e
¥ oy E e o p o we g w0 T R 2 by ow g

10 10 10 10 10
0 0 0 0 0
10 10 -10 10 10
S p e ct ru m -20 -20 -20 -20 -20
-30 -30 -30 -30 .30
-4 40 -40 -40 -40
59. 62.64

OM 38.32 $1.26 ] 57 24 $0.43 $3.22 61.56 64.80 68.04
5.0dB
5.7dB '

Back-off 4.4dB 4.6dB 5.0dB
(ch.3)

Data rate* | 7.0Gb/s | 7.0Gb/s | 7.0Gb/s | 7.0Gb/s 10('£hG3')°/S

EVM  |-23.0dB | -23.0dB | -23.3dB | -22.8dB '2(2;‘0;'3

Distance** | 0.3m | 0.5m | 0.5m | 0.3m | >0.01m
(ch.3)

*The roll-off factor is 0.25. The bandwidth is 2.16GHz except for Max rate.
**Maximum distance within a BER of 10-3. The 6-dBi antenna in the package is used.



Performance Comparison

Integration | #ch. ?1?8 Xa“;)e Poc (Tx/RXx)

Tokyo Tech . 11Gb/s [1] 252mW
1] RF (Direct) | 2 1 46G10/s [4] [ 172mW
CEA-LETI 1,357mW
I5] RF (Hetero) | 4 |3.8Gb/s I 454mW
SiBeam [6] |RF (Hetero) | 2 |3.8Gbls iy
| RF: wi widerBW | RF: 319mW

Tokyo Tech |5+ (Oe¢t) | | 1oGbis 1 223mW
(This work) |/ i gBB RF+BB: BB: 196mW
6.3Gbls / 398mW

[1] K. Okada, et al.,
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ISSCC 2011 [4] H. Asada, et al., A-SSCC 2011 [5] A. Siligaris, et al.,
ISSCC 2011 [6] S. Emami, et al., ISSCC 2011




Recent measurement results

Attains the world fastest data rate of 16Gbps in wireless systems

Constellation

L g

9506 points

19912 points

13502 points

42024 points

Modulation

QPSK

16QAM

QPSK

16QAM

Symbol rate

1.76GS/s

1.76GS/s

5.0GS/s

4.0GS/s

Data rate

3.52Gb/s

7.04Gb/s

10.0Gb/s

16.0Gb/s

EVM
(withDFE)

-30.5dB

-28.2dB

-15.2dB

-16.1dB




Data rate [Gbps]

Performance Comparison ”

Attains the world fastest data rate of 16Gbps in wireless systems

20
18
16 Tokyo Tech—9116QAM
14
12 16QAM A
10 ¢ QPSK
8 Toronto Univ.—#®
6 (only BPSK) QPSK
4 UCB(QPSK) ©—&
2 g OOK o) FSK + direct-conversion
0 NEC(QPSK) © OOK o other arch.
2007 2008 2009 2010 2011 2012
Year
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Essence of millimeter wave IC design

15



Gain and Noise; f_.. and f; 16

maxX

Gain and noise are mainly determined by f
Transistor

and f; of

max

25 - 4
] mi-| |
® Lower gain 20} semiriog seale 12
- . i) )
® MAG is inversely proportional  B.19] =
to the logarithm of the 9 4ol n
operating frequency f.. = <
St log-log scale
® Higher noise " _
10° 10’ 102

® NF,;, is proportional to the Frequency [GHz]

operating frequency f.. 65nm NMOS
nm

W=2.5um, N=32, VV,.=0.8V and V,.=0.8V.

gs

G ..~ fimax NF . =~ 1+[fc j\/l.Bgm(Rg -I—RS)

T

2013/1/10 Ning Li, Tokyo Tech



Expected f ., and f 17

max

f...x and f; of MOS transistor are expected to increase continuously

fr

2500 2500 =
2000 2000 o
a
1500 CMOSD i 1500 o
o gt CMOS .o

1000 o—o—g—d‘n 1000 a

02ga® |nP 8%00° |ppP
500 5 a_g 500 ‘mg—g—()—c

, §8ocoo GaAs , | 88°°°GaAs

2010 2055 2oéo 20&5 2030 2010 2015 2020 2025 2030

O Bulk CMOS
A Ultra-Thin-Body Fully-Depleted (UTB FD) SOI

O Multi-Gate MOSFETs ITRS RFAMS 2011.



Amplifier design

Amplifier design;
accurate sizing, biasing, impedance matching and decoupling.

50Q, 0.8dB/mm -
“*":E‘ o
1st, 2nd stage =

3rd, 4th satge = MIM TL for dec.

A several GHz oscillation will occur, if the feedback passes are made.

Feedback pass

. Z Loss min z© .Z. ]
:Galn max <27 n_i%n . Gain max!

: , |
J \ s| Matching § |
/ § network

Amp. 1 5 5 Amp. 2

A\ 4

18



Low loss TR line -

Transmission line, transformer, and decoupling capacitor are developed.

Transformer

out+

Transmission line

0.8dB/mm
Manually-placed dummy metal

signal(10pm) GND

/ )dummy
:\ gap(15um) GND

GND GND

"\ M1&M2 shield




Gain flatnhess 20

A gain flatness causes ISI for QAM signal and results in increase of BER.
Adjusting the impedance matching to reduce the gain flatness.

fio (60GHz)

Down-conv. | i

A—

PG Input matching |pter-stage and

1.76GHz-BW 0 0.38GHz A output matching
Gain Flatness odB 2dB 3dB
BER ~0 1.3e-5 3e-3
2 N
Constellation T E R ﬁf; s
- S R VR £ & 5
e b b i =" - o >f




Modeling (De-embedding) tequnique 2

Through only method Inaccurate due to interference between PADs

N T
NG

L-2L Method Thru (short line) structure Pad model

Measure the PAD and lead parts

Measure with L (200um) and 2L (400um) transmission lines
No affect of interference from PADs and lead parts

- =\

G G G G G G G|G
S Slel||S S||le|S S ‘ s|s
G| L |G G 2L G G| L |G GIG
- -
Tlpad Ty 'Trpad ‘(szad Toy Tr Trpad) 1 'szad Ty, 'Trpaa = Tlpad ' Trpad

A. M. Mangan, et al., IEEE Trans. on Electron Devices, vol. 53, no. 2, pp.235-241, Feb. 2006
N. Takayama, K. Okada, and A. Matsuzawa, et al., IEEE Asia-Pacific Microwave Conference (APMC),

Singapore, Dec. 2009.



Measurement results 22

An accurate device modeling with proper measurement method

is vitally important for very high frequency circuit design.

The performance of millimeter wave circuits is mostly determined by
The accuracy of modeling for passive and active devices.

Through only method L-2L Method

300 10 20 30 40 50 60 70 300 10 20 30 40 50 60 70

Frequency [GHZ] Frequency [GHZ]



A multi stage non-cascode CMOS LNA realizes wide gain flatness.

Vdd1 VddZ
De-coupling
B3 yiMT-Line 20 20
Vs
Vb1
20 o
160 ¢ m 160 ¢ m
S0 m 60 ¢t m 300fF 30 ¢t m 300fF
I ° RFout
150 4'm

190 4 m
9O um

2

Gain flathess

T . . C A A C
R GOpd dA N Pl =~

. - i 25 >

W a 3 T

<P

VA R VNN N
—06—6—0——0—9

s g

b S =15 |
©

' 0 : IR S0

5

° aNnd L .o.*'¢ 0

< 1230pm > 56 57 58 59 60 61 62
Layout RF Frequency [GHZ]




Comparison in LNA 24

This

M1 | 121 | 131 | 14 | 51 | 6] | work
Tech. 90nm | 90nm |90nm | 90nm | 65nm |90nm | 65nm
Topology| CS | cas. | cas. | cs CD:;' Cas. | CS-CS
#Stage 3 2 2 2 3 3 4
BW
[GHz] 5 6 8 - 7.7 14 17
Gain
[dB] 150 | 146 | 155 | 12.2 19.3 20.0 24
NF [dB] 4.4 5.5 6.5 6.5 6.1 6.8 4.0-7.6
Power
[MW] 3.9 24 86 10.5 35 36 30

[1] E. Cohen, et al., RFIC 2008 [2] T. Yao, et al., JSSC 2007 [3] S. Pellerano, et al., JISSC 2008 [4] B.
Heydari, et al., JSSC 2007 [5] C. Weyers, et al., ISSCC 2008
[6] Y. Natsukari, et al., VLSI Circuits 2009

Ning Li, K. Okada, and A. Matsuzawa et al., ESSCIRC, Seville, Spain, pp.342-345, Sep. 2010.



Cross coupled feedback capacitors =

Differential circuit Cross coupled feedback capacitors in a differential circuit
o can reduce the effective capacitance to increase the gain of
6dB at 60GHz.

or o | :

Ccc — foo—
}S—O 2\/Rggmcgd /(Cgs +ng)+(Rg + o + Rs)gds
Cc

c This term is reduced
| 35
— — 30 kﬁ — w/o cross-coupled cap.}|-
Capacitance is % 25 — w/ cross-coupled cap. |
cancelled ﬂ < 20
Cgd-Ccc © .5 6dB up
o O 3
i ‘ c 10
—[, 2 ——
—
ng.-?cc_ 0
i-f =--—0 0 20 40 60 80 100 120

i II:_L Frequency[GHZ]

Y. Natsukari, et al., VLSI Circuits, Dig. Tech. Papers, pp. 252-253, June 2009.
W. L. Chan, et al., ISSCC. Tech. Dig., pp. 380-381, Feb. 2009.



S(1,2) [dB]

Feedback signal and stability 26

Feedback signal is suppressed by the cross coupled capacitors
and this increase the stability of amplifier.

Feedback signal

/

¥V

s

— w/o cross-coupled cap.

J

— w/ cros-coupled cap. |

0

10 20 30 40 50 60 70 80 90 100 110
Frequency [GHZz]

Stability factor

H
o

w
o

N
o

-
=)

Stability factor

l

-
o

\

o

4 — wio cross-coupled cap.
4= w/ cros-coupled cap.

\Y/

L ' ' ' ' '
0 10 20 30 40 50 60 70 80 90 100 110
Frequency [GHZz]



Required phase noise of IQ-VCO for 16QAM:-

A phase noise of LT. -90dBc/Hz@1MHz is required for 16QAM systems

A reported phase noise of 60GHz IQ VCO is -76dBc/Hz @1MHz at most
K. Scheir, et al., ISSCC, pp. 494-495,Feb. 2009.

()

w )

N

Y N -

4

1 AM-AM of PA
- —& —h

A Required CNR [dB]

o

100 -98 96 94 92 -90 -88 -86 -84
Phase noise [dBc/Hz] @ 1MHz offset




Key technology: Quadrature ILO 5

Quadrature injection locked 60GHz oscillator with 20GHz PLL
Low phase noise of -96dBc/Hz @1MHz.

Best phase noise is achieved.

58-63GHz, -96dBc/Hz-1MHz offset

T T 1T
g ILO (Freerun
£ _ T Lo ( ) (Locked)
T N
o T
N I3)
m
= A
’
2} i ’
‘0 -80 ;\qzs‘ f L L
2 [
o - 20GHz PLL j\k
(7] [ - -
@-100 - -+{[{t1-t-1-Fririr— 10 I N
i [ -.:-l.\
-120 —T \hz
140 L H -

1K 10K 100K ™ 10M
Frequency (Hz)

A. Musa, K. Okada, A. Matsuzawa., in A-SSCC
Dig. Tech. Papers, pp- 101-102, Nov. 2010.




Injection locking method 20

Injection locking method is a very important circuit technique
for high frequency signal generation and frequency divider.
Phase noise of the oscillator is mandated by the injected signal.

/\:": /\:"‘. /\;’ y /\:"‘. /'\;’ i /\:"‘. /’\:"'- / t

INJy Output : \/ \/ \/ \/ \/ \/ \/

I N J Po-l |_o “\ ;,’ ',\ ;,’ ',",’ '.\ ”.' '.\ ';' ‘.',c' '.\ ‘;' ‘.\‘
N

Injection
signal

parallel injection

Phase noise PIN; o = PNy, +20log(N) Multiple number
9.5dB @ N=3

fo L
20 Josc

Locking frequency range fi =



150GHz CMOS injection locked frequency divider 3o

inj

The injection locking methd is useful for high frequency divider.

Technolo 40nm 1P8M
% | cmos
Operating 133.3GHz - Free-running
freq uency 1 51 _3G HZ i Agilent  88:47:11 May 9, 2612 I
1 35 6dB IH gefk—dﬁ dBm Ext Mix -46.31 dBm
. -135. c/Hz Los 3
5
Phase noise @1 MHZ offset dB/ I‘l‘ Syster, H\-gnm;g;:} mg‘thg’:«- guprkzuh\r:ceg
Power 12mW J \
dissipation @Vpp=1.6V 7\
% s AN
Circuit size 8.8 x 5.3um? e’ SN
Center 48.62 GHz Span 1 GHz
#Res BH 1 MHz #UBH 10 kHz Sreep 81.25 ms (401 pts)

OuUT

M. Fujishima, et al., SSDM 2012

Phase noise [dBc/Hz]
)
o

1k

Divide the pulses = control oscillation frequency

Locked

May 9, 2012

Mkrl 50.600 GHz
-40.07 dBm

Ref -46 dBm Ext Mix
Peak
Log
6
dB/ System, Alignments, Align Now, All [required
Signal Tdent On, Amptd Uncal
HL $2
$3 FS
| PUNFUTSE SRS SIS U IRURE IO | VIS PV PSP SUNP S

Center 58 GHz Span 1 GHz
Sweep 81.25 ms (481 pts)

I»Res BH 1 MHz #UBH 16 kHz I
1 s Free-running output
Locked output --»-.A,..‘%
-135.6dBc/Hz —>
10k 100k 1M 10M

Offset frequency [Hz]



Further high frequency: CMOS Oscillator 3:

Higher frequency can be obtained by
CMOS oscillator, using push-push method.

410 GHz 486 GHz
E. Seok, et al., ISSCC 2008. O. Momeni, et al., JSSC 2011.
45nm CMOS Push-push Oscillator 65nm CMOS 486GHz
205GHz oscillation with 410GHz using Triple-Push oscillation

-7.9dBm from 61mW Pd.

Eadasy
oy sas ( E-3 8 3]
g

= enen
¥

2012/9/5



Issue: Phase control of injection locking oscillator 32

Finle frequency tuning is required to attain low phase error

osC I

T IT SIHQD = Iosc sin 6
o I
do(t . W, v~ —2 . —~
gt( ) = (mo ~ a)inj)_ W, Sln{@(t)} Y20 I osc

Locked state

A
VDD j do(t) — 0 elt)= sin‘l(wO — winjj = sinl{QQ(wo _ winjj- IOSC}

dt 23 O

r
w
o

1 degree-> 0.05%

N
o

30MHz@60GHz

—_
o

_|—
-+

Phase Error [degree]
S o

i 5.
5.
[
—
5.
=
'
N
o

-30

— — 59.48 59.98 60.48 60.98 61.48
Free-run frequency [GHZ]




Issue: Hot carrier Injection

33

Power supply voltage control must be needed to increase the life time

1010
10°
__ 108

-_—
o
~

106

10°
104

103
102
10°
100

Lifetime 7t (s

04 05 06 0.7
1Vpg (1/V)

[1] E. Takeda et al., IEDL 1983

0.8

0.9

100

10

Alps (%)

0.1

0.01

< Vp,=1.00V, P
O v,,=1.00V, P
A V,,=0.75V, P_ =5 dBm

out=10 dBm
=5dBm

out

1

102

104 106
Time (s)

108

1010



Future iIssue: Loss In transmission line s

Reducing the height of the top metal will increase the power loss
in the transmission line.

Transmission line

. R _R, u _RC.
QZO Lu 2\/7 ’/ﬁ/ ,
M1&M2 shield
—I 0.3
s 0 0.12 0.12
1 0
0.88 0.55
I P

180nm 90nm 40nm



ADC design

35



ADC performance and the data rate

Data rate is proportional to the product of f, and N

D N-f,

rate

36

If the signal bandwidth is fixed, increase of
resolution is required to increase the data rate.

Shannon’s theory to determine the communication capacity

P
C=BWlog,|1+—=
Py
BW and SNR of ADC are 0‘1
P >
Bw<ls == =15.2"" =
2 PN ADC %1-10’5
Therefore ::Z
~ f.: Sampling frequency o
C NfS N: Resolution v

110 10

Higher data-rate can be realized
by higher multi-level modulation.
It result in increase of ADC resolution.

— o~~~

~ < <
- QPSK — 16QAM - 64QAM 256QAM

N N NN
N\




Example: 38GHz 1Gbps fixed point wireless;

38GHz 1Gbps fixed point wireless system has been developed.

Compatible with Gbit Ethernet
Hole system is integrated with planar antenna

| LED Indicator |
|

Maintenance

/"\ Ethernet Cable

Signal Detector ] [ IP network
__________________ . AC/DC
Converter
..... DC/DC Converter l
N - Quadrature Up =
pd
%ZSJEBU%U&q MOD p&QConvp&U&u<
eHEl 22 |2 |- X = x O
S| |g| &gl |2 IF Local RF Local '—l
LlE]l =2 | 8 Oscillator Oscillator, i
<) o
D chg s O 3 LL I LL I < L =z
S| a| [2FH 8 HY HQuadraturell & L Down [ 2 LU & _i
@ O DEM Conv %
1]
Maintenance
Signal Adder . .
. : Radio Equipment




Mixed signal BB SoC 38

A mixed signal SoC has been developed to realize
64QAM (1Gbps) with BW of 260MHz.

SDRAM EEPROM| | SDRAM Flash Temperature
Memory Sensor

+ Base band SoC

CPU Core and Peripheral Circuits

Synthesizer

d 1 i 3
g 2 Gigabit D/A Converter gg S
£3 Ethgernet Radio Framer QAM g g ‘—§
ﬁ O © 8
ha =2 NY MAC MAC | & Modem | = A/D Converter NKE = -é \ad
3 53§ 90nm CMOS
O D/A and A/D 2= .
o Network Interface Block QAM Modem Block Converters 4 0 M Trans |S to rs

Baseband Processing SoC

_“ﬁ“n Our lab developed ADC & DAC

B

l. =
0
L]
C
[
L
.
-
C
L}
W
C
L
®
1
L]




BER

ADC performance and BER

Increase of ADC performance reduces BER of 64 QAM

CINvs 640AM_BER on B-Bpar BW=260MHz

1.E-02 s
sg’!h
1E-03 | &y

64QAM

1.E-04
1.E-05
1.E-06
1.E-07
1.E-08
1.E-09
1.E-10
1.E-11
1.E12
1.E-13
1.E-14

20 25 30 35 40 4t
CIN [dB]



ADC architectures 40

Flash, SAR, pipelined, and sigma-delta are four major ADC architectures

Stage1 Stage 2 Stagem Comps.

Vin °H| ------ > el >,
oy

02i le l D, .,

__ Unitstage
:— (Comp.) |

"""" | ADC DAC - |
| Amp. |
= ]l "
(a) Flash R Db )

CDAC. Comp. (c) Pipelined ADC

Vv

—_— ------- ——e— +oDout Vﬂ)\f\ J J- ----- J~ 4)@ I:)out
c] ¢ |c i i -
o 4 5 ; Integrators

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

V., SAR logic /
—v, Nad

(b) SAR (d) Sigma-Delta




ADC architecture and covered area 41

Covered performance area of comparator based ADCs have been
increased. However OpAmp based ADCs are still needed
for higher resolution.

_______ N
106 F \ Comparator based
I
-=Jd
1G Ne ™ LS~
N l / Pipelined
=S l N
g 100 M = : \ OpAmp based
() I \ N
g‘ | A : j \
e 10 M ™ \ I \
c | \\ I
2 | \ I
£ 1M s
2 : SAR \
o | \k
O 100K |= I
\ /
~N. = = = 7
10 k 1 1 1
4 6 8 10

Resolution (bit)



Comparator based ADC design

Flash ADC

42



Developed baseband SoC and flash ADC s

Baseband SoC for the 60GHz transceiver has been developed.
ADC, DAC, VGA, and PLL, are integrated in 40nm CMOS.

K. Okada and A. Matsuzawa, et al., ISSCC 2012 M. Miyahara and A. Matsuzawa, et al.,
RFIC 2012.

ADC 5b, 2.3GSps, 12mWi/ch
Our lab. developed

RX: 300mW, TX: 110mW
40nm CMOS technology

.22 mm

ww &z'0
U3l




Flash ADC 44

« Flash ADC is still reasonable for GHz and low resolution conversion.
« Comparator determines the ADC performance N<6

Offset mismatch mainly determines the effective resolution.

q

v, Flash ADC AENOB = ;bg{l 1 Q(Vo‘f;(a)

2
6bit: V_<3mV
Vir Q J ] °

Comps.

O Simulation |
— Estimation

0.6
0.8 Y

1.0 \
a2 NO

0 0125 0.25 0.375 0.5 0.625 0.75
Voii (o) [LSB]

O

out

Encoder
—AENOB [bit]

Y




The smaller is the better

45

Use smaller transistor to reduce energy and compensate mismatch digitally
Larger transistor is required to reduce mismatch voltage

Offset mismatch (mV)

25

20

15

10

and results in increase of gate area and consumed energy.

Voffset (G) oC

'} E.=50fJ

1

JLW

Mismatch compensation

0.2

0.4

0.6

0.8

Transistor size (um?)

350

300

250

- 200

150

100

50

Only small ADCs attain low FoM

10

—_

i
—

FoM (pJ/conv.step)

E o« Cx Area
, s
L J rl
o7
Rl
/7@
S
&
9/
== 5bit and 6bit ADCs i
=

0.01

0.01

0.1

Area (mm?2)

1

10



Proposed dynamic comparator and offset voltage 46

Offset voltage can be corrected by changing the C; and |,

Equivalent circuit for the fist stage
9 Iy 9 AV, = Veff [ACL _ AID]
2 2 A° T olc 1
\ gmvi ID C 0% VDD - o
Vi 'CD CD V| = Vi
O r ‘ VDD
i ¢ O
Dynamic amplifier Latch v,
- LT s — - —-—-— ~ s - ——m—-m—--—-—-— = a V
CLK * ! S O P
Ol_"cl[ |°" Vv I ‘1 |D ;
|§2 L ® | Vv /2
A L L Ve .
| CLNCL! 'I_| P_ _°| |_°: e
| _| :H— ;%\ %%\i I ¢ p—— O
I | T = | < Output
D D V. I ? O
Vin+ :O_| In-"— = | |
|
‘ M For CAL! |‘_| |— _| |_ I M. Miyahara and A. Matsuzawa,
Vi M RN ¢ 2 i etal., A-SSCC, Nov. 2008.



Digital offset mismatch calibration methods:;

Resistor ladder type  Capacitor array type

- : : ;
s A~ T ,
0
al L= 1o _.Ni =
Current Capacitance
calibration calibration
VRt C
mux Comparator
- Node Comparator Node
7 I R
0 0
0 : 1 2 K2 2K1:
beodea! 0
w3 i LPL LT L
| A I A ;
K to 2" Decoder HUR #\K--------.'
‘i\K D[0---K]
D[0---K]

Binary weighted capacitor array

Y. Asada, K. Yoshihara,T. Urano, M. Miyahara and A. Matsuzawa,
“A 6bit, 7mW, 250fJ, 700MS/s Subranging ADC” A-SSCC, pp. 141-144, Nov. 2009.



Effect of digital mismatch compensation

The mismatch voltage can be reduced from 14mV to 1.7mV.

—— Calibration ON

Measured result ---- Calibration OFF
40 —
Vo

20 TV Vostset(c) = 1.69 mV
S N
£ |

= 0

£
>

-20

- Min/Max : -38.4/+32.8 mV "'}
; ; : |

400716 32 48 640 10 20 30
Comparator Number Probability [%]

M. Miyahara, Y. Asada, D. Paik, and A. Matsuzawa, "A Low-
Noise Self-Calibrating Dynamic Comparator for High-Speed
ADCs," A-SSCC, Nov. 2008.
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Area comparison 49

Penalty area for digital compensation will be reduced with technology scaling.

30pum 90um \

| Comprator T Strage Capacitor & Charge Pump |

120pm

> 90 nm
Comprator Decorder Register 4b

MUX ) (High speed, but noisy)

85um

25um 10pm 30um

Capacitor array

[ Comprator T cap | Registerab | (Small noise, but moderate speed)

A\ 4

Capacitor array 40 nm

I "Comprator | UpDownCounter |
~ &Cap Array 5b

»
>

41um



Flash ADC for 60GHz transceiver

" 1152 MHz _ 5bit x 4, 288 MHz
VGA—> 5bit Flash | | siP |
ADC1 [ | 1:4 —O .
—O  5Sbitx
Clock o ’
zsogwe || ~0 b Fo_m
PL- OB 7] — LS 0" BB
x —O
® [—o
§ 5bit Flash | | s/P L o

0
& -10 Fin =100 MHz
v ]
= -20 VGA Gain=12d
“;’ -30
(o)
n- '40
T -50
N .60 |
4]
g -70
S 80

0 288 576 864
Frequency [MHZz]

1152

022 mm

50
M. Miyahara and A. Matsuzawa, et al.,
RFIC 2012.
Ich Qch
0.25 mm

VGA Gain range 0-40 dB

ADC Resolution 5 bit

Sampling rate 2304 MS/s

Power VGA : 9 mW .

Consumption ADC : 12 mW

DNL, INL <0.8LSB

SNDR 26.1 dB

FoM of ADC 316 fJ/conv.-s

*single channel inc. S/P
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ADC Comparison

51

Low power & small size ADC has been developed for 60GHz transceiver.

Architecturel  cal fs |SNDR|Power| FoM Process | Area
©|[GS/s]| [dB] | [mW] | [fal-c.s]| [nm] | [mm?]

[1] Flash - 35 | 31.2 98 946 90 0.149
2] SAR Internal | 2.5 | 34.0 50 489 45 1
3] Folding |Internal| 2.7 | 33.6 50 474 90 0.36
) | PPeline, e iemall 22 | 311 | 26 | 40 20 | 0.03
- Folding
5] Flash Internal | 2.88 | 27.8 36 600 65 0.25
This | Flash  |internal| 2.3 | 264 | 12 | 316 40 | 0.06
work

[1] K. Deguchi, et al., VLSI Circuits 2007 [2] E. Alpman, et al., ISSCC 2009
[3] Y. Nakajima, et al., VLSI Circuits 2007 [4] B. Verbruggen, et al., ISSCC 2010
[5] T. Ito, et al., A-SSCC 2010
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I N
H o (o] o N

Delay time (relative)
N

0
0.4

0.5V Flash ADC

WIO FBB

WI FBB (0 5V)

1
06 0.8 1 1.2
Supply voltage (V)

320pm

1.4

52

5bit 0.5V 600MSps Flash ADC has been developed.
S/H circuits use gate boosted switches.

Forward body bias is used to decrease gate delay.

wrigog

M. Miyahara , J. Lin, K. Yoshihara, and A. Matsuzawa,
“A0.5V,1.2mW, 160fJ, 600 MS/s 5 bit Flash ADC”
A-SSCC, pp. 177-180, Nov. 2010.

Reference # [7] [8] [9] [10] |This work
Resolution (bit) 5 5 5 5 )

fs (GSIs) 0.5 1.75 1.75 0.06 0.6
SNDR (dB) 26 30 30 26 27

Pd (mW) 5.9 2.2 7.6 1.3 1.2
Active area (mm?) | 0.87 0.017 0.03 : 0.083
Vdd (V) 1.2 1 1 0.6 0.5
FoM(fJ) 750 50 150 1060 160
CMOS Tech. (nm) 65 90 90 90 90
Architecture SAR  |Fold+Flash| Flash Flash Flash

FoM,, . = 160fJ @ 600MSps
FoMg_ =110 fJ @ 360MSps

[7] B. P. Ginsburg, J. Solid-State Circuits 2007.
[8] B. Verbruggen, ISSCC 2008.

[9] B. Verbruggen, VLSI Circuits 2008.

[10] J. E. Proesel, CICC 2008.



Comparator based ADC design

: SAR ADC
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Basic idea for low energy analog design s

Conventional analog circuit consumes larger energy.
Dynamic circuits doesn’t consume larger energy.

CMOS: Consumed energy is independent of the delay time.

CML, OpAmp CMOS

p—t
p—d

Voo Fiogie T ” R.C

§ _i r o~L
- 1 ;
R Pd:fEdZEfCLVDD

——0V, 1
E,==C,V,
— CL d 2 L " DD
I = 1
1 ftogle ec




— o o o

SAR ADC

SAR can be designed to consume no static power.

95

SAR can realize larger signal swing compared with pipeline ADC.

CDAC :
e T m o m s mmmmmmm N Comparator Logic
Capacitors N
@ @ L —
< cl ¢ €| < ! [
2 4 8 16 16 :sz l\ _I>
I -1
S11] Si2| Siz| Si1a| Sis : i =
& — —_—— —_—— —_—— -, e =
|
_I_ _j_ j i T : S Switches
: 00/O_Vref
S e e e e e e e € e M L L2 7 o0— Vln
Sample Generating subtracted signal
—|— aC
“Q ST wm mpw
Na Q — _CVin ]

E~=-CV?
2

Not OpAmp based,
but comparator based

No resistors
No static current!
Potentially full swing

1
ref



FoM and FoM?2 56

High SNDR over 70dB and low FoM of less than 50fJ looks not easy.

10000 |
@ ISSCC&VLSI
n SAR ADCs
_ . C L
2 1000
g N AT 1
K . TS .
g ‘e . + | Very High
g 100 * | @
= * 0”0.
'S 3
E V'S "0
10 " —
. IS
< [s1] ’[s3]>
\[izl/
1
20 30 40 50 60 70 80 90
SNDR[dB]
1000
[ # ISSCC&VLSI
. | SARADGs ,
~— 100
o .
3 »
210
S M * 2 o
S 8
= . ¢ K
=i . . [1]
E 0.1 . 0—’60 * N
é < 00
[s1] .
0.01 > o High —
[s2] s3] ‘
0.001
20 30 40 50 60 70 80

SNDR[dB]

90

FoM LT. 10fJ is possible,
however its SNDR is < 60dB

Low FoM, if SNDR is > 70dB
IS not easy.

FoM2 is supported by theory and
show the energy trend more clearly.

P
FoM =
2(SNDR— 1.76)/6.02 . Fs
FoM?2 = P

2-(SNDR-1.76)/6.02_

2 Fs



Linearity of SAR ADC 57

Non-linearity is caused by CDAC, and it can be calibrated digitally.
Therefore, a small capacitance determined by noise can be used.

Capacitor mismatch CAL Floating capacitor CAL Sprit capacitor

: .................................. jeeeTeccscsccssscnsssncnssnan

 [IIIIr II11r; 111!

TTTTTI I}iﬁ:@j@i IIII T I

----------------------------------------------------------------

Capacitance mismatch CAL _ _
Floating capacitor CAL

4 [ ]

o | Before 12bit 5
e} 4 H — After
2 0 + m g _—— Before . 1
= 2 K / A A A
Z = o LA Sl / ,},v ,,,,,,,,,,,,,,,,,,,,,, Y. TN

4 > 9 Wt , ArauneRi

Z o IRERN HYEVEIRIRIRIRIRIa.
— 2 o [T | (Wl |
m 2 V ' v I
20 5 | |
= :i 2048 2176 2304 2432 2560
0 1024 2048 3072 4096 OUTPUT CODE

OUTPUT CODE



Noise of dynamic comparator 58

Basic noise of the dynamic comparator is determined by load capacitor

Transistor Sampling
noise noise
———— TG Obtained noise equation
o— —¢———9¢——O—1q o]
ngI l I | } | 2
i nl D C_ —_ VDD 2 kTVeff Vdd
A OO RION = = OV =——5|2v = +1
l L C,V vV
r | ! T LV dd eff
O B O
Dynamic amplifier Latch

CLK /e \\‘m/’ _________ 1 ;\\ ©

I a

[ |: i:”oi : I_q :

! - :I_| a N2b ':

] C.NC NI b—l |—- :

: :”_ #— ;z\: : 1aBa Ej - O
Vi Ib ID|_V8'_ L _ - :O

] - b

l For CAL! I_| = - :

M, M, 1\ y
\\ o o e - / \\_T_______T___/

A. Matsuzawa," IEEE 8th International Conference on ASIC(ASICON), pp. 218-221, Oct. 2009.



Gain and noise of the dynamic amplifier s

The larger gain requires the larger voltage swing

U T’ O CLK ‘
V 08 1
* O outl - 1
o= sinc?(x)dx = =
+— ° Vout2 2Td J‘O ( ) 2
Vin = c. Tc sinc?(x)
L L
Vin2 O _\_T_‘_ — —
AV ‘/ml ln2ﬁ I )C=f-Td
N (1) Gain AV, = gévm
L
VDD G = _g_m ~ — 2‘/os Td = VOIS_CL
. (2)Noise Ip Veff D
o AV I ( ]\ (o # sinc®(fT, Mdf
- t o Ti 2T,
GND > Hz T, j sinc?(x)dx = Hz 5
vl Vi 4kTyg,T, 2kTy Ve _2kTy
Ty Fourier "G 4V2 C? c, V. g.T,

> H(f)= %Sin(nﬂd): T -sinc(fT,)




Required capacitance and consumed Energy 60

Node capacitances should be increased to realize higher ADC resolution.
This results in increase of consumed energy of the dynamic comparator.

— Ve Ver oo A dynamic amplifier with CMOS amplifier
no G? N 472 = n-lateh suppresses the noise from the latch
1-10°
o ST AT ........... o Vpp=1V, V £=0.2V
*O[ " conventional © //
— 3.0 RE——— . S
2 | | | |
E
E 2.0
>
1-0 N N
L —" s .Propo.sed
0.0 T T S 1 /
04 05 06 07 08 09 =
Vem [V] 01 7 8 9 10 11 12 13 14

Resolution (bit)



Fundamental Energy of sampling circuit «:

.. N
Fundamental energy of sampling is often used. Es — 24kT22

However this neglects the power for comparison.
Quantization voltage

V — VFS
Sampling circuit gn — N
Switch  Capacitor Quantization noise power
Oo—— 2 2
Signal P = an _ VFS
m™oo12 12.2%
C C - .
| Noise balance Vn2 =P,
Track Hold 2N

Capacitance C=12kT

2

Electrical energy=Thermal energy s

lCVn2 _dgr v KL , N
2 2 C E, =2CV,, =24kT?2

P, of sampling circuit

n



P/t [Joules]

-0

10

Energy consumption of ADC 62

Consumed energy of ADC is mainly determined by the resolution.

Energy of ADC is reaching 100x of the fundamental sampling energy,
and 10x of the fundamental ADC energy consumption.

O Flash
A Pipeline
X Other

2 1 6 8 10 12 14 16

SNRbits

18

Conventional fundamental sampling energy

Eapc Es — 24kT822N
E
E_ = 2N 107

S

1Fundamental ADC conversion energy

involving energy consumption of comparato

E,pc ®# N -E,

E,,.=Nx2""x10""

(a) Timmy Sundstrom, PhD thesis, Linkoping 2011.



Noise In comparison phase 63

The switch resistance generates the noise and the noise voltage
at the comparator is large due to the small parasitic capacitance.

aC, : Dynamic |
—o—o—||—e *— Amp. |
I I : Out
1] Latch —O
Viegr (1 - a)Cs T 2| i
le— e |
- T 1 — I
9 | Load !
f . Cap. !
e
é I , Comparator
- 2 n L
4kTRoy /H, C;, """ C, 9.V, 4kTvg, /H, Vi aen Lateh
| |
Wl e 12 So——(w)— O
R, Cp 1 5 @ . —_—C,
C,>C, \ ’

Dynamic amplifier



Transient noise simulation

Input noise is increased with frequency bandwidth, if C, is very small.
If Cp exists, it determines noise voltage.

Jun 13, 2012 Transient Response m Jun 12, 2012 Transient Respohse

H/nl Bz Ein3

=/l ez Bl

200
150
100

50-
=

£ o

=
-50-

—100-
-150
-200
0 2

. Fmax=1THz,RMS=3.23mV.... . “Fmax=100THz, RMS=32.8mV..

1

07

— o ]
— E o
= ]

5.0

Jun 13, 2012 Transient Res ponse [ Jun 12, 2012 Transient Response m
Enl E/mz Eind

ol Eine Emn3

C,=100fF




Noise In comparison phase

Clear tradeoff between noise, speed and energy.

For low noise voltage 1) Large sampling capacitance
2) Small switch resistance

3) Long integration time

4) Large Load capacitance

5) Small latch noise

6) Large voltage swing

7) Small gate effective voltage

1) Sampling noise of C, V—,fl = 2kT

1
2)Effective noise caused by the switch Vn: [ C T T,
1+

3) Noise by the dynamic amplifier - 4kTy V., 4kTy
" C‘L Vos ngd
4) Noise by from the latch ) )
— V %
V24 _ _n_latch _ eff 2

G2 _ 4V2 n_latch

oS

65



Dynamic response of reference circuit ¢

Dynamic response of the reference circuit affects the linearity of the ADC.

Large decoupling capacitance is required to suppress this effect.
Impedance design ( IC, bonding, package, board, etc.) becomes important.

R, L, R, D all-a)C, 4, Comp. 1LSB: 0.5mV @12bit
AMM—TIT—4—WA—] |——0
|l
aC,
Ve T Cpoec — (1-a)C,
—— O<a=<l —L-

PG VAN e VAN

a=0.5 r Crrc

R, =20Q N

R =300 V.. Initial voltage of C,
L =5nH t

V. =1.0V AV, (t) ~ AV, (O)e *
T~ R,.Cppe




MOM capacitance 67

MIM capacitance has a good matching, MOM is not so,,,.

However matching issue can be solved by digital mismatch compensation.
Capacitor density is increased by technology scaling.

Very small capacitance (<0.1fF) is available and useful for the mismatch comp.

3

2 a
& \\
2 . MOM
g
2 \
g ]
2 MIM N
= T - —_
0.7 \
0.6 \
N\
50 60 70 80 90 100 200

MOM capacitance Design rule (nm)



OpAmp based ADC design

Interpolated pipeline ADC
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Conventional Pipelined ADC 5

Pipelined ADCs are still needed for high resolution and high speed ADC.

However, conventional pipelined ADC requires accurate MDAC

Input Residue
N >10bit |
f. >200MSps Sub-| |[Sub-\ |™
DC| } |DAC
| ey wmpac
7] 7] 7] 7] 7]
Analog | o g‘ g‘ g g‘ —t g‘ 2b
Input T
nput o | ® @ ® Q-4 Flash|
£1.5b 4£1.5b 4f1.5b £1.5b £1.5b 12b

Digital Correction Logic

l Digtal Out 69




U1l-vOUT / mV

VOUT / mV

OpAmp gain and conversion error

N
3x2 3x2Y
€(LsB) =
€(LSB)

800 //
600 /
400
200

0
-200
-400
-600 /
-800 //
800 /
600
400 _——
200 >

C E
-200 5
-400 g
-600
-800 /

Time/mSecs

1

200uSecs/div

G>60N+10(dB)

Gain>70dB
10bit ADC

Large error occurs

40dB gain
230 v
I\ H
AR T
240 : H
I i
2%
-250 : IJ ;
! j
\
-260 I
AR
r—'_r T
2704
280

370 372 374 376 378 380



Developed ADC 71

Developed new 10b ADC to address 64 QAM.

Interpolated pipeline scheme 10b, 320 MSps, 40mW ADC
No need of high gain OP amps

Suitable for low gain and low V, scaled CMOS

Pipeline Stage
________ 1
VinO Sampl I Int. *
8 CDAC A1a > Caps. 4 | Az o o
| o o
I S S
) I | | I (/2] (/2] | |
CMP1 |+ | CMP2 |+ | 2 o Jemp2 AR
| | g H
Y Sample f m| Int. { A2b I o o g
f & CDAC Caps. ® 0
|77 leas i 1 | ©
D1st 2nd D3ra Datn Dstn
(3b+1b) Y(2b+1 b) (2b+1b) (2b+1b) (1b
|J Correction Logic \
L 10b

M. Miyahara, A. Matsuzawa, VLSI-CS, 2011.



Pipelined interpolation 72

The interpolation can realize the fine A/D conversion.
No accurate absolute gain is required.

The accuracy of cross points depends the gain mismatch,
and does not depend the absolute gain

V V

> Int. .
» Caps. b

A 1
/ an an = Z(3Voa + Vob)
’”
4

- %(QVoa + 2Vob)

> CMP2 D >
° ' L]
Int. d
» Caps_ V.,
Vob be
A\ 4

Gain of amplifiers is about 4



Proposed Weight Controlled Capacitor Array

Proposed weight controlled capacitor array realizes accurate interpolation.
Furthermore, the offset voltages of amplifiers are cancelled.

X

v =—{ TG, (V- V.)+

n

V. -V
m+n m+nGb( in rb)}

Fese= ]

Sampling Phase Interpolation Phase

73

:|_o>;g_— 'a=G
Voa '|-o93:. to Ay, I_%.:‘_I_V!"a_ to A,, b G: <:V°ff—b) M
h’ —IE%:‘I EMH S % mcg?i_%:“
- = =

Ga (Vin o Vra - Voff_a )
Gb (Vin - Vrb - Voff_b )
( Voff_a )

oa
ob

< < < <

:|-°>\§-. v,

%_?Z o %_CL_CL mcm—%v,
IR O ey vl

Interpolation phase

Sa-mpling pha;e




Low gain Amplifier 74

1st stage amplifier require good linearity
=>CMOS input with source degenerations

G=4

Gain mismatch < 2.1%(3c)

i

1st stage amplifier

74

Vbp ¢ ¢
R | R
vom vop
Vine O O Viom
1
el

Vss _l

2nd stage amplifier




75

Performance summary

This Work [2] [6] [7]
Resolution (bit) 10 10 10 10
Fsample (MS/s) 320 500 205 320
Vi (V) 1.2 1.2 1.0 -
Power (mW) 40 55 61 42
ENOB, . (bit) 8.5 8.5 8.7 8.7
FoM../ FoMcrgw (PJ/c.-s) | 0.35/0.77 | 0.31 0.65 |0.36/0.44
Technology (nm) 90 90 90 90
Active Area (mm?) 0.46 0.5 1 0.21
Amplifier type Open Closed | Closed | Closed
Linearity Compensation No Yes No Yes

[2] A. Verma and B. Razavi, IEEE J. Solid-State Circuits, vol. 44, Nov., 2009.

[6] S. Lee, Y. Jeon, K. Kim, J. Kwon, J. Kim, J. Moon, and W. Lee,” ISSCC, 2007.

[7] H. Chen, W. Shen, W. Cheng, and H. Chen, A-SSCC, 2010.
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Sigma-delta ADC 76

Sigma delta ADC can suppress only the quantization noise of ADC.
The performance is limited by the input error voltage.
For wide band signal, SD ADC may not be efficient architecture.

Error voltage V, Integrator Integrator ADC

corvere AT TGS

Noise of 1st integrator -
Error of DAC
Noise of Resistor, current, sampling

Vv

¢ DAC k
AN

V4 2 1 T 2L+1
— g
Ng = ( 2 j 3r(2L + 1)(OSRJ Quantization noise can be suppressed so muclk

V

Ve_eff ~ ﬁ Error voltage at input summing node can’t be suppressed

so much. Suppressed by only OSR.



SNR and P, 0od SD ADC and SAR ADC ~

SNR and Power dissipation of wide band (multi-bit) SAR ADC are
Not attractive. SAR ADC will reach the SNR and exhibit very low power
consumption.

100 T T T T T T 1T I I
O T TR~ T T T T R @Eveo £ @ gcr ¥ s o
=. = P - - 9] V€O - |
~ ~L[TITt-. Y+ Using Digital FLT. H {1]0]CT @ [3]DT p (mW) — 8 x f (MHZ)
<y N v’o’ N E [11]DT — E [4] CT d b ,
\\ B ‘e, hES ® [12]CcT__ . & [5]CT/DT | .
- ST A [13CTBT O [6] DT |
80 C [1“\‘ 0.%’ \\\ & [14]D — A [7]CT 170
MR < ~\\ 1. \\2 : {12}2T | W&ot 4 ,F. m +1
(NIE SN T J. O [70T0 47 pdt
8 \\é N ’0’ \\ SNR “c—é // - .
> 70 s RN . N ° 2 10 e 1
2 1 L] 150 dB/Fg L =
7 /RN T piq i m—
\/ N / ” F
\\ x K q) // * "X "0
SAR ADC — 143 dB/Hg piig I 2
60 Va 'S s
¢ RS Q—I /’ A 7
N P 4 ’v “Q
—u JEHEAN ="SAR ADC -
1 135 dB/Hz ! ja W
l’ 1 1'/ p, (MW)=2.5x,/f,(MHz) ‘
50 'A. | | | | | | T | }
0.1 1 10! 102 10" 10 10’ 10°

fy (MHz) f. (MHz)



SAR Pipelined ADC 78

For wide fb and high SNDR ADC, SAR-Pipelined ADC is very attractive.
It can relax the requirement of settling time and noise of comparator

10bit, 500MSps, 8.2mW, FoM of 34fJ
10

Digital Error Correction

o>

yrrrrrI L 5
d)1 ' .....6!...........bz.‘........q......:
—~/—[ RAC, }—~"— ¢y —<BbSARADC

10

d)s “O....... CX XN E F -3 (A A I XTI AT T I RNYT IRYT IRY LY T
V,, —— 6b 2blcycl>_ . -
SAR 2 5“““":3/;" i '""_&/i """""""" '
/2l RA — t
r 4 _* i 7

10
Yan Zhu, et al., VLSI Circuits, 2012

Digital Error Correction

Macau univ.

SNDR(dB)
o
B

[| —=— SNDR (W/ Gain Cal.)
—&— SNDR (WM Gain Cal.)

SO 185280 300 400

Sampling frequency(MHz)@fin=1.2MHz




Summary: RF

— 60GHz CMOS Transceiver has been realized

— Technology scaling increases operation frequency
to several 100GHz

— Accurate device modeling is very important

— Wide band width with proper matching and low
phase noise of high frequency oscillator are
required for high speed data transfer.

— Injection locking method is very innovative method
to generate low phase noise high frequency signals
and to realize frequency divider.

— Accurate phase control, address the HCIl issue are
next challenge.
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Summary: ADC -
 Flash ADC

— Smaller is the better for Low FoM
— Digital mismatch compensation tech. should be used

« SAR ADC

— Concern the comparator noise
— Remind the tradeoff (Noise, speed, power)
— Take care of reference circuits

 Pipelined ADC

— Proposed interpolated pipeline ADC offers good
solution

e Future of ADC
— ADCs will be unified by SAR ADC.



