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Demands for high speed and low power ADCs/ 4
TOKyO TIECH

Millimeter wave transceivers, optical or wire line communicatioh systems,
high speed data storage systems need high speed ADCs.

For example Millimeter wave transceiver
5-6bit 3GSps -- 10GSps converters P, <30mW--50mW

RF front—end Base band

1Gbps~

Digital
@ PLL base band
processor
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Recent published high speed CMOS ADCs

TOKyO TIECH

Freq. Flash: 4GS/s, Interleaving: 24GS/s (5bit and 6bit only)
FoM: 8pJ-400fJ-50f)J (1GHz, 2mW)
Area 4.4mm2 0.02mm?2 (Slngle)-l-able 1
No. |Res. | Fs (GS/s)| Pd (mW) | FoM (pJ) | Area (mm?) [Tech. (nm)| Architecture Feature Publish
1] 6 40| 1820 130 0.20 130 [Flash Ref CAL. ESSCIRC 03
2| s 40| 9900 @ Q_@ 130 |Flash VLSI 04
3| 5 42| 1800 2.80 0.16 130 |Flash Averaging CICC 2007
4 6 35 98.0 0.90 0.15 90 |Flash Averaging VLSI 07
5| 6 13 320 0.80 0.09 130 [2b-SAR 2b ISSCC 08
6| s 18 22| (005)  (0.02) % |1b_Fold+Flash |R-CAL ISSCC 08
7 6 @’ 1200.0 2.00 16.00 90 |SAR 160x Interleaving |ISSCC 08
g8 | 6 08 12.0 0.40 0.13 65 [Flash Ref CAL. VLSI 08
9| s 50| 3200 1.82 0.30 65 |Flash Averasing VLSI 08
10 6 103 | 1600.0 4.85 ? 90 |Pipeline 10x Interleaving  |VLSI 08
11| 5 18 7.6 0.15 0.03 90 [Flash R-CAL VLSI 08
12] 6 20| 1700 3.80 0.20 130 |Flash Load-CAL A-SSCC 08
13] 6 1.2 75.0 217 0.43 130 |Flash Averaging A-SSCC 08
2009.10.21 NS, stpuaa
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FoM of 5 and 6 bit Flash ADCs are lowest ( 100fJ/conv.)

Conversion speed and power

Pursuing Excellence
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However, FOM of Interleaved ADC is very large (2pJ/conv.)
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FOM vs. Area

TOKyO TIECH

Occupied area should be reduced to lower the FoM.

We must pay much attention to the occupied area.

FoM (pJ/conv.step)
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Flash ADC architecture 9

TOKYO TIECH
 EXxpecting highest speed
« Comparator determines the ADC performance
Flash ADC
V
Comparator Vq ZLNS :
Array 6b° 63 2 Vq:16mV, Mismatch <3mV
VDD
e 1o t o
-0 | O Probability
M 1 A N
Z o T3
®) | - C Nav
Croi | +1 T 1
E L py T! 1 .
% —+1 4 1 o ,AV
i +1 7T 1 Offset mismatch
: Vi, Ideal Actual
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Degradation of ENOB 10

TOKyO TIECH

Degradation of ENOB in flash ADC is basically determined by
offset mismatch and thermal noise of comparators.

6.0 . . ; ; . For example; 6bit ADC, ENOB=5.7bit
5.8 . ..... O Simulation}. Va=lomV, Voy<3mV
5.7bit ' I s
5.6 o = Els;tlmaltlon i .
o i i i _ 2
m SA[ Ny T AENOB = §|0g2(1+127/ )
@) !
Z S2f N z z
50k D Q] > | Vo (O-) V, (O' )
oI A Y VAR
4.8 i N q q
4.6 ' """ :r """"
4 I R S V. (o) :Distribution of offset
0 0.125 0.25 0.375 0.5 0.625 0.75 \/ () Distribution of noise
3mV Y
f‘ “‘ Matsuzawa |
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FoM of Flash ADC 11

TOKyO TIECH

FoM of flash ADC is determined by
energy consumption of unit comparator
and the degradation of effective bit.

Reduction of consumed energy and increase of ENOB are very important
N
Pd EC ¢ fS ¢ 2

ENOB N —AENOB
f. x2 f. x2

E.: Energy/Comparator

_ AENOB
-E, -2

U

FOM =

E

CVS,

C

E. is basically proportional to the capacitance
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Tradeoff: mismatch and energy consumption/ 12

TOKyO TIECH

There is a serious tradeoff between mismatch of transistor and gate area.

Larger transistor is required to reduce mismatch voltage
and results in increase of gate area and consumed power.

Mismatch compensation
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Mismatch compensation and noise
of dynamic comparators
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Conventional comparator 14

TOKyO TIECH

A conventional comparator flows static current.
It is not suitable for ultimate low power ADCs.
Also, analog offset cancelling technique can’t be used in dynamic comparators.

PrE-_a_rrj[zILf[er o _Iza_ltfr_} _____ Offset cancelled comparator
’ ) /’ O CLK P P
' S I L
| 1 P — —
| % RS I E \
I o I_ _| Ly >
o Ho! 1 Vo O_O/o_l_/ . L o
Vin | Vil |4 }_‘ | ! T
1 [
s Ly : Pre-amp i Latch
! b [ — L
Vo= ! A ; = =
\ ] \ -
Static current flows This offset cancelling technique
Limited power reduction Can’t be used in dynamic comparators
n  Matsuzawa . i
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Direction of comparator circuits 15

TOKyO TIECH

Dynamic comparators use the fast voltage falls depended on input
voltage difference and consumes no static power, however afraid of

large mismatch voltage.

Comp "<-I

Double-tail latch comparator
VDD

FP

INN

oJTn ’
eg oo oo [ s -

V. Giannini, P. Nuzzo, V. Chironi, A.
Baschirotto, G. van der Plas, and J. Craninckx,
“An 820uW 9b 40MS/s Noise Tolerant
Dynamic-SAR ADC in 90nm Digital CMQOS,”
IEEE ISSCC 2008, Dig. of Tech. Papers,
pp.238-239, Feb. 2008.

2009.10.21
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M. van Elzakker, Ed van Tu1|I, P. Geraedts, D.
Schinkel, E. Klumperink, B.Nauta, “A 1.9uW
4.41J/Conversion-step 10b 1MS/s Charge-
Redistribution ADC,” IEEE ISSCC 2008, Dig.
of Tech. Papers, pp.244-245, Feb. 2008.
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Mismatch compensation method 16

TOKyO TIECH
The mismatch can be compensated by capacitance and cuprent.

Equivalent circuit of the first stage.

FP O— O S
3 L LOTT e
- C, ! J J V|_ -
ol ey S ) S
SN SP ’ . _t _ VDDCL ID oC (\/gs VT)O :Ve(:f
L L Delay time 4 = o di |
CLK||:I |:|| ||:I ‘|:||CLK D m :Veff = Veff
T dty _dty dly _ VeeCi Gy, @ .8y_
: dv, di, dv, ‘
Vop — FP or FN
i Aty o AV,
vV i td Veff
L |
i At, AV,
| =
Vpp/2 : td Veff
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Memory for mismatch compensation / 17

TOKyO TIECH
There are two memory types for mismatch compensation.

Digital memory type

Pros. No need of refresh

Cons. Limited resolution

Analog memory type

Pros. High resolution

Cons. Needs refresh

2009.10.21



Digital memory type 18
TOKyO TIECH

Resistor ladder type Capacitor array type

CI._K—I .Ni

; CI._K —||;_.N$

Current Capaci-tance
calibration calibration
VRT C
mux Comparator
- Node Comparator Node
— Rl -9
L eenneenees S— .
| v [1 T2 K2 2K-1:
tedao ' |—_|_|T_| |—_|l—|_|
v 7] Al=gmc(Vbac-Vem) : L|_|—' L|_|—'. oo :
it S A S S
0 "
K to 2 Decoder HUR Zid&--------.'
K D[0---K]
D[0---K]
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Analog memory type 19
TOKyO TIECH

We developed analog memory type mismatch compensation,
by using charge pump circuits.

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

y Matsuzawa
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Effect of analog mismatch compensation/ 2o
TOKyO TIECH

We can reduce the mismatch voltage form 14mV to 1.7mV at sigma.

—— Calibration ON

Measured result ---- Calibration OFF

40 Min/Max : -3.9/+2.9 mV r. |

20 .69 mV
>
£ |

= 0

=

-20

'Min/MaX:-38.4/+32.8 mvf' L ........ :

i i i
-404 16 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.

2009.10.21
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Area comparison [
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Capacitor array type looks smaller.

Analog memory type (Charge pump) 90nm CMOS

[ Comprator 1

-
<

Strage Capacitor & Charge Pump ]

120pm ]
Digital memory type (Resistor ladder)

30pum

Comprator Decorder Register 4b
« MUX .
) 85um g
Digital memory type (Capacitor array)
1 30pum

Comprator Tcar T Register 4b
Array

65um g
2009.10.21

\

‘} |

Matsuzawa :
\}, & Okada Lab.:




P (out=high) [%]
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Noise In comparator /

Comparator has noise and it reduces ENOB.

[Tl

Comparator

Probability of output code

-10 -0.6 -0.2 0.2 0.6 1.0

AVin [mV]

ENOB

Pursuing Excellence
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Deducing noise equation

23
TOKyO TIECH

Transistor Sampling : : :
noise noise 1) Sampling noise of Switch
TS " S T 2
o— T O ot A_KT o i) _KTC,
\% |1 : ' <Vn> T~ 0 Yty T 2 2
I Vi n ID \ J vV C I I
1 1 eL——— DD L D D
1 I— | | A =) (CJ
r : | | L Timing fluctuation
! I O . .
© = ___. - 2) Transistor noise
Equivalent circuit S = (|:_L5V Noise voltage of output by current noise
D

5td

ty 2 ty 2
vV, :ijindt S5z =C—;5V2n =i2 [IindtJ
_ C|_ 0 ID ID 0
WY 2t
i <[I|ndtJ >=2td74<Tgm " 5t2 —fykTgm
n 0 d ID
‘ T i gtj_) IDOCQ/QS_VT)AV On =@ ID
¢ d 5 time Vet
Voltage and timing TR noise o2 = Mt — KTC aNpp et = C Voo
gV, 12v ]
D"V eff DV eff D
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Deduced noise equation 24

TOK YO TEECH
AKTV 2 V 4KTV
o= | W P ALl —
a“C \Vpp Vess aC Vpp
,  kTC, Delay fluctuation by noises
1) Sampling noise ty 12
D
KTC V
52 — L a dd +1
2) Transistor noise 55 = chl:zL\?WVDD td |§s [ yveff
D" eff

[04
|l ocVe, l<a<?2

Input referred input voltage fluctuation » - noise factor

5td _ 5' D _Vingm V. = 5td I_D ot = CLVDD
— — SV sty = >
td I D I D td gm D
2 2 5
évir21 — [Veff 5&) — [VEff ) kTSL yvdd 41l = 4l2<TVef; ay\ﬁ +1
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Match with noise simulation 25

TOKyO TIECH
The deduced equation has a good match with simulation.

Increase of node capacitances and decrease of effective gate voltage
are required to reduce comparator noise.

.2 KTV
in ~
aC Vi,

100 14

90 12 | —e— Estimation o=2

80 ' - Estimation o=1

10 F ® Simulation

70 =
= E
= 60 0g |
2 b
L% s 06 [ *
3 £0
S 40 7 7 .

30 0.4 3

20 02 r

10

0 0.0

-10  -06  -02 02 06 10 0 10 20 30 40

AVin [mV] CL [fF]
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Comparison of comparators 26
TOKyO TIECH

Single clock
Double clock NMOS+PMOS Double gm

NMOS Single gm

Vin-O O Vin+
']l::lvb CLKO—||:J'r CHI__,-E

Conventional Our proposed
M. van Elzakker, Ed van Tujil, P. Geraedts, D. . : "
Schinkel, E. Klumperink, B.Nauta, “A 1.9uW M. Mlya_hara, \I(f Aslgt()ja, .D' Paik, aqd A. Matsuzavx;a, A
4.413/Conversion-step 10b 1MS/s Charge- ng-Nmse Self-Calibrating Dynamic Comparator for
‘ High-Speed ADCs," A-SSCC, Nov. 2008.

Redistribution ADC,” IEEE ISSCC 2008, Dig. of
Tech. Papers, pp.244-245, Feb. 2008.
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Noise reduction of comparator -

TOKyO TIECH
Proposed double-tail latch comparator can reduce noise down/to 1/3.

Vpp = 1.0V, Fc =4 GHz, Transient-Noise simulations.
(Offset calibration is not used.)

M. Miyahara, Y. Asada, D. Paik, and A. Matsuzawa,
"A Low-Noise Self-Calibrating Dynamic Comparator

@V,,=0.6V for High-Speed ADCs," A-SSCC, Nov. 2008.
100 5 5 5
- Proposed /- e S 4.0
— 80FVn(o)=0.66 MV [ f
S b N f
E 60 .......................................................... ';' 30
S L NG =
ﬁ wob Conventional % 20
> Vh(o)=2.1mV <
S o 4 ; ~
D- 20 [ ............. . ............... ............... 1-0 . .
o oof e R [ T —" o Proposed
(-)4 0O -20 0.0 2.0 4.0 0.0 i i i i
' A\./ v ' [m\./] ' 04 05 06 0.7 08 0.9
in offset vcm [V]

y Matsuzawa
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Required capacitance and consumed Energy/ 2s
TOKyO TIECH

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

Flash ADC: Ec determines the minimum FoM
SAR ADC: Ec will not be neglected for higher resolution ADC
110°
4 Vop=1V, V¢r=0.2V > 2fF & 4fJ] @8bit
+o / 40fF & 80fJ  @10bit
- 0.6pF & 1pJd @12bit
5 // 10pF & 20pJ @14bit
EJG 100 EC
m C
~ 10
° //
1//
0.16

7 8 9 10 11 12 13 14

Resolution (bit)

y Matsuzawa
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Summary 20

TOKyO TIECH

« Many high seed ADCs have been developed to realize several Gbps
communication systems, however FoMs spread widely.

« The FoM has a strong relationship with occupied area.

 Toreduce FoM of flash ADC, transistor size and occupied area should
be reduced as much as possible.

« The ENOB is mainly determined by offset mismatch and noise of
comparator.

A dynamic comparator is suitable for ultimate low power ADCs.

* Mismatch compensation techniques are vital for use of small MOS
transistor and the capacitor array type looks reasonable.

* Noise equation of the double-tail latched comparator has been deduced
and node capacitances should be increased to realize higher ADC
resolution. However this increases energy consumption.

“‘ “‘ Matsuzawa
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