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mmJJ ASIC group, infrastructure and activities
AGH at Faculty of Physics of AGH-UST

e People: staff 7, phd students 4, master students ~4

e Dedicated labs for microelectronics and detectors:
— Clean-room class IS0O6

- Equipment: probe-stations (e.g.semi-automatic Cascade), bonder (F&K Delvotec
5330), semiconductor parameter analyzers ( Agilent B1500A x 2, HP4145A),
spectrum/signal anylezers (Agilent 4395A, N9030A), scopes up to 40GS/s (e.g.
Agilent 90804A), generators (e.g. Agilent 81150A, 81160A), semiconductor
lasers (Picoquant PDL 800-D with 660nm and 1060nm heads), radioactive
sources, precise XYZ moving stages, High Voltage SMU (Keithley SMU237), RLC
meters (e.g. Agilent E4980A)

— Computer power for ASIC design: 2 servers DELL MD710HD (24 cores)+disc
array MD3200i, 5 x very fast PCs for fast complex analyses, personal
workstations

— Software (>20 licenses): ASIC design (Cadence, Synopsis, Mentor Graphics),
FPGA design (Xilinx), PCB design (Altium)

e Projects: ATLAS, LHCb, ILC/CLIC, PANDA, SOI, general

microelectronics/detector R&D 5
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AGH LumiCal detector readout electronics for ILC

| ' Shaper o ADC | * Digital Filter
Sensor Preamp QOutput ?  Output Output
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e Present readout ASICs developed in CMOS AMS 0.35 um
e Development of new readout in CMOS IBM 130 nm in progress...
4




I wosation..

AGH Multichannel readout ASIC for LHCDb strip tracker

CEE— 128/256 channels
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e Complex 128 channel ASIC

— Preamplifier-shaper, 6-bit ADC, zero supp., serialization
— Pitch ~40um

e CMOS IBM 130 nm technology

e Application in various detectors
— TT tracker, VELO strip, IT tracker ? 5



“Fast” Multichannel 10-bit ADC

AGH

Commercial and research solutions

Our work K. Kavani et al AD9212 ADS5287 MAX1434
ESSCIRC 2002 AnalogDevices TexasInstruments Maxim
Parameter
Nr of channels 8 8 8 8 8

Architecture 10-bit pipeline 10-bit pipeline 10-bit pipeline 10-bit pipeline 10-bit pipeline
Serialization Per channel & per Per chip Per channel Per channel Per channel
chip
Technology 0.35 um CMOS 0.25 pum CMOS - CMOS BiCMOS
Supply 33V 25V 1.8V 3.3/1.8 V (A/D) 1.8V
Max. fsample 25MS/s 20MS/s 65MS/s 65MS/s 50MS/s
Input range 2Vpp - 2 Vpp 2 Vpp 1.4 Vpp
Power/channel ~1.2mW/MS/s 4ImW@20MS/ 100mW@65MS/  74mW@65MS/s 96mW@50MS/
plus I/O (<15%) S S 46mW@30MS/s S
68mW@40MS/s
Area 8.2 mm2 4mm?2 9x9mm?2 9x9mm?2 14x14mm?2
(package) (package) (package)
INL <0.68LSB - <0.5LSB <]LSB <]LSB
DNL <0.62L.SB - <0.4LSB <0.55LSB <0.5LSB
SINAD ~60.3dB 54.3dB >=60dB >=60.4dB >=60dB
Tpower ON <=10Tclk (~ps) - 375us - 100ms

M. 1dzik, K. Swientek, T. Fiutowski, Sz. Kulis, D. Przyborowski “A 10-bit multichannel digitizer ASIC for detectors in
particle physics experiments”’, IEEE Trans. Nucl. Sci. v.59 p.294-302 2012 6
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) noc cesting

AGH Static measurements
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eDNL - Differential NonLinearity - the difference between an
actual step width and the ideal step width

oINL - Integral NonLinearity - deviation of an actual transfer
function from a straight line (integrated DNL)
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MMJJ ADC testing ENOB:SINAD[dB]_1‘76
AGH Dynamic measurements 6.02

eSingle tone, full scale sine wave applied to input of the ADC
eFourier Transform computed from the collected digital samples

_20 l Signal ! % SlADs j i
—40 | [third harmonic I V .

o) i

—100

Level L[dE]

Q 2 4 54 8 10 12 14 16
Frequency [MHz1

eSINAD - Signal to Noise And Distortions eSFDR - Spourious Free Dynamic Range
eTHD - Total Harmonic Distortions *SNHR - Signal to Non Harmonic Ratio




ADC testing/design
AGH Resolution vs sampling clock jitter
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M ]JJ ADC testing/design
AGH Resolution vs sampling clock jitter...
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MJJJ ADC testing

AGH FPGA based test setup

SPL L T Jorml e
: Slow Control interface IT/L\B i DAQ HTTP FTFP TELNETE 16 MB
LVDS : | UUUSOIUN. Soscueon Sueeeeeeee FLASH
Application  ;o--mmosorooeooseooemooooooo
— |c DATA DAQ Readout Core nghtwelght TCP/IP Stack
=) l]x300Mll§z """"""""""""
- Hhiani SLE DAQ ! ' Ethernet Flash 64 MB
. Drivers | iv i )
1low JITTHR | | |ACQ State Machine S § Drves | Drivess § SDRAM
CLOCK] XilKernel '
| Xilinx || | 77T
XC5VEX30T PowerPC 440 Embedded CPU
Sy Ethernet || < Z
AD9522.1 External Memory Controllers | | Ethernet MAC PHY
Clock ;
Generator AVNET FXT Evaluation Board

eCapturing data from ADC up to 300 eOther instruments (power supplies-

MHz in LVDS standard

eAD9522 external PLL used a
to provide low jitter sampling clock ~ GPIB/Etherhet by the supervising PC

(<10ps required !)

Agilent B1500A, signal generators-
Agilent 81160A) controlled via

eFully automatic ASIC testing 1,
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Multichannel digitizer

AGH Architecture

e Specs&impleentation issues:

8 channels of 10-bit pipeline ADC
Technology AMS 0.35um

Fully differential ADC

Layout with 200um ADC pitch

Multimode digital multiplexer/serializer:

e Serial mode (~250MHz): one data link per all
channels (max fsmp ~ 3 MSps)

e Parallel mode (~250MHz): one data link per
channel (max fsmp ~ 25 MSps)

e Test mode: single channnel output (max fsmp
~50 MSps)

High speed LVDS interface (~1GHz)
Bootstrapped S/H switches

Power pulsing

Low power DACs for internal settings
BandGap reference source
Temperature sensor

Three submissions were done (two to develop core ADC) to get final chip

S&H 10 bit pipeline ADC
Biasing | BandGap | Temperature | Power Slow
DACs Reference Monitor Pulsing Control

¢ ‘Ott‘ttpwo» ! ;
“ﬂnnnononnnn‘ il

'

2.6mm x 3.2mm

14



M“JJJ Multichannel digitizer

AGH 10-bit pipeline ADC

/\\/—'- S/H |—{ Stage 1 — Stage 2 [~ eees—=|Stage 9 ® H|gh throughput -
Anglog i o 2 conversion rate = clock rate
L/ l[] bits
Digital correction e 1.5 bit per stage - redundancy
, Dig‘“‘“’“‘ reduces comparator requirements
-1 e Fully differential architecture
sub—ADC % iﬁb Cr
2 bits (] ~
B 5 C,
LG "IN
Vins J o| T
S | B ’ Q| o
1 P1p o 1 )
— O o P v,
IH , I eamire
T + D in 2 O\J
O O'Ef’l P1p O Vo ¢ Cr
Vin— \C . oUT [
?@2 Cs sub-ADC  copk MDAC

S/H stage 1.5 bit pipeline stage 15




Multichannel digitizer
AGH Performance

e Performance Dynamic measurements
- ENOB=9.7 up to 25 Ms/s (8 channels) | |
- INL<O0.68, DNL<0.62
- Sampling rate up to ~25MS/s (multichannel) or
up to ~50MS/s (single channel) g
— Power scales linearly with sampling rate %
~1.2mW/channel/MHz (without power pulsing)
SNHR —m—
45 |THD| —e—
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!

Multichannel digitizer in LumiCal detector

4 palrs of Front end + AD\

Sensor J

D LumiCal detector module with 32 fully
equipped channels (Front-end +ADC
ASICs) plus FPGA data concentrator is
regularly used during FCAL
Collaboration test-beams

AGH- UST 04 2011

aaaaaaaaaaaaaaaaaaaa
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@GJIJJ Design of SAR multichannel ADC

10b

Specifications & implementation issues: 10
10b

e 8 channels of 10-bit (6-bit) SAR ADC

e Technology IBM 130 nm

SLVS

e Layout with 146um (40um) ADC pitch SAR 0 P—fiiseralizer TH S data 0
e Multimode digital multiplexer/serializer: SAR 1 il serializer | @—& data 1
- Serial mode: one data link per all channels . . so] 10| = .

(external clk division or PLL clk generation) SLVS

SAR 6 [*TLserializer | W data 6

- Parallel mode: one data link per channel

(external clk division or PLL clk generation) | SAR 7 _ﬂpit_c,,( serializer | H > data 7
- Test mode: single channnel output (max adc_clk gb! __ 1bpaLYS
fsmp ~50 Msps) fser TR serializer | ﬁ_& data 8

start frame

data 9
(start frame)

e PLL for data serialization
e High speed SLVS interface (~1GHz)

fadc_clk = %fpser_dk = E;L_offser_cfk

ref_clk

e Power pulsing — divider 10, adc._clk
e Generation of short sampling pulse — divider 80H
e Bootstrapped S/H switches — "\ pser_cik
— divider 8 1
¢ \/oltage reference not yet addressed...
¢ SingleEnded-to-Differential converter ?? PLL T \Jerck
Pty o




mmJJ SAR ADC motivation

AGH General features & design considerations

e Power and area-efficient

architecture - the same circuitry Is 25 e e s
used N't|mes (fOF N'b't ADC) tO JP‘J,CiJ,CE.L‘:'JPSJFSLC“.LC“.].CQ.]_C1ELC:—

. . Voo 4+ T T T T T T T T TN e
approximate the input voltage O iy -] T
e Only one comparator, two DACs .TLTTIFLTLTTT%TTT‘—‘S

and SAR logic needed - fits well to %2
modern digital CMOS

e Comparator - the only analog

e Limited sampling rates - but with block

modern CMQOS technology e DAC network serves as
(~100nm) up to ~100MSps 10-bit sampling capacitance
ADCs were reported e Simple digital logic

e Fully differential
implementation increases the
resistance to disturbances

— next conversion cannot be started
before completion of previous one

- sampling time adds to conversion
time (not like in pipeline)
20
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“JJJ Why various SAR configurations ?

AGH Switching energy

e With CMOS technology scaling digital power consumption is
decreasing rapidly - so minimizing analog power (DAC, comparator) is
of main interest

e Huge progress has been obtained in the last ~10 years in optimizing
capacitive DAC configurations and their switching schemes

e Various DAC switching configurations were proposed

Conventional (100% power consumption)

2 step switching (~10% power saving)

Charge sharing (~24% power saving)

Split capacitor (~37% power saving)

Energy saving (~56% power saving)

Set and down (~81% power saving)

Vcm-based (~87% power saving)

Merge Capacitor Switching (MCS) (~93% power saving)

Last half year some new were proposed (up to ~98% power saving)
21



MMJJ Switching energy - principle
AGH 2-bit capacitor array example

"'":-.1:?:_1
T i - x: Energy drawn from Vref: E=V " AQ
T e 'up” transitions — S shortto V_
s+ % fs 7 .é_?‘?,- s f 4 Fz “down” transitions - S short to gnd

1. S, “up” transition: E=C_V* _
2. IfV >V _/2then S goes up” E=C_V* /4, otherwise S, goes “down”:

Rl W
el Itl] - I RET - m .

v Vy — L
- E i I E
IR
Conventional SW|tch|ng: E=5C V* /4 2 step SW|tch|ng. E=3C V* /4

“down” transitions consume much power...

B. P. Ginsburg, A.P.Chandrakasan “An Energy-Efficient Charge Recycling Approach for SAR Converter With 22
Capacitive DAC”, IEEE Int. Symp. On Circuits and Systems, May 2005 pp. 184-187




MMJJ Switching energy - principle
AGH 2-bit capacitor array example...

There are other ways to perform “down” transitions:

x-'H;_l '-"u;:_l
{

{ [
T T 1 1 L L L
C=IC ) g _'-—".=':-:- ;::u GG Gl C=Cy Cy
T 1 —t T T T T
' . ' 5 . Sqn g7 + 5 }
Vs . 1N -
. . _ 2 : : . —_ 2
Charge sharing: E=7C V* /12 Split capacitor: E=C V* /4

”, ”. == Cap —1
Wy ? Vx ? | Wy }:‘;t W
L:EIL ==C, C== = C,E= =N, O == ==
1 | ] a ] 0 ; ] ] .:_::[ Z, ]'C.;
wr wr T = =

Switching scheme may be optimized to save power in “down” transitions!
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AGH Comparison of simple schemes

Switching energy versus output code

ﬂl:l | I |
& 1 Siep
& 25tep
SRS = Charge Sharing
a5t TR + SplitCap
— — Split (w0 parasitics)
ﬂ—ﬂ_n_g_ﬁ_a
ey
iE':" *&M ,.Q_HQ ) Only uupu
B | waraa s, transitions
2" PRI STSL  h ]
E _d___g_d- =+
i} g -
O el T T T T T T T T e L
R T el
5+
% 100 200 =00 400 500 60D 700 800 900 1000

Dulput code
Hspice points vs Matlab model (from Ginsburg paper)




Switching energy — more efficient configurations
AGH Set and down vs conventional

Conventional 10-bit SAR Set and down 10-bit SAR
Viet D =
Ve & ]STS]’STSTSTSTSTSTSTSTS—T— Viet O e
| |5 Y ?p]l sp‘i thj | |:1r> I 5|'|' 32] 33]' 54[ 35] SET STI Sa]' Sgy .
C, |C; |C5 |Cs [Cs |Cs [C7 [Cs |Co |CrolC D
N N sl tatslma s
VemD>—" + SAR T 1T T T T T T T T 7T
_I Logic 7> Bi=Buo e nd JrJ SAR 4> B,~B
A S S S S S SR S S S S & T VRS B3 E NN — Logic [7 B1=B10
it e it i S e e I 0 g To T e e e e o oo e o
= . =1~ = — -
v, o s 1 Sin] {8 [ 1S40 [Sen] TSen] [Sr0] T80 [ Son ] IS'0] sJ__ Ci=2C4q, i=1~9, C4o=Cyy | 5 l s1s J. S J. 5 1 5 l SSIESIEY . C=2Cy4, iF1~8, C=Cyg
VrefD_/ B meD -

v Sample Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
p -T2

Set and down SAR ADC:
* pair of MSB capacitors less
- V. sampled on top plate

* 1% comparsion done before any switching e, S

Bout 1 1 0 1 0

Ch. Ch. Liu, S-J. Chang, G-Y.Huang, Y-Z. Lin “A 10-bit 50MS/s SAR ADC
with a monotonic capacitor switching procedure”, IEEE Journal of Solid-
State Circuits v.45 pp. 731-740, April 2010

Variable common mode...



M ]JJ Switching energy — more efficient configurations
AGH Set and down 3-bit SAR ADC example

T T TPy
=  Vier Vier l""In"“‘—"’r I I
Jeclc]c /?f

_l_

Vip- Vin> 3V,er/47

— T2cTCcTeC
Vip s o] Vit Vit Vier
e e Tec 16 e
No
CVor T2cTCTC —~ <ITTT
Viai Vet Vit Vit Vet Viet Vet Voot Voo 5:94, +J- Vig= Vin > Vi /47
" elc | Y : T
l2c|c|c II' l2c]c|c es - TcTcTe
Vip oo+ Vip & o1+ Ve = Vit
Vm > me —I “nb V'n? er :;[ Vlol'
11 I 1 l2cfc]c
T2cTCcTC T2¢TCcTC
Vier Viar Vit Vier Viar Vot No (314)C V7 70PN " - h
[
2 vr!ul v;rrl VI\D'F Vln( —
CViy l2clc]c /\g' IIchIcTIc
Vet > Vi-Vie> Viaizz Vet Ver
b s gy o M M Ve

No d2x¢]c|c
Ielele ™~ L, T T 7|

o] Ve
T2cTcTC

=  Vier

+

Vip= Vo> -3V, /47

Switching energy ~81% less than conventional SAR ADC
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Switching energy — more efficient configurations
AGH Merge Capacitor Switching (MCS) SAR ADC

ref V) f Vem = rof Vem
il I T
25| c | c | 2cTcTe
Vip ~Vin>0.75Vrg > vip-vin;:-o.zs.mfmf}_
ECJ_C__I_C__L_ N::é ECm uE
Yot Vom Yo 11T 3 TIT 3
EC-[GICI g = = Vc:m [.‘E Vigt = Vem ]ﬁ
RT o
II"Tp W D.Svnef > igi vcm vm I - vcm ch CI:I
aclclc L1 W 1 1l 1 W
Vo Vi V. VERTERY 177 2cfeTeT | 2cTeTeT 4
i i i R = Vom Vom V.-V = 0.5V, Vi - =-05V
ip~¥in raf -l_ ip~Vin ref -L
e R > 2%1 7 E-050V%, 2cleclcl eclclcl
v — Vel E-05C1% TT m TT m
" eeclcle 2clclce h y :=[ Vo Vem |1 Vigt Vom Ve |"
=  Yem Yem = e
LLL ] gl & E
cm Ycm Yom cm Yom Yem 20T T Viet &  Vem Eh‘; = = Eh‘;
E=0 ﬁp-v.}-e.swm> &1 ™ s I 11 3
@M EM
2c[cTel 2cleTeT o = 2cTeTeT o
1: I If ﬁp-wn:-o_zswgfp_ Vip-Vin> 075V [
ref Yo Tom oclclcl o2clclcl
TT TTT
Y, v Il"'renf II"rn;f Il"'cr"u

= raf ¥ocm

Switching energy ~93% less than conventional SAR ADC

Such switching scheme is used in our present design

V. Hariprasath, J. Guerber, S-H. Lee, U-K. Moon “Merged capacitor switching based SAR ADC with highest switching 27

energy-efficiency”, Electronics Letterss v.46 No.9 April 2010



M ]JJ SAR switching energy
AGH Merge Capacitor Switching (MCS)...

1800 1 from Hariprasath paper _
SR— === conventional  [1]

1800 - e === split-capacitor [1]
. = energy saving [3]
1400 - -. : ?.,qe{t: gnd down [E]
1200 -
N T,
U -H:I{:H:I 1 i—— - t"!
S g I."'."--.-_. . 'i-.‘
2 8004 e T,
5 = el
> /——_\
400
200 _— TTT—
0 e SR e o o o o s e g
1] 200 400 600 800 1000
output code

Within last ~half year new papers with even more efficient schemes were published...

28
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MMJJ Design of SAR ADC

AGH Implementation issues

e Split DAC architecture

— allows using higher unit capacitance for the given irié,c Y W7 e
total DAC capacitance. It helps to bypass the L q”;_ﬁi L ﬂ--%
problem of relatively high C_ available in CMOS e 3 >

32.131Cr .J
technologies - allows to decrease the effective o ﬂr ?E‘lr S5 3 ?%
“LSB capacitance” and so power consumption O 7 B I

e Asynchronous logic
— no fast clock needed for bit cycling
- only sampling pulse needed for digital control

— sampling pulse (trigger) does not need to be
periodic

e Dynamic comparator

— alows to obtain zero static power consumption and
so “power pulsing” is given for freel

e Bootstrapped sampling switch
— improves ADC linearity

30



“]JJ Design of SAR ADC
AGH Bootstrapped S/H switch

Open Switch Closed Switch
T e
V, om—— A v —-_._—I_ U’i -_.‘“H. e \ ,\_—I_
|dea Ci== «c |°c == ¢ |“c
v, Hgl\:l}‘{ 4 v, H\_T_ji{l_li
U}N UGUT Vm I VG'L“-
1Voo
M3
_Ci M7 [é”i l clk
n2r—M4  |n3 1 nd_l_
clk, E M5 ME
5 T VSS

Implementation nqiﬂ,_{dﬁm - —




Design of SAR ADC
AGH Dynamic comparator

voD VoD VoD

Di+

M1

H.J. Jeon, Y-B. Kim, M. Choi “Offset voltage analysis of dynamic latched comparator”, IEEE 54" Int. Midwest Symp. On Circuits
and Systems, 2011 35




mmJJ Design of SAR ADC - DAC capacitors
AGH Noise and matching considerations

Noise Matching
Thermal switch noise of
sampling circuit — KT/C VNCAP M1-M2 ~0.4fF/um?
kT/C < 0°/12 MIMCAP ~2fF/um?
kT/C < (Vref/Z'\')Z/lz
C > 12 kT (2V/V f)2 Mis-match % (30)
For V._=1V: VNCAP 10x20 um? (~80fF) ~5%

MIMCAP 6x7 um? (~80fF) ~0.7%

N=6bits C> 0.21F MOM - no model exist, matching

N=8 bits C> 3.3 fF

unknown...

N=10 bits C> 52 fF

N=12 bits C > 830 fF MIMCAP has high density and
good matching

Switch noise is negligible 33



“]JJ Design of 10-bit SAR in IBM 130nm

VAN
Wiy 0 1 J.
=]
P sy

GND 5.3"_ si{' Sif Sii

2]

e[ A ]
=gl S -
=G { . /
t:[ t:] 32I:| Li 21:] 3:2(:[
SIZI _'_"'S:I+ SE"'SF"'rrrﬂ""
vq:u,T 1? N t ;{ Ejgl
W ™ I
aND [y O[5]  |DE |oF] ID[“H]
SAR Logic f———
Designs of 10-bit ADC Design of 6-bit ADC
e Architecture: SAR ADC with e Architecture: SAR ADC with
segmented/split DAC segmented/split DAC
eAsynchronous SAR logic — No-bit clk e Asynchronous SAR logic — No-bit clk
e Scalable frequency (up to ~50 e Scalable frequency (up to ~100
MS/s) and power consumption MS/s) and power consumption
e 1-2mW at 40MS/s e ~300uW at 40MS/s
e 146um pitch e 40um pitch
e Fabricated in 2012 (2 prototypes) e Fabricated in 2012 34



@G!JJ Design of 10-bit SAR in IBM 130nm

e L
i E. = H.
S e
B. I 8. .R
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GE(S‘.H
=3
=1
23
:

5
HGlEFJ

3 HlL [~ o| widd) N il d] Rl ] I

SAR DAC channel 600um x 146um

Two slightly different designs in IBM 130 nm submitted
eSimulated ENOB = 9.5-9.7 bits
eMaximum sampling rate ~50 MS/s
ePower consumption = 1-1.4mW @ 40 MS/s
¢Slightly different DAC capacitance splitting in 2 prototypes
eNo dummy capacitors in DAC network!

35



s Design of 6-bit SAR ADC in IBM 130 nm

Analog reference
itch T I I l 1

switehes T . 1Ll d | . \I \I | 1Ll | Switches steering

Bootstrap 0 ) A g I Dynamic

switches comparator

ac= 2c=L c=Lt 2c=L =L
V_IN+ i T T T ?I T Dynamic asynchronous |——
v Split 4C/2C DAC | logic :
- ! 4':4: ZCJ= J= ¢ ZCJ= CJ= 6 bit parallel
output
T L)) ) 1)) - :
Sample CLK }I_I | | I I I I I | | Switches steering

ADC logic (successive
comparator aproximation register)

switches

Sampling Split 4C/2C DAC DACs reference ‘ Dynamic

switches

e Single channel: 40um x 400um (area 0.016 mm?)

e Custom capacitor p-cell layout done to obtain 40um pitch 36
D
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“]JJ Simulation of 6-bit SAR ADC

AGH Example of dynamic performance

Dynamic parameters obtained from discrete Fourier analyses of
1024 samples of input sine wave.

20 bdrH{Jing Rae = 40 o wiH =l N*’ﬁD_— 375 dR
Input Freg = 15.977 MHz THD =-53.4 ddB
Harmonics @ =10 gggg = E?i?'g dE!B
0 ENCE = 594
20 F
m
=,
=
S 40 ¢
é
< i3 h3
-60 i 9
h hlﬁ =Jull
i i
_SD |
-100 L i
0 He+06 1.5e+07

Freguency [Hz]

Post-layout simulation
results at 40MS/s:

e SINAD = 37.5 dB
e ENOB = 5.94 bits
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MMJJ Simulation of 6-bit SAR ADC
AGH Example of Monte-Carlo mismatch analysis

21
20
15
18 +
17
16
15
14
13
12
11 -

Simulation performed
100 times

5.75 58 5.85 5.9 5.85 6 £.05 6.1
ENOB

ENOB always above 5.8 bits, average 5.95 bits
38



;L@]JIJ-JI Outline

e Introduction and motivation

e ADC testing issues

e Multichannel digitizer in AMS 0.35 um

e Multichannel SAR ADC in IBM 130 nm
— SAR architecture considerations

— Design of 10(6)-bit SAR ADC

- System level blocks (PLL, SLVS, ...)

e Preliminary tests of prototypes in IBM 130 nm
- SAR ADC, PLL, SLVS

e Summary
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MMJ Design of PLL for data serialization
AGH Example of 6-bit ADC

Sample CLK

PLL needed to
CLK X6 multiply Sample CLK

frequency by 6 (in
Sample CLK -
e \,;‘ Serial data this example)

PLLCLK x6 | |

nter

Cou
+

e Flexible PLL needed for our applications

— different division factors needed for 6(10)-bit ADCs and maybe
also for different numbers of ADC channels

— scalable frequency PLL needed for scalable sampling rate ADC
e Low power consumption is default requirement

40




m ]JJ Design of PLL for data serialization

— VCO Circuit
VCO Circuit
cer y REF u
Phase Frequency Charge : Ring oscillator with ouT
Phase Frequency Charge Filter Ring oscillator with out Detector Pump Filter su?ritched bias
Detector Pump switched bias D
D |
| :
Mode control logic Jossene B
Divider by & ar 10 Divider by 6,8,10 or 16

e Design specifications:

— Architecture - type II PLL with 2" order filter

— Technology - IBM130 nm

— Scalable frequency and power consumption

- Automatically switched VCO range (narrow ranges for small jitter)
— Configurable division factors

- Very low power consumption 41




M

“JJJ PLL - principle of automatic VCO mode change

AGH
e (Comparators check whether a
CLKger voltage signal at the PLL filter (Vcn) is
grater than Vhigh or lower than Vlow.
CLK gy PLL |30 vg;;;gge - If Vcn >_Vhigh_ (VCO too slow)
4-bits for certain period (measured by
y voltage signal | |2 counter) control logic switches
cn at PLLfilter o |2

Vhigh the mode register to faster mode
> (up).
| — If Vcn < Vlow (VCO too fast)
VCO mode register is switched to
slower mode (down).

Comparators

WViow
>£

Control Logic
|
Counter

When Vcn voltage stays between
Vhigh and Vlow the mode is not
changed.

—1 Err
—1 End
|




m JJJ PLL prototypes in IBM 130nm

AGH

1st prototype

eQutput frequency range 60 — 520MHz
eSimulated power ~0.2mW @ 500MHz
eLow area 200x160 um

eAutomatically changed VCO modes
ePLL divider by 8 or 10

eUsed for 10-bit ADC serialization

Fabricated in mid 2012

2nd prototype

eOutput frequency range 8MHz - 3GHz
eSimulated power ~1mW @ 3GHz

el ow area 300x300 um

eAutomatically changed VCO modes
ePLL divider by 6, 8, 10 or 16

eUsed for 6(10)-bit ADC serialization

Fabricated at the end of 2012
43



m JJJ Design of SLVS interface

AGH
e Specifications: |H' -&'
— Architecture in i T ~
e Driver — based on Boni paper S e =l
e Receiver - based on self-biased - f - A
amplifier (Bazes paper) 5 i Fi

— Technology — IBM 130 nm
- Maximum frequency ~1GHz

— Pitch matched to pads. Driver/receiver
integrated with 2 pads (146um pitch)

A. Boni, A. Pierazzi, D. Vecchi, LVDS I/O Interface for Gb/s-per-Pin Operation in 0.35 um CMOS,
IEEE J. Solid-State Circuits, vol. 36, no. 4, pp. 706711, April 2001 0
M. Bazes, Two Novel Fully Complementary Self-Biased CMOS Differential Amplifiers, IEEE J. Solid- Vour
State Circuits, vol. 26, no. 2, pp. 165—168, February 1991. 44




m ]JJ Design of sampling pulse generator

AGH
e Generator of sampling
(Reomeling N RELELS pulse converts 50% duty
I M i h o external sampling clock
Sampling clock e ; : : :
Juty 50% T ble into internal variable vv_ldth
pulse width pulse (controlled by Ibias)
9 ‘ .
81 S|mulat|on results S
7t . Pulse W|dth range 2 8ns . .
sL % e Bias current range 5-40uA | !
T TE T Nt

pulse width [ns]
oun

Pulse generator design is
based on MOS thyristor
delay circuit.

5 10 15 20 25 30 35 40
45

current bias [uA]




m JJJ Layout of 8 channel 10-bit SAR ADC
AGH InIBM 130 nm

2200um x 2000um 46




“JJJ Layout of 8 channel prototype of 6-bit SAR ADC

M

IBM 130 nm

n

AGH

2340um x 1380um




;L@]JIJ-JI Outline

e Introduction and motivation

e ADC testing issues

e Multichannel digitizer in AMS 0.35 um
e Multichannel SAR ADC in IBM 130 nm
— SAR architecture considerations

— Design of 10(6)-bit SAR ADC

- System level blocks (PLL, SLVS, ...)

e Preliminary tests of prototypes in IBM 130 nm
- SAR ADC, PLL, SLVS
e Summary
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w ]JJ Prototypes under tests...
10-bit ADC, PLL, SLVS

] SLVS
Prototype of 10-bit ADC PLL Output pads

e SAR ADC with segmented DAC

e Scalable frequency (up to ~50 — e :
MS/s) and power consumption R G |

e Simulated power consumption
1-2mW at 40MS/s

e 146um pitch

Prototype of PLL
e Type II PLL with 2" order filter
e Scalable frequency&power

» Automatically switched VCO frequency 4=
range 8MHz - 3GHz

¢ VCO frequency division by 6, 8, 10 or 16

RS RS N R N L T

_ _ 8 ADC channels Digital part —
e Simulated power consumption ~1mW at multiplexing &
3GHz serialization
49



M ]JJ Preliminary measurements of 10-bit SAR ADC
Static measurements

Transfer function INL/DNL measurements
0 - 1
896 | ] _ 05 |
8
= 0
768 | 5
= 0.5
o B840 +
9 -1 : : : : : :
= 0 128 256 384 512 640 768 896 1024
3 o127 Code [LSB]
8 1.5
Q 34| ] :
_ 1
256 + E
128 | z
D -
0 RS S S S S 1 . . . . . : .
12 -1 -08-06-04-02 0 02 04 0608 1 12 0 128 256 384 512 640 768 896 1024
Vin[V] Code [LSE]

e ADC is alive and works in the whole input signal range

e There are some codes with worse linearity (to be investigated...) 0
5



MWJJJ Preliminary measurements of 10-bit SAR ADC
Dynamic measurement at 40Ms/S

SamPImg Rate = 40.0 MHz SINAD = 57.0 dB
Input Freq = 3.916 MHz THD = -69.6 dB
Harmonics =10 SNHR = 57.3 dB
SFDR = 74.6 dB
20
0 F
o 20 -
S,
S
E 40
El
Z 60 -

Frequency [Hz]

¢ First dynamic measurements show that ADC is fully functional and gives
reasonable resolution results

e Quantitative measurements in progress... 51



Preliminary measurements of 10-bit SAR ADC
AGH Maximum sampling frequency

Sampling Rate = 60.0 MHz SINAD = 54,6 dB
lnput Freq = 4,995 MHz THD = -63.8 dB
T T : , Harmonics =10 SMNHR = 55.1 dB
74+ SINAD g SNHR = THR = SFDR = SFDR = 66.9 dB
20
0 F
o .
o o 20 L
= =)
a
¥}
3 S 40
EL
60
59 < =

35M 40M 45M ) 50M 55M B0M 0 5M 10M 15Mm 20M 25M 3M
fsmp [Hz] Frequency [Hz]

e It is suspected that measured ENOB is limited by the setup




” Preliminary measurements of 10-bit SAR ADC
Dynamic measurements - f. scan

Freq input [MHz]

e FOr low fin ENOB of >= 9.2 was measured

o It is suspected that ENOB decrease with f _is partially/mainly due to setup

-100

Frequency [Hz]

Sampling Rate = 40,0 MHz SINAD = 56.5 dB
Input Freq = 634.766 kHz THD = -64.6dB
Harmonics =10 SNHR = 57.2 dB
77 . . . . 10 SFDR = 66.G dB
ENOB ——
SINAD  —— 20
THD —=—
74 SFDR 195
SNHR 0 r
71 49 o 207
@
T 40 f
S ] 5
68 8.5 £
<
65 -4 8
)
= m
- 62 =4 75 % Frequency [Hz]
> L
9
SamPIing Rate = 40,0 MHz SINAD = 51.3 dB
59 7 Input Freg = 19,385 MHz THD = -555dB
b Harmonics =10 SNHR = 53.3 dB
SFDR = 58.6 dB
155 20
0
1° @ 20}
=
=l 40
4 5.5 H
o
£ 0}
4}" 1 1 | 1 1 5 80
10 12 14 16 18 20

53




MWJJJ Preliminary measurements of 10-bit SAR ADC
Dynamic measurements - different channels

77 10

ENOB Chd' —a—
SINAD Ch4 ——+—
ENOB Ch5 —=—
74 - SINAD Ch5 —+— — 9.5
ENOB Ch6 —=—
SINAD Ch6 ——+—
71 F 49
68 [ 4 85
65 L 48
o
S 3
= 62t 175 2
> ]
@
—
50 [ 47
56 T 4 6.5
53 L 486
50 L 4 55
47" 1 1 1 1 | 1 1 1 1 5
0 2 4 6 8 10 12 14 16 18 20

Freq input [MHz]
Results for different channels (only one channel ON during measurements) are similar
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MWJJJ Preliminary measurements of 10-bit SAR ADC
Power consumption vs sampling frequency

Digital ===  Analog -= IREF = ICM == Total

10M =y

Im

Power [W]

100U

e Power measured for 8 ADC channels

e At 40MS/s power consumption is
about 1 mW per channel - in
agreement with simulations

10u

100u &

10u Py

Power [ W/MSps]

1u

| | | | | | | |
100k 200k 500k M 2M 5M oM 20M 50M
Fsmp [Hz]
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M ]JJ Preliminary measurements of PLL
AGH CLK out vs CLK ref

Manual mode setting Automatic mode setting

1200

1200

1000 1 1000 |

800 f 800 -

PLL OUT [MHz]
)
=]
s

PLL OUT [MHz]
@
=]
=]

o

400 | 1 400 |
200 - // | 200 L /
f‘ 1 1 Il Il "

1 0 L Il Il Il Il
o] 20 40 60 80 100 120 0 20 40 60 80 100 120

REF CLK [MHZ] REF CLK [MHZz]

0

e PLL measurements have just started (~ 2 days) and are in progress...
e PLL output CLK in frequency range 15MHz-1.2GHz already observed
e There are some gaps between frequency ranges...

e Automatic mode detection looks promising
e SLVS driver works at least up to 1.2 GHz (used for PLL output

56




MMJJ Preliminary measurements of PLL
AGH Jitter

45

40 L

CLK out 510 MHz

Division factor 10 ’ |

[ps]

30 -

Jitter
\

25 -

e Measured jitter at least few times higher than simulated (to be verified...)
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MMJJ Preliminary measurements of PLL
AGH Power consumption

800

700 +

600 ~

500 ~

400 +

300 ~

Power consumption [uW]

200 -

100 Fﬁ* .

1 | 1 | 1
0 200 400 600 800 1000 1200
PLL OUT [MHz]

e Power consumption seems to be higher than simulated (to be verified...)
but anyway very low
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Single-to-Differential converter

mm Front-end architecture
H

@

G

Converter has gain of 2, 100-250 uA for 6-bit



@LJIJJ Sampling amplifier

Voo

&

P7

B
Ps

v Vbn+

e

2 CMFB:r[ i

vy

e~V
P&

Vbn—

[

Vbn2 I: N4

N2

Pz

N3

NT

:l Vont |:

GND

Conventional folded cascode (FC)

Gm_=gm_ , SR_=2I /C

P1’

In 130nm a gain of few hundred may be achieved. For 10-bit accuracy a second stage or a

gain boosting is needed

issues
a3 VDD 2
.| P3 P7 | ig P4 |
’DE }_CMFB prf_lt b GMFB_l ;"b
v }_pr‘? _ v Vbp2 - v
PS5 Pé
Vot Vine . Pla P]‘DIJ JT?D P2a _,“Vin_ Vout*
1 | | ||
vbn2 Na VbnZg
N3 }—/\—f :”_r_ _l N4
L. NG J
NI Nz
Tl g
GND
Recycling folded cascode (RFC)
Gm__.=gm_ (1+K), SR___=2KI /C
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i ...

AGH
e Multichannel ADC in AMS 0.35um developed and working
well in LumiCal detector module in test beams

e Two very low power multichannel SAR ADCs (10-bit, 6-
bit) developed and fabricated in IBM 130 nm

e PLLs, SLVS, etc... developed as well

e First measurements of 10-bit SAR ADC showed that the
blocks (ADC in particular) are functional

- ENOB ~9 bits (preliminary and to be verified...)

— Power consumption ~1mW@40MHz in agreement with simulations

e Tests of 6-bit ADC should start in May...

e PLL works and looks promising

e SLVS works well up to above 1GHz

e Quantitative tests in progress... 61


mailto:~1mW@40MHz

MWJJJ Preliminary measurements of 10-bit ADC
Dynamic measurements - fin scan

77 T T T T T T T T T lO
ENCB ———
SINAD  ——
THD —e—

74 SFDR 093
SNHR

8.5
8
o
§ g
5 62 F 475 2
> w
W
—
59 - 4 7

* % 1°°

53 | -4 6

50 + - 55

a7 i i i i i i i i I 5
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Freq input [MHz]

e ENOB ~ 9.2 was measured
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Sampling pulse width

!

o b o N 50MHz ——
e 40MHz —=—

30 Lo — 20MHz —a—

. A L0MHz

20 b PR N RO SRR OO SO LI SMHz —s— |

5 A 2MHz ——e—

15 b it (R R A R S MHz —e—

" w. . Measurements

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

[P ¥

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

Pulse width [ns]

1 é R A A L
1 2 3 4 5678910 15 20 30 40 50

Bias current [ud]
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