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REQUIREMENTS FOR A
NEW PIXEL CHIP



Layout of the presentation

Present and Upgraded ROC (CMS Pixel
chip)

Atlas Chip(s)

A New chip for CMS Pixel
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Requirements for the new ROC

Present ROC has been design for a max
luminosity of L = 1034cm™2 Hz

at inner radius R=4.3cm correspond
to a particle flux of 40 MHz cm™2

Main features:
Pixel cell 100um x150um

analog readout, threshold of 3500
e_

End of Column Drain architecture
Technology 0.25 um
Readout serial 40 MHz

New ROC should maintain performance
of present ROC at max luminosity of

L=2 103cm?2 Hz

At inner radius R=3.9cm correspond
to a particle flux of 120 MHz cm

Strategy:

Maintain the heart of the pixel chip
pixel cell (PUC)
DoC architecture

Lower threshold (1600e- 2) 22 To be
proved
Digitize after DoC

Change of perifery
Maintain the technology
Readout serial 160 MHz
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*ReadOut Chip (ROC) bump bonded
sensor pixels.

double
column

* Pixel CELL (PUC): 100pum x 150 pm

*52 x 80 = 4160 pixels per ROC
15,840 ROCs = 66 million pixels

*zero-suppressed output

*Each ROC can be tuned (DAC)

*Each pixel has a programmable threshold
(adjusting this is called trimming)

double
pixels

double column
interface

32data |
buffers |

12 time stamp .
buffers

*On receiving a L1 trigger, the Token Bit capacitors ca.bles

Manager (TBM) initiates a Chinese-
whisper of “token bits” that instruct each
ROC to send its hit data to the TBM

*The signal from the TBM is electrical
and analog. It encodes the ROC #, row
and column and charge collected of each
pixel hit

*The electrical signal from the TBM is
converted to optical by the Analog-
Optical Hybrid (AOH) .' SiN base-strip,

Lino Demaria - PS148, wirebonds holes for mounting screws



EoC drain architecture

No buffering at pixel level

Pixel can go in busy (waiting to be readout) but it is
continuously readout

All data go to End of Double Column
Huge buffer at End of Column (EoC)

Lot of (analog) data transfer to EoC: signal outside
trigger are sent to EoC =@ linear with pixel fluence

PUC kel PUC
[
| 1l |

PUC PUC

PUC PUC

Column can go in Busy

4 | Pixel-column

interface Trigger time stamp at EoC
; - I Time Stamp buffer linear with: PixFluence; Trigger
- Latency (and also with trigger frequency)
E=i7=5
B Readout Double Column & reset of DC data buffer
E Dead-time depends on: PixFlu * BX-time(25/50ns);

- —
2 x 80 pixel
Q

trigger frequency

Double column
readout

DoC occupancy at trigger latency:
"1—"-
26 x / ROC 19-38 (Phase1); 58 (Phase?2)
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New ROC maintain same architecture

of DoC but increase buffering

1. Increased buffering at EoC (from 12 to 80)
2. Increase Time Stamp Buffer (12 to 24)
3. Introduced ReadOut Buffer (O to 80)
4. Increased ROC readout clock (ROC at 160 MHz, TBM to 320 MHz)
1o | TS buffer occupancy | 1® [ Data buffer occupancy |
20 E_ Present syetem at 10*34/cm2le . :_ Present sysiem at 10*34/cm2is
nd : Now syetom st 2x10+341emls 1of— Now syatom at 2108 4imis
203— EE Todays size Bf— ETodays size
153— sf— .
103— 43—
5;— 2:
O e e e e s 20 22 24 N S R - R T T
Entries in buffer Entries 1n buffer

--> New buffer sizes:

Timestamp buffer:
Data buffer: S(JJ '?l?ow

24 (now 12)
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Readout of Old and New ROC

ROC - TBM (module controller)  : 40 MHz analog readout Basic Idea of digital module layer 1

TBM - pxFED (off detector DAQ) : 40 MHz analog readout
8 or 16 ROCs are daisy chained e . . L

r _______________________ I 160 MHz bus channel A 160 MHz bus channel B

=

ROC Token la ROC roc | Tokenlb

ROC

—

I | roc| | roc|| roc]| | roC roc| | roc| | roc|| roc] | < -
I I core < —-
| ' 7 ¥ | TBM 320 MHz uplinks
1 1 7] core 4 >
: : Layer 1&2 > 2 fibres A & B [ Newis:
160 MHz bus channel C 160 MHz bus channel D 4 token rings a 4
I 1 Layer 3 = 1fibre A ‘i 7y yy al  rocs
1 1 N L N *TBM core takes AND
Ll >
ROC | ROC ROC cen2b |ROC | Of 2tokens
I A A 1 Token 2a Tolken 2b +4 readout buses
| | +2x320 MHz uplinks
I |20u | |20u | |o0u | |oou 204 | [20u | |20u | |o0u :
|
In m m Em Em RN RN N N AN A N RN M BN N M B M 4

Readout Token Passing — Existing ROC Readout Token Passing — New Digital ROC

26 double columns

1]2]3T4[5]6[7]8 ]9 [10[11[12[13]14[15]16]17[18]19]20[21]22]23[24] 2526 26 double columns with buffers
[ele e Welfe! [et e e We e Wel e Wele el o WeleY nanlon 1(2|3|4|5|6(7|8(9|10|1112(13|14|15(16(17|18]|19(20|21|22|23|24 |25(26
| LTI T T TTTTTITTTITITITITTTITITTTIOIIT eieliedellelieleleielieiietieielieileiie:Netieiieiieileileiie e elie!
readout /- LI T T T T T I T T T T T T I TR TITTT11
control 1 ‘ i
15 *_ g £
DCOL refdout — 2= HH
le— _ readout buffer 8bit ¢=
- EN})— START m (FIFO) — ADC
iza
TRIGGER ~ TOKEN IN TOKEN OUT DATA 40 MHz i
ROC readout l—.- 4 bit mux s
. . . . . SiART T v ke — PLL clock
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¥ }

TOKEN TRIGGER TOKEN SDATA CLOCK {40 MHz)
IN out 160 Mbis.



Remaining Losses on New ROC for

Layer 1, R=3.9cm, L=2 1034 cm-2 Hz
-

Pixel busy: 1.43% A
pixel insensitive until hit \ PUC PUC o
transferred to data buffer e
(column drain mechanism) ' [N | | o,
PUCHHPUC| 12 total data loss in layer 1
Lo at run start: 6.84%
PUC m PUC | | |
Double column busy: 1.56%  J
Column drain finds hitted pixels and
transfers hits from pixel to data :
buffer. Maximum 3 pending FieoEs ol . o
column drains requests accepted interface Timestamp Buffer full: 0.02%
; I size: 24 (12)
. o P Readout and double column reset:
Data Buffer full: 0.33% —» s/ 3.49% for 100kHz L1 trigger rate
size: 80 (32) B B-

t -/ Digital Readout
Double column Hq ﬁ 160 Mbit/s _
TBM 320 Mbit/s |

readout
-~ Fleadout Buffer =)
26 x/ROC  size: 80 (0)
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Inetficiency vs fluence - status

Layer4 3 2 Layer 1
LT :
10+ & = .
8 | | | | :
I - total
; E ~— column drain
: : : token wait

reset

Inefficiency [%o]
=3
EEEEEEEEEEEEEEEEENEEEEEEEEEEEEEEEER

[ |
0 50 100 150 200 250 300
Pixel fluence [MHz/cm2]

Vertical lines indicate 2x103* and 50 ns bunch structure, 100kHz trigger rate
At maximum peak luminosity, inefficiency still high
Dominated by resets after readout. There is a handle on this, but...

... It needs time to implement.

Final strategy has to be agreed on when CMS wants what.
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BPIX Upgrade Mechanics - 1216 modules - 81M pixel
(1.6 x present BPIX)

— A
i O~

- e 9 * Full module type only

Layer 1: R 39mm; 16 faces

current

ey L\ Layer 2: R 68mm; 28 faces
: e \ Layer 3: R 109mm; 44 faces
Layer 4: R 160mm; 64 faces

]
=
@
7]
©
a

Clearance to beam pipe 4mm
(present)

If beam pipe r <22, ;yn 31" haver: A4 fages TRRE29:5857201 1




Project for new beam pipe

Studies are ongoing to asses safe beam pipe radius.
45 mm diameter seems doable.
Pushing for Beam Pipe installation in LS1 2013

» mean 1* layer Si- radius = 29.8 mm from 44
» need 2 mm clearance to beam pipe

» need adjustable closing mechanism

* Beam pipe diameter 45 mm from 58
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How is the Pixel Flux with the new
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Estimation of fluxes with an Analytical
Calculation — L=2E34

TECH. PROPOSAL WITH R=3.9 cm
(L1)

PSI Estimation

Data Rate Estimations., 25ns

= Full 4 layer phase I geometry
= Assuming 24 bits per hit, 1000kHz L.1A
-

Peak lumi=2x10*cm3s"!, o, —=80mb, o

igna— 1.5mb

- Data rate includes headers/trailers

My Estimq‘rion = Bandwidth of present analog links =~ 100 Mbit/sec peak
Layer 1 2 3 <+
R=3-km Pixel fluence [MHz/cin?] 251 108 48 27
300,00 Hits / trigger / module 70 35 16 8.4
l . l ’ MBit/link/sec 204 107 61 40.0
§ ._' i 250,00 # links 128 224 352 s12
. 200,00
150,00
]
R ) 100,00
$ ¥
50,00
_, , o R=2.98cm
& o - —% gty
40 B0 0 &0 50 a0 30 0 10 0 500,00

—i—?' 400,00
Pixel rate vs Theta g -

NOW NEW PROJECT FOR BEAM PIPE ¢ ¢

REDUCED Radius R=2.98cm — | L | _
RATE goes to ~500 MHZ/¢ifi2 - New Pixel Chip - Toring W/0%/2%" g & w 2 m w o




FAOL SCHERRER INETIDGD

w(~={}» Phase | Schedule for ROC

September 2011: Engineering run with 3 ROC versions
1) Existing ROC (PSI46)

2) Existing ROC + enlarged data buffer 32 — 80 (PSl46xdb)
3) Same as 2) + Readout buffer and digital readout (PS146dig)
4} Test Structures, TBM

2012: PSl46dig + Data buffer skip mechanism in double column to
remove dc-reset loss (PS146digx)

My comment:

* Layer 2,3 and 4 are clearly OK
* Layer 1 has to be understood better

Simulation Studies for the smaller beam pipe yet to be done.
It will be interesting to see what are the consequences on the
buffering at EoC and on the overall deadtime.
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- What is Atlas Doing ¢
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Present Atlas CHIP

- FEI3: drain architecture, ToT, 0.25 um

= |

|IIII|IIII|IIII|IIII]IIII|IIII|IIII|!III|IIII|IIIIIIIII|IIII|IIII|

IE |

"I

For Atlas chip, at 5cm
radius, L=3 10?4 the
chip reach saturation

100

|# Double-hitinefficiency | 1
|0 Busy/Waiting Inefficiency |- o B b
¥ Late Copying

‘| Total Inefficiency

90

80

II}KLHC

11 SR S S e B, P O O P R=5cm - pixel: 50x400 thk=280 B=2T

8,0 ! 250,00
sru ™) : (] 200,00
5,0 = [ =) 150,00

3,0 L - " = E 100,00
2,0 : v -

1.0 b é g%

Inefficiency (9%)

20

“+ 50,00

LS
L
: i _I'L i
Fiiiila |||£||| R s i i'f'i'J"l"i'I AN T

0,00

II[[lIIIIlIIIIlIIII|IIIIIIIII£.JII|IIII|]'IIIlIIIIl

70 60 50 40 30 20 10 0

.

Ll IIII-1III IIII|IIIIIIIII|IIII|II|I|T

0.14 0.42 14
Hits per DC per BX

THIS IS the estimate of Pixel flux for
L=3E34 with FEI3 geometry
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FEI4: new chip in 130nm

40 double-columns

e

20 mm
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i EDE of Dlgltal_ei)lumns Log__'_lc_:-___
q}mta 25b I LT, Token,Read 'IF\IeI Cenlig Data 8h
- End of Chip Logic Data Output
Hamming | Data Formal/ | Hamming EIFO Hamming Block
Decoder Compress | Encoder Decoder
ao10b
utt 1 Encoder
£ Current Bias 4 DACS Con{ugyratim EFUSE Serializer
E Ref. Generator ™. Register
Hike o
Voltage | Shunt | DC-DC [ 5 || Command z s
Ref. LDO | Conv. Decodear IOMux
| |Pad Frame Lino Ueno "

Dala
-Im

[3 41 [3] Clock Clogk -Out

Regional architecture,

data memorized in
Region of 4 PUCs

N-buffer to store data

Data are canceled at
~99.75% after trigger
latency

ToT is used for signal
amplitude

Only good data go to
EoC at each trigger

Chip - Torino 01/06/2011
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Pixel flux conditions for FEI4 chip @

L=2E34
—

R=3.7cm - pixel: 50x250 thk=280 B=2T Interesting to see that in the end the

10 - 30 pixel flux is ~same as for CMS
g - g g - 35000 phase 1.
80 % - " § - 20000
"y & o The smaller pitch is balanced by a
1 ¢ ! ) 8 | smaller magnetic field (cvd)
20 E iy b hom
00 - e 000

OV N N R VD R I
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How many buffers ¢

£ WE

g z TABLE I

] B LB OVERFLOW INEFFICIENCY, POWER AND AREA ESTIMATE FOR 2 DIFFERENT

& = RLU IMPLEMENTATIONS AT 1 = 3.7 cin

] =

E L

2 F |

T T |

L E 0.01% ~ 7-8 ¢

e L ; !

2E | LB overflow

® = ; : - : i . .

g - i e 0.01 0.65 0.1 3.29

J L I b I bk il I A L I bl 'l L L

1 2 3 4 4 6 7 8 9 4-pixel region area
Local buffer depth [um?] L0056 100128
Fig. 7. Full simulation result. LB overflow inefficiency as a function of LB Power/pixel[tW] 275 519 272 512
depth for the IBL. The structure used here onsists of two RLUs of two pixels
each sharing a single LB.
For IBL 5 buffers have been chosen
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Trigger Latency is important

0.01

m PR, T T
~ V&
£ F
ol
S 1E
u =
— =3 vt TN, NS T
£ f - —— 3xLHC
% l]v1 Bt ot i i::: HH ‘ ZZ'ZZi e .: - + 10!LHC
= e e e :f : S
? = l I

l

e S :
60 80 100 120 140 150 180 200 220 240
Latency (BX)

Fig. 6. LB overflow (in percent) calculated analytically as a function of L1T
latency (in bunch-crossings), for a 3.7 cm radius layer, with 2 RLUs of 2 pixels
each tied to a single 6-memory cell LB.
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ToT is important
N

;_ += LHC
- |--3xLHC |
- | — 10xLHC

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

Inefficiency (%)

= e v - N
- 0N bW LeE OB

T-|-1-+-|-1-+-|-+1~|-+ H-r-r-l-r- I-iT-I-H-I-TT-I-I-I-I-i-IuI-i-[-I-H -r1-|-+ T |+-|-|-+-|-1-+-|-

s
[ =T
[ ==an

IIII:IIII IIIIIIIIIiIIIIiIIIIiIIIIillllillllillllill

3 5 6 7 8 9 10 11 12
ToT (BX)
Fig. 4. Single pixel pi%e-up inefficiency (in percent) as a function of the mean

ToT (in unit of bunch-crossings) as calculated analytically for a 3.7 cm layer for
the new pixel size of 50 x 250 pm?.
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FEI4 estimated

Hit loss (B%0) at 3.7cm from beam

== FE|4 total

== FEl4 pileup
FEI3 total
FEIZ pleup

s 70 80 10 130 150 170 190

Interactions per beam collision
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overall inefficiency

This was shown at
ACES: not completely
clear to me if this plot
is compatible with
previous plots...

BTW:

we need to remember
Atlas still has to do
HIGH rate tests to
certify the
performances
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=» We should ask ourself

Why not using FEI4 ¢
Change pixel geometry from 100x150 to 50x250 pum?

or an adapted FEI4 to the CMS pixel geometry 2
Work with FEI4 team 2

Or we make a new chip ¢

Take in mind FEI4 in Atlas is for:
IBL phase
Layer (2),3,4 for phase 2
We should make a chip that ANSWER to the request of Phase 1

(2007-2008), but with a target in mind of a L1 in phase 2 where
there will be new sensor technology
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Technical specs: main ingredients for

the Loss Mechanisms in Pixel Cell
)

1 How many signal have to be stored every BX: Pixel
Flux. Determined by Particle and by Pixel cluster size,
important:

Pixel size in Rphi
charge sharing due to Lorentz angle
Pixel size in Z

Sensor thickness
o1 Trigger Latency

1 Pixel Dead Time
ToT
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Sizes comparisons

Choice of Rphi

Should give same resolution as today
Deterioration from high irradiation
Dealing with digitalized information

Still profiting from B=3.8T, should result larger than
Atlas

Choice of Rz

Resolution should remain superior than Atlas, we aim to remain as good as now

Balance among dimension and area in the pixel
| would not go below the present 150 um
| would investigate if larger could be better

Practical aspects are important too

We should be compatible with existing sensor material if we want to bond chip
and sensor

Rphi: 50 (several); 80

Z: 150

Lino Demaria - New Pixel Chip - Torino 01/06/2011



Choosing pixel size

binary  binary
binary binary 1/2 1/2 AREA real  real

Rphi 2 FES-FP | res-Z pitch rp pitch z  pixel Fes-rp | res-z
CMS NOW 100 150 28.87 43.3 1443 21.65 15000 B 25
Atlas NOW 50 500 14.43 1443 7217 T72.17 25000
Atlas IBL 50| 250 14.43 72,17 7.217| 36.08 12500
Panda 100 100 28.87 28,87 14,43 1443 10000
Fall Forward 75/ 100 21.65 28,87 10.B3| 14.43 7500
1 optim.rphi 75 150 21.65 43,3 10,83 21.65 11250

Z optm.rphi+enl.z1 75 200 21.65 5774 10.83 28.87 15000
3 optm.rphi+enl.z2 75 250 2Z21.65% 72,17 10.83 36.08 1B750

1. Fall Forward solution is un-necessarly small in Z (=huge clusters)
2. Solution 75x150 should be at least equivalent to present one but more robust in term of R-
phi resolution

3. Solution 75x200 should be evaluated. Rphi should be at lest as good at Atlas (magnetic field
3.8T) and Z resolution is still better than ATLAS but has more space in PUC

4. Solution 75x250 should be still as good as Atlas in term of resolution on both directions. Area
available for electronics on pixel is 50% larger = more electronics on pixel is possible
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Pixel rate @L=(5x1034) for different
pixel cells =thickness =280 micron

NB: green dots are the cluster size (theta is reversed)

R=2.98cm - pixel: 100x150 R=2.98cm - pixel: 75x200
18,0 T 1400,00 140 - 1400,00
160 14
: = = 1200,00 120 | '} 1200,00
140 | Séries 3 Pointer '5,4" | = - - 1000,00 g - B
1200 64154 % ' 10,0 o 1000,00
10,0 - 800,00 80 1 Zone de tragage - E E 800,00
:,g é . 600,00 60 é a 600,00
40 . ™ 400,00 40 i s 400,00
2,0 B ¥ 5 o 200,00 2,0 - L o 200,00
0,0 - - " 0,00 00 . . [ 0.00
e & 70 60 50 40 30 20 10 0 90 8 7 6 50 40 30 20 10 0
R=2.98cm - pixel: 75x100 R=2.98cm - pixel: 75x250
30,0 - 1800,00 E =) 1200,00
L — 1600,00 cne de graphigue
25,0 {Znetesnhian [ oy " e g oy 1000 10T - g 1000,00
20,0 Et 1200,00 80 E E 800,00
1000,00
15,0 800,00 6,0 ﬁ S 000
10,0 600,00 ' &1
4 o 4,0 400,00
<o v N % 400,00 - v o
: o A I & 200,00 2,0 | v & 200,00
Sy 4 |
0,0 0,00 0,0 . . 0,00
%0 80 70 60 50 40 30 20 10 O % s 70 & so 40 3 20 10 o
R=2.98cm - pixel: 75x150 R=2.98cm - pixel: 50x250
18,0 - 1400,00 14,0 7 : 1600,00
16,0 i i g 1200,00 12,0 g W- 1400,00
14,0 - ! g 1200,00
- ™ 1000,00 10,0 X
12,0 & ’ o - -l 1000,00
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20 A3 % 200,00 2,0 LA % ’ 200,00
00 Lino Demari®®& New Pikel Chip - Torino 0 bf06/2011 0,00
90 80 70 60 50 40 30 20 10 0 %c 8 70 60 50 40 30 20 10 0




PUC Inefficiency vs #Buffer (T-latency=3.2)

2 3 4 2 6

+ o P
z - pix 1001508
1’DE 01 [75x200) 250
0 L3 PR P
=l "pix [100x150)&
[ P5x300]
S00MHz e
pix (100x1530&
- Thad00] L2 GH
1,0€-02 TR L
== pix {75150} 250
fHzicma

H=="pin {75x150) 500
MHzem2”

1,0e-03 "pix [75x150) 1.3
GHzfermd™

pix {7Sa250]
1 2GHMzfern2

1,0E-04

THIS graph applies to the solution of buffering in the PUC the signal until next trigger is
arrived (trigger latency =3.2 microsec).

4 buffers allow to reach Phase 2 with <<19% losses;

5 buffers allow to reach Phase 2 with <<0.1% losses;

Here are not mcIudegecg1 G2 ’r}\l me B(relr%dodm o ’rot]*/eo‘?'zxe] once the trigger is arrived
g9



PUC Inefficiency vs #Buffer (T-latency=4.0

2 3 4 2 6

—%— "pix [100x150)&
[75a200] 250
MHzfem3

= "pix [100150)&
[752200]
S00MHz emZ”
pix (100x150)&
[752200) 1.2 GHz!
ey

=t pix {7Sx150} 250
MHzfemd

1,0E-01

1,0E-02

W= "nix 75150 500
MHzfem”

1,0e-03 @ "pix [75x150) 1.3

GHzfem2™

pix (?5x250]
1 2GHz e

1,0E-D4 )

THIS graph applies to the solution of buffering in the PUC the signal until next trigger is
arrived (trigger latency =4.0 microsec).

5 buffers allow to reach Phase2 with <19% losses;

6 buffers allow to reach Phase2 with ~0.1% losses;
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PUC Inefficiency vs #Buffer (T-latency=6.0

2 3 4 5 6

—— “piz {L00x150)6
|75x200) 250
MHz om2

—{— “pix | 100%150)&
{75x200)
SO0MHz/em2"

e pix |100%150) &
{75x200) 1.2 GHz/
cm

i piw (755150} 250
MHz /cm2

1,0E-02 -

=== "pix {75x150) 500
MHz /com2"

1,0E-03 y —@— "pix [75x150) 1.3

GHzfcm2"

pix [75x250)
1.2GHz /cm2

1,0E-04

Phase 2 is considering to have all sub-detectors supporting 6 micro-sec trigger latency
(Tracking Trigger takes time...)
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1 4E-02
1,2E-02
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8,0e-03
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0,0E+00

PUC Inefficiency vs ToT duration (nsec)

pix [75x150)
1.3 GHz/cm2

pix (75x150)
0.65 Gz/cm2
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- Sensor is important
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Pixel rate @L=(5x1034) for different
pixel cells — thickness = 150 micron

R=2.98cm - pixel: 75x200 thk=150
9,0 [ 900,00
8,0 o =] I 800,00
7,0 ] - 700,00
6,0 < u 600,00
5,0 & % 500,00
4,0 ~ 400,00
3,0 ~ @ 300,00
2,0 41 . 200,00
1,0 Wy | o000
0,0 0,00
%0 80 70 60 50 40 30 20 10
R=2.98cm - pixel: 75x150 thk=150
12,0 1 1000,00
i o 900,00
100 g—= - - 800,00
80 - = =] 700,00
& Sy 60000
6,0 i 500,00
~ 400,00
4,0 41 P 300,00
2,0 - ] 200,00
! - % | 100,00
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NB: green dots are the cluster size (theta is reversed)
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Conclusion

New ROC is the main baseline for Phase 1

Good conservative approach but it limited precisely by that (250nm;
PUC/architecture unchanged)

Problems foreseen for Layer 1 already with R=3.9cm; they will not
improve at 2.98cm

Good moment to start a project of a new chip: we should do it

We should set our technical specs above phase 1, studying phase 2
regime already

We should profit from CMS case: same performance as Atlas (or
better) with larger PUC

Technology wise we should start with 130nm but in future we should
not forget larger integration scale (90/60/35 nm)

Sensor will be an important ingredient to be taken into account
Thickness could allow better segmentation or higher rates
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Atlas looking to the future

T
Beyond FE-14

» Still higher rate capability

* Need smaller, faster pixel

* Yet need more memory per pixel to buffer higher rate
» Two directions being explored: 3D and 65nm
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