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EECS251B : Advanced Digital Circuits
and Systems

Lecture 10 — Technology Features

February 2, 2024, EE Times: Tenstorrent Engineers Talk
Open-Sourced Bare-Metal Stack.

Tenstorrent, the Jim Keller—led Al chip and IP startup, is making
available and open-sourcing its bare-metal software stack, which
allows access to the hardware at the lowest level, Tenstorrent senior
fellow Jasmina Vasiljevic told EE Times. The startup also recently
showed EE Times a large language model (LLM)—Falcon-40B—up
and running on its 32-chip Galaxy system, and it has made hardware
available to purchase for the first time in the form of evaluation kits for

its first-generation Grayskull chips.
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Project options O/

Develop complete modules, appropriate for SkyWater 130nm technology: (

* LPDDR4/4X
* USB 2.0

Integrate in Chipyard

EECS251B L09 LITHOGRAPHY 2



LPDDR4x

® Targeting slowest speed (800 MHz) in Sky 130

® Barebones memory controller RTL already implemented in Chipyard
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LPDDR4x Digital

® Thorough verification

® Timing, spec compliance, additional features

® Extensions:

®* Memory scheduling algorithms

® Rowhammer exploit counter measures

(1) Profile retention time of all rows

'

@Stn{emm into bins
by retention time

P  E— {

5 @Mmycmdhrism ,

e T
Giet time since row's last refresh Last refresh | 28ms agn? ji- Last refresh 256ms ago? E
A
Mo ks
Choose a refresh Y _
candidste oW  |—a Row in 64-128ms bin? Row in 128-256ms bin? Yes
every bdms
Kees ks
L J
Refresh the row
iy

Figure 4: RAIDR operation




LPDDR4x Mixed-Signal

2x 8-Lane Byte Groups
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USB2 PHY

High-Level Overview (in progress)

s

®* USB2 operates at 12Mbps (“full speed”) ((
and 480Mbps (“high speed”)

®* USB organization provides implementation

SpeCS: https:/ /usb.org /sites /default /files /usb 20 20211008.zip
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Example commercial USB2 PHY chip:
https://ww1.microchip.com/downloads/en/DeviceDoc/00002142A.pdf

® Can consult the many USB2 PHY
standalone chips and IP blocks for

implementation details and ideas



https://usb.org/sites/default/files/usb_20_20211008.zip
https://ww1.microchip.com/downloads/en/DeviceDoc/00002142A.pdf

USB2 TX/RX Circuits
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Example commercial USB2 PHY chip:
https://ww1.microchip.com/downloads/en/DeviceDoc/00002142A.pdf
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https://ieeexplore.ieee.org/abstract/document/1241532



https://ww1.microchip.com/downloads/en/DeviceDoc/00002142A.pdf
https://ieeexplore.ieee.org/abstract/document/1241532
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https://ww1.microchip.com/downloads/en/DeviceDoc/00002142A.pdf
https://www.researchgate.net/profile/Juno-Sim/publication/305418056_All-Synthesizable_5-Phase_Phase-Locked_Loop_for_USB20/links/5cd22348299bf14d957e7529/All-Synthesizable-5-Phase-Phase-Locked-Loop-for-USB20.pdf
https://www.researchgate.net/profile/Juno-Sim/publication/305418056_All-Synthesizable_5-Phase_Phase-Locked_Loop_for_USB20/links/5cd22348299bf14d957e7529/All-Synthesizable-5-Phase-Phase-Locked-Loop-for-USB20.pdf
https://www.researchgate.net/profile/Juno-Sim/publication/305418056_All-Synthesizable_5-Phase_Phase-Locked_Loop_for_USB20/links/5cd22348299bf14d957e7529/All-Synthesizable-5-Phase-Phase-Locked-Loop-for-USB20.pdf
https://www.researchgate.net/profile/Juno-Sim/publication/305418056_All-Synthesizable_5-Phase_Phase-Locked_Loop_for_USB20/links/5cd22348299bf14d957e7529/All-Synthesizable-5-Phase-Phase-Locked-Loop-for-USB20.pdf

USB2 Blind Oversampling Data Recovery

Data recovery using 5x blind oversampling, no clock recovery

needed

Must vote on sampled data and synchronize the incoming

bitstream with onboard PLL

Verification has to cover cases where onboard PLL is faster and

slower than incoming data
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Example commercial USB2 PHY chip:

https://ww1.microchip.com/downloads/en/DeviceDoc/00002142A.pdf

o, Article below does it in 180nm CMOS
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https://ww1.microchip.com/downloads/en/DeviceDoc/00002142A.pdf
https://ieeexplore.ieee.org/abstract/document/4415527/

USB2 Digital Controller O/

: :
® Various FSMs, encoders/decoders, and
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Example commercial USB2 PHY chip:
https://ww1.microchip.com/downloads/en/DeviceDoc/00002142A.pdf



https://www.intel.com/content/dam/www/public/us/en/documents/technical-specifications/usb2-transceiver-macrocell-interface-specifications.pdf
https://www.intel.com/content/dam/www/public/us/en/documents/technical-specifications/usb2-transceiver-macrocell-interface-specifications.pdf
https://ww1.microchip.com/downloads/en/DeviceDoc/00002142A.pdf

Announcements O/

®* Lab 4 this week g
®* Lab 4b coming up

® Homework 2 will be posted this week

® No Lecture next Tuesday, February 19 (ISSCC)

EECS251B L09 LITHOGRAPHY 11



® Lithography restricts layer orientation, length quantization
graphy Y grh g

Recap 7
(

®* Favors layout regularity O

®* Has implications on variability

® FinFETs add more restrictions (width quantization)
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Some of the Process Features (Designer’s Perspective) O/

1. Shallow-trench isolation g
2. High-k/Metal-gate technology

3. Strained silicon

4. Thin-body devices (28nm, and beyond)

5. Copper interconnects with low-k dielectrics

EECS251B LO9 TECHNOLOGY 2 14



1. Shallow Trench Isolation

® Less space needed for isolation

®* Some impact on stress (STl expansion can affect mobility)

gate-oxide

AlCu

- \\\>\\\ \\\\> >>

/

\\\\\\ “““ -
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2. Hi-k/Metal gate
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K. Mistry, IEDM'07

Replacement gate technology (Intel) — early version at 45nm

Silicon Silicon Silicon

Form Transistors Remove Poly Si Deposit Metal Gate

EECS251B LO9 TECHNOLOGY 2

S. Natarajan, IEDM'08
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3. Strained Silicon /

Compressive channel strain Tensile channel strain
30% drive current increase 10% drive current increase
in 90nm CMOS in 90nm CMOS

Intel
EECS251B L09 TECHNOLOGY 2 17




Intel’s Strained Si Numbers

Performance gains:

90 nm 65 nm
NMOS PMOS NMOS PMOS
L 20% 55% 35% 90%
IDSAT 10% 30% 18% 50%
IDLIN 10% 55% 18% 80%

S. Thompson, VLSI'06 Tutorial

EECS251B LO9 TECHNOLOGY 2
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B-Ratio
*B=Wp/Wn
< 10" up/pn = 3.5

From Rabaey et al, DIC, 2" ed, for 250nm CMOS

EECS251B LO9 TECHNOLOGY 2
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Strained Silicon: Implications on Sizing

® No strain

® Strained Si

(e.g. 130nm)

In Out
O

In

EECS251B LO9 TECHNOLOGY 2
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5. Thin-Body Devices

e 28nm FDSOI

N. Planes, VLSI'2012

EECS251B LO9 TECHNOLOGY 2

* 22/14nm finFET

C. Auth, VLSI'2012

21




S. FinFETs ® Track scaling (MP different than FP)

571, 5T1 MoAshort
M2 MINT GATE MOA

® FinFET scaling

22/20nm 16/14nm 10nm

@ BEOL inter-cell interconnect
Intra-cell interconnect except MOA
@ MOA to intercept MINT (k=4.4)

2500
il Device parasitics ’
I nte I y I nte I y I nte I y o gevl:e :.verlll; cat::lt:)nces
IEDM,12 VLSI,14 IEDM,17 2000 W Gate capacitance
‘i 1500
o
1000 25%
500 8 e
-
. 0
®* N-P spacing P g G e ot

STANDARD CELLS et

EECS251B L09 TECHNOLOGY 2 qucia qudon IEDM!-I 6 22
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FinFETs and gate P/N sizing

®* The use of strain closes the gap between N and P on currents to ~1:1

® No strain

In

EECS251B LO9 TECHNOLOGY 2

® Strained planar Si

® FinFET

m,  W,=1
._OOUt
M; W1 =1

23




5. FDSOI c/

2012 2013 2014 2015 2016 2017

28FDSOI (STMicroelectronics)

28FD-SOI (Samsung)

22FDX (GLOBALFOUNDRIES)

12FDX (GLOBALFOUNDRIES)

18FDS (Samsung)

EECS251B LO9 TECHNOLOGY 2 24




5. Interconnect — low-K dielectrics

Technology
nodes

IMD/ILD

EiDEFIunrinated £ =
SIOF r

EiDEEﬁrhnn doped
Si10C

J. Hartmann, ISSCC’07

Dielectrics barriers

SICN

4 SiCN low density

EECS251B LO9 TECHNOLOGY 2
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Interconnect: Chemical Mechanical Polishing (CMP)

Cu interconnect: Dual damascene process
Dishing on larger areas due to Cu softness

|
Ta barrier layer

to prevent Cu from M -
diffusing into Si I

Etch stop (SiN) M i_ 1

® Metal density rules (20%-80%) (nowdays much tighter)
® Slotting rules

® Also: Antenna rules

EECS251B L0O9 TECHNOLOGY 2
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Interconnect: Antenna rules

m4 ﬁ 20002

M
m3 | ]l
Lt

_j:l

m2
m1

Bridging keeps gate away Node diodes are inactive during
from long metals until they chip operation (reverse-biased p/n);
drain through the diffusion let charge leak away harmlessly

source: visi-expert.com

* Caused by charge accumulated on the metal wire during plasma etch
* Formulated as max wire area contacting the gate of certain area

* Design solutions
* Jumper insertion — break signal wires and route to upper metal layers
* Dummy transistors - addition of extra gates reduces the gate to wire cap ratio
* Embedded protection diode (reverse bias)
* Diode insertion after P&R

EECS251B LO9 TECHNOLOGY 2
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DesignRule

DRAM Scaling

10um s

100nm 1

10nm

1nm

1980

* DRAM
capacity /bandwidth

1990

2000

K.Kim, IEDM, 21
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Flash Scaling

® Density and

architecture scaling

K.Kim, IEDM, 21
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Modeling Goals

®* Models that traverse design hierarchy
® Start with transistor models

®* Gate delay models

® Use models to time the design

®* Modeling variability

® Based on 251A, approach

® Start simple

® Increase accuracy, when needed




Device Models

® Transistor models

® |-V characteristics

® C-V characteristics

® Interconnect models
°R,C, L
® Covered in EE240A

32




Transistor Modeling

® Different levels:
®* Hand analysis
* Computer-aided analysis (e.g. Matlab, Python, Excel,...)
* Switch-level simulation (some flavors of ‘fast Spice’)

® Circuit simulation (Hspice)

®* These levels have different requirements in complexity, accuracy and speed of
computation

® We are primarily interested in delay and energy modeling, rather than current
modeling

® But we have to start from the currents...




Transistor Modeling

*DC
® Accurate |-V equations

®* Well behaved conductance for convergence (not necessarily accurate)

®* Transient
® Accurate |-V and Q-V equations
® Accurate first derivatives for convergence

® Conductance, as in DC

simple, &&— \niversal
® Physical vs. empirical /
physical
extendible I
\ /, accurate

empirical ¥~ number of
from BSIM parameters
group

34




Transistor |-V Modeling O/

®* BSIM (
® Superthreshold and subthreshold models |

®* Need smoothening between two regions

* EKV /PSP

® One continuous model based on channel surface potential

35



Goal for Next Week O/

® Develop velocity-saturated model for |_. and apply it to sizing and delay (
calculation

® Similar approach as in 251A, just use an analytical model

36



Next Lecture

D

* Transistor models

D)
D)
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