Lecture 5: Nano-CMOS
High-Level Synthesis

CSCE 6730
Advanced VLS| Systems
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Instructor: Saraju P. Mohanty, Ph. D.

NOTE: The figures, text etc included in slides are borrowed
from various books, websites, authors pages, and other
sources for academic purpose only. The instructor does
not claim any originality.
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Outline of the Talk

* |ssues in Nano-CMOS

* Challenges in The Context of HLS

* Proposed Techniques in Current Literature
* Conclusions
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Issues in Nano-CMOS
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Issues in Nano-CMOS Circuits ...

« Variability: Variability in process and design
parameters has increased. They affect design
decisions, yield, and circuit performance.

- Leakage: Leakage is Increasing. Affects
average as well as peak power metrics. Most
significant for applications where system goes to
standby mode very often, e.g. PDAs.

 Power: Overall chip power dissipation
iIncreasing. Affect energy consumption, cooling
costs, packaging costs.
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Issues in Nano-CMOS Circuits

 Thermals or Temperature: Maximum
temperature that can be reached by a chip
during its operation is increasing. Affects
reliability and cooling costs.

» Reliability: Circuit reliability is decreasing due to
compound effects from variations, power, and
thermals.

* Yield: Circuit vyield is decreasing due to
iIncreased variability.
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Variability: Origin and Sources

* lon implantation

« Chemical mechanical polishing (CMP)
« Chemical vapor deposition (CVD)

« Sub-wavelength lithography

* Lens aberration

« Materials flow

« Gas flow

 Thermal processes

e Spin processes

« Microscopic processes

* Photo processes
Source: Singhal, DAC Booth 2007
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Variability: Types ...

Parametric Variations
Local

Caused by ngrslggrgy

Global Linear Radial Photo : _
SraEEEaEe Microscopic

Processes

Caused by Caused by
Materials/Gas j§ Thermal/Spin
Processes
Across Reticle Local
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Variability: Types ...

Global Variations

Fab Lot WENE
Process Process Process

From Wafer
to Wafer in a
Lot

From Plant to From Lot to
Plant Lot Iin a Plant
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Variability: Types ...

Variability Classifications

Inter-Die or Random or Correlated or Spatial or
Intra-Die Systematic Uncorrelated Temporal
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Variability: Types

 Process variations are classified as:
— Inter-die and Intra-die.

Device to
Device Wafer Lot to Lot

Fab1

11

Fabz

() I

Line to
Line

|4 Intradie | Interdie
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Variability: The Impact in a Wafer ...
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Source—drain resistance is Gate-to-source and gate-to-drain
different for different chips in a overlap capacitance is different
same die. for different chips in a same die.

Source: Bernstein et al., IBM J.
Pt MM EEL W [sow Res. & Dev., July/Sep 2006.
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Variability: The Impact in a Wafer

* The impact of process variations is seen as design yield loss.
 Digital circuits are typically optimized for speed and power.

* Analog circuits are designed to meet as many as five to ten
performance metrics.

 Variations In process parameters have a resounding effect on
the performance metrics of analog/mixed-signal and RF

Circults.
 Figure showing impact of Lo "”..
effective transistor channel 7 - TN
length on the speed of an adder Z17-{ o «#* "
cell. QI_E- v
11 13 15 @ 17 lesm
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Variability: The 15 Device Parameters

1)  Vpp: supply voltage

2) Vi, NMOS threshold voltage

3) Vit PMOS threshold voltage

4) tyaen: NMOS gate dielectric thickness

S) tyaep: PMOS gate dielectric thickness

6) L. NMOS channel length

7)  Legp: PMOS channel length

8) W_g,: NMOS channel width

9) Weg,: PMOS channel width

10) Ngaten: NMOS gate doping concentration

11) Ngatep: PMOS gate doping concentration

12) N, NMOS channel doping concentration

13) Ncnp: PMOS channel doping concentration

14) Ngy,: NMOS source/ drain doping concentration
15) Ngq4p: PMOS source/ drain doping concentration.
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Power and Leakage ...

P-Substrate
Body &

|, : drain-to-source active current (ON state)

|, : drain-to-source short circuit current (ON state)

|, : subthreshold leakage (OFF state)

|, : gate Leakage current (both ON & OFF states)

|5 : gate current due to hot carrier injection (both ON & OFF states)
| : channel punch through current (OFF state)

|, : gate induced drain leakage (OFF state)

| : band-to-band tunneling current (OFF state)

ly : reverse bias PN junction leakage (both ON & OFF states)
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Power and Leakage

 The relative prominence of these components
depend on:

— Technology Node: 65nm, 45nm, or 32nm
— Process : SiO,/Poly or High-k/Metal-Gate

SI0,/Poly High-k/Metal-Gate

 BTBT tunneling is important for sub-45nm.

Gate-Induced

Drain
Leakage
(GIDL)
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Challenges in The Context of HLS
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High-Level Synthesis . An Effective Approach

* High-level synthesis (HLS) is defined as the
translation from behavioral hardware description of
chip to its register-transfer level (RTL) structural
description.

* Allows exploration of design alternatives, including
low power, prior to layout of the circuit in actual
silicon.

« An efficient way to cope with system design
complexity.

« Can facilitate early design verification.
« Can increase design reuse.
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Nano-CMOS HLS: Goal

« Variability-driven statistical HLS is stated as: Given an
unscheduled data flow graph (DFG), it is required to find a
scheduled data flow graph with appropriate resource binding
such that specified costs for the circuit are minimized statistically
while accounting for variability and satisfying constraints.

« The resource, latency, and/or yield constrained optimization
problem can be formulated as follows:

Minimize: PDF. pre (Mean, Variance) . (1)
such that following resource, latency, and yield constraints, are
satisfied:

Allocated (FU, ;) = Available (FU,;), foreach cyclec ... (2)
EXpeCted [PDFDFG, Delay, Critical (Me_am Variance)] = DelayDFG, Target(3)
Yieldgyeyr 2 Yieldryger - (4)

NOTE: PDF is probability density function.
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Nano-CMOS HLS: Design Space

Variability Leakage

Reliability
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Nano-CMOS HLS: Challenges

Unified consideration of axes of design space
exploration for trade-offs.

Determination of statistical models for variability
of different nano-CMOQOS technologies.

Propagation of the statistics to different levels of
circuit abstraction.

Performing statistical modeling of power,
leakage, and delay for different RTL
components.

Estimating power, leakage, delay, area, and
yield be estimated during HLS in the presence of
variations.




Nano-CMOS HLS: Feedback Needed

—P@on Specific@
i
CSﬂicon Ingot —| Dicing
stoms < 2
Specifications T Dic with
* . . . .
- Slicin Circuit
System Design Feedback . g Ty
 {Archiectue Design - s Can)
Logic Design for DFM - _
— ¥ 3 Packaging
Circuit Design Lithography Testing
Physica‘f Design Etching, Deposition &
Working Chips
circuit printed Ell =] |15
e =

Y
Chip goes to Customers
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Nano-CMOS HLS: Questions

« How do the HLS phases (e.g. scheduling,
binding) affect power, leakage, area, and yield in
presence of variations?

 How do we judiciously consider design corners
(e.g. Vpp, V1) to obtain a global power, leakage,
and performance optimal circuit for given circuit
constraints (from specifications)?
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Proposed Approaches
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Nano-CMOS HLS : Approaches

Nano-CMOS HLS
1 Post-
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Statistical Nano-CMOS HLS
for Power and Leakage

Source: S. P. Mohanty and E. Kougianos, "Simultaneous Power
Fluctuation and Average Power Minimization during Nano-CMOS
Behavioral Synthesis", in Proceedings of the 20th IEEE International
Conference on VLSI Design (VLSID), pp. 577-582, 2007.
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Proposed Statistical Nano-CMOS HLS

Engine

Characterization
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Framework

Input HDL
i el
| — |
Input Generation | Com;;ﬂatlon : e
- | |
Engine | | Transformation/«—|
| |
————r -
o | | Datapath and Control
| | Behavioral Generation Engine
| [ Process || | Scheduling
I Parameter I‘—| Y | i__P_o ;v;r_—l
| L Extractor | | Resource Allocation || Del |
| | and Binding | ooy
| || | Estimation |
| [Resource| | J, 1 Engine I
I_ Table Jl Datapath and -
T Control Generation
Process Variation
Engine : ' .
i Output Generationi
i_ Engine j
RTL Dt:scription
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Statistical HLS : Formulation
Minimize: | DFC(,,0F¢ 5DF6 )

Subjected to (Resource/Time Constraints):
AIIocated(FUk,i)s Available(FUk,i ) veyclec

DFG DFG DFG Con Con
Dee (,UD yOp )S DCon(:uD yOp )
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Statistical HLS : Library ...

Transistor Level
T VDD
Logic Level A l I I |— B
v.—O| | crrv b sub lom bf
- | Vl-lgh

Behavioral Level / _Do— / High fm 1.
> D i | o
- AN :DO‘ AN "l

(Datapath Components
pets Componer®) (NAND Netlist) B Il o
(CMOS Realization) \/ GND VGND

* 3 level hierarchical approach.
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Statistical HLS : Library ...

* |t iIs assumed that resources such as adders,
subtractors, multipliers, dividers, are constructed
using 2-input NAND.

* There are total N NAND gates in the network of
NAND gates constituting a n-bit functional unit.

* Nep number of NAND gates are in the critical
path.
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Statistical HLS : Library ...

 The PDF of a current component of a functional
unit is calculated as:

IdFyer = Statistical Summation over N (Id'\;ﬁND)
| = Statistical Summation over N (IS':'J’QND)
"U isti - NAND
| i = Statistical Summation over N (I e )

* The PDF of delay can be calculated as:

D;L;p= Statistical Summation over NCP(Dp'\'rﬁ';D)

 Correlation needs to be considered.
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Statistical HLS : Library ...

 Through Monte Carlo simulations the input
process and design variations are modeled.

(Igare E Isub E Idye‘e ’Dprop )

(T V..V ) (Toxzvahl’VDDZ) (Igatei‘fsuhaldyn:Dprop)
oxl»? thi»V D02
(Y:?xl’prr}xPVDDZ) (TLXEDKM’VDDE) (Igare Isudeymmep
T V, Voo 7 Vos (Igﬂg oA st s L s L e )
(c:3 i

Ver | AL ' SPICE
/\ /\ T (T ,.Vul-Vop) | Characterization \
ox ax gate * 2 dy»s’D pmp)
(Lot V -V oo1) Vi ([8‘”‘-’ Ao I"-’JM ’DP’“OP ) vV,
Corner 1 \. (Toxz :Vz;gzvVDm) Comer 1
(Iga.te E Isub > Idy}s E Dprop )
I, .D )

(T oxl? Vzhz 9VDD1 ) Input Cube (I

R

=)
=

gate? Isub >t dym prop
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Statistical HLS : Library ...
(PDFs of Currents and Delay)
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Statistical HLS : Library
(Relative Contributions)

5% Ins ' bb-base

e
=

Crrmend i miono Amps |
Crrremd (i mmiaro Aumps )

cEEEEER2Z2EEE S

Funciona Uniks Funclianal Units

(Corner — 1) (Corner — 2)
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Statistical HLS : Optimization

Simulated Annealing Algorithm (UDFG, Constraints, Library)

{

) Perform ASAP and ALAP scheduling.

) Temp = Initial Temperature.

) While there exists a schedule with available resources.
) i = Number of iterations.

) Perform resource constrained ASAP and ALAP.
) Initial Solution < ASAP Schedule.

) S < Allocate-Bind().

) Initial Cost < Statistical-Cost(S).

) While (i > 0)

) Generate random transition from S to S*.
) A-Cost < Statistical-Cost(S*) — Statistical-Cost(S).

) if{ (A-Cost > 0) or ( eA-CostTemp > random([0,1) ) } then S & S*.
) <11,
) end While
) Decrement available resources.
) Temp < Cooling Rate x Temp.
) end While
)

0
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
18) return S.

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
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Statistical HLS : Optimization
Statistical-Cost (S, Library)

{ | 4,, = Statistical Summation over all FU in C(IO,FyLnJ )

| ., = Statistical Summation over all FU in c(l o )

|§ate= Statistical Summation over all FU in C(l gFaLt’e)
| = Statistica Summatlon(l

total
I DFG
total

15 )
dyn ! sub’ gate

= Statistical Summation over all (:ycles(lt ol )

DFG FG
Cost”° = ™ +3x 0y

Similarly calculate delay cost Cost DFG of the DFG.

Cost = Cost,™ x Cost >™°
Return Cost.
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Statistical HLS : Results

140 - 140 -
= Power EXXXX
2120 F [gate B - ~120 F i
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> — N
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(For ARF Benchmark) (For BPF Benchmark)
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Parametric Nano-CMOS HLS
for Leakage

Source: S. P. Mohanty, R. Velagapudi, and E.
Kougianos, "Physical-Aware Simulated Annealing Optimization
of Gate Leakage in Nanoscale Datapath Circuits", in Proc. 9th

IEEE International Conference on Design Automation and Test
iIn Europe (DATE), pp. 1191-1196, 2006.
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Parametric HLS : Formulation

I DFG
Total

Minimize: (Parameters K, T ey Vi Voo » L ,W)

gate !

Subjected to (Resource/Time Constraints):
AIIocated(FUk,i)s Available(FUk,i ) veyclec
DY ° (Parameters K3 T gate Vi Voo s Legr s W )g D...

NN
i’ o !
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Parametric HLS : Library ...

input 00 input 01 input 10 input 11
' | = _"“ ‘ - : ‘L_JI' " rJr—

IOO I01 I10 I11
(State 1) (State 2) (State 3) (State 4)

| oo+1 o1+ 1 10+1 112
4
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Parametric HLS : Library ...

* We calculate the direct tunneling current (l,,r,) of an n-

bit functional unit as: N

IOXFU — Z IOXNANDi

=1

where | anpi IS the average gate oxide tunneling current
dissipation of the it 2-input NAND gate in the functional
unit, assuming all states to be equiprobabile.

« Similarly, the propagation delay and silicon area of an n-
bit functional unit are
N cp N
Tdeu = Z TpdNANDi AFru = Z A NANDI

UNT
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Parametric HLS : Library ...

» At logic level we used BPTM BSIM4 models for analog
simulation to find |, and T .

* Due to unavailability of silicon data we used an analytical
estimate for area calculations.

Whwos -1 (1+ ,BNAND)
ARNAND j* 14 f

Ananp = Kinv(1+ 4(nin—1)

inv \/KinvARNAND
where,
Wyvos = NMOS width,
f = Minimum feature size for a technology,
Kiny = Area of minimum size inverter with respect to 2,
AR\anp= aspect ratio of NAND gate,
n,, = number of inputs, and

Buanp = ratio of PMOS width to NMOS width.

Source: Bowman TED 2001 Au

. a1l T
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Average Cument (1In A)
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Parametric HLS : Library ...
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Propagation Delay (in s}

UNT

Parametric HLS : Library ...
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Ares (innm”*2)

Parametric HLS : Library
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Parametric HLS : Optimization ...

 The objective is to reduce both the gate leakage and area
of the circuit for given time constraints.

* The objective function used by the optimization algorithm is:
Cost = a*l,, + b*A
* |,, of the circuit is calculated as the sum of tunneling current
of all the nodes in the circuit. A is the sum of areas of all the
allocated resources. ‘a’ and ‘b’ are the weights of current
and area respectively. ‘a’ and ‘b’ are chosen in such a way
the effect of current and delay are normalized.
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Parametric HLS : Optimization ...

(01) Initial Temperature t € t, and available Resources < Resource constraints.
(02) While there exists a schedule with available resources.

(03) 1= Number of iterations.

(04) Perform resource constrained ASAP and resource constrained ALAP.
(05) Make initial Solution as ASAP Schedule.

(06) S € Allocate Bind() and Initial Cost < Cost(S).

(07)  While (i > 0)

(08) Generate a random thicknesses in range of (T, - Tou Tox T Tox)
(09) Generate random transition from S to S*.

(10) AC & Cost(S) - Cost(S*)

(11) if(AC >0 )thenS ¢« S*.

(12) else if( 2t > random[0,1) ) then S & S*.

(13) | €<i-1.

(14)  end While.

(15) Decrement available resources.

(16) t € Cooling Rate x t.

(17) end While.

(18) return S.
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Parametric HLS : Optimization

DCT ARF
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Each layer corresponds to a different resource constraint, each
time the number of T, multipliers are decreased a new layer is
formed. We observed that the number of design corners reduces
when we use more multipliers of T, thickness, since delay
increases and mobility of the nodes is restricted in order to satisfy
the time constraint.
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Parametric HLS : Results

100
90 N
80 — —
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ARF BPF DCT EWF FIR HAL IR LMSF

@ % lgate Reduction
® % Tpd Penalty

Results presented for different benchmarks for a delay
trade-off factor of 1.4, T, iIs 1.4nm and T is 1.7nm.
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Statistical Nano-CMOS HLS
for Timing

Source: Jongyoon Jung, Taewhan Kim, “Timing
Variation-Aware High-Level Synthesis”, in Proceedings
of IEEE/ACM International Conference on Computer-
Aided Design (ICCAD), 2007, pp. 424-428.
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Statistical Timing HLS : Tradeoff
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Statistical Timing HLS : Algorithm

* Branch-and-bound algorithm for scheduling and
binding.

* The search process is speeded up using
window-based search.

 Window is maximum number of consecutive
clock cycles satisfying resource constraints.
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Statistical Timing HLS : Results

Results Compared Over Traditional List
cheduling

Benchmarks h Latency
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Statistical Nano-CMOS HLS
for Post-Silicon Tuning

Source: Feng Wang, Xiaoxia Wu, and Yuan Xie,
"Variability-Driven Module Selection With Joint
Design Time Optimization and Post-Silicon Tuning”,
In Proceedings of the Asia and South Pacific Design
Automation Conference (ASPDAC), 2008, pp. 2-9.
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Silicon Tuning HLS : Approach

* Two stage module selection:

— Stage 1: An iterative algorithm for power and timing
variability aware module selection.

— Stage 2: A sequential conic program (SCP) to
determine the optimal body bias for post-silicon tuning
which influences design-time module selection.
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Silicon Tuning HLS : Results

Power Yield For 99% Performance Yield Constraint

Benchm Power Yield for
' Design Time

Selection
88%
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Summary and Conclusions

« Most of the variability aware analysis and
optimization works are at circuit or logic level.

« Work at architecture level and during HLS is
slowly making progress.

* Pre-silicon and post-silicon approaches are
iIntroduced to improve power and timing yield.

 The main challenge in this unified consideration
of variability, power, and timing.

* Another challenge is translation of process and
physical level information to architecture level to
close design-to-silicon loop.
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