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What are these interconnects?:
RC-dominant wires

Many core processor networks
(Tilera 64core)

Packages: silicon carrier
(Patal DACO6)

“»-Pﬂﬂ“‘*ﬁvﬂvﬂw i ‘. Through-vias

Silicon Carrier

,wwwm o

Electrical path

PCB wires

¢ Short distance (1-2cm, 2-4cm,
<10cm), high wire density, large
channel loss

¢ Power and metal area budget




Increasing demand for global interconnects
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~J Two 8 x 8 Routers
(0 Eight 8 x 8 Routers

¢ Mesh 1 cheap local interconnect but low performance

¢ Higher radix networks i expensive global interconnect but high
performance
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Interconnects in NoC design hierarchy
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¢ wire, circuit parameter a A Interconnect metrics a A NoC
trade-offs 13



Thesis contributions

¢ Fast CAD tool for link design space exploration (Kim
ICCADOQ7) 1 joint wire + circuit optimization

¢ Charge Injection FFE + Pre-distortion (Kim ISSCCQ09)
¢ Trans-impedance receive amplifier

¢ Infrastructure for in-situ signal and energy
characterization of the on-chip links (KImJSSC10)
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Modeling and analysis

many core processor
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Review: Equalization

No equalization

Feed forward
equalization (FFE)

FFE + decision feedback
equalization (DFE)




Equalization versus repeater

D g + %
D

channel attenuation

Ll/ distance

¢ Equalization
A Faster data rate
A Lower latency

voltage
swing

Vdd

P

A

distance

A Even lower power consumption by voltage swing reduction
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Joint wire + circuit optimization

A Link = Driver (impedance) + Wire + Receiver (impedance)
A Optimize for power and performance
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Channel model T channel transfer function
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Channel model T comparison to SPICE simulation

0.02

—— equation

TC (f) " =pice

0.01a1

0.011

Magnitude
Magnitude
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frequency (GHZz) frequency [(GHzZ)

¢ Closed form solutions for T(f) and Tc(f)

2e"[ 4\ Exponential form: small
a 1 tap count FFE&DFE

A Impact of the impedance

¢ Good match W|th SPICE simulation 20



CAD flow

Technology information

Transistor: spice model
Wire: metal conductance,
dielectric constant, etc.
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CAD flow

R, C model

for LCM & Inverter A Vas Ry

Circuit Model /
Normalized

R(Ohm-um), C(fF/um)

switch model database

Circuit type:

* LCM]|Inverter,
Linearized Wiem, Vs, Vp

—»  RC swtich
extraction

Circuit type:

LCM | Inverter
WLCM1 VS; Vp

Technology information

Transistor: spice model
Wire: metal conductance,
dielectric constant, etc.



CAD flow

R = élro rc ?L _| Oé, C
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RLGC
parameters R, C model
for LCM & Inverter

— )

database
Wth, Sp
2D field
yd — e solver
1] JpaCGND I/ Wthv Sp

2D RLGC matrices

Circuit Model

Normalized
R(Ohm-um), C(fF/um)
switch model database

Circuit type:
* LCM|Inverter,
Linearized Wiewm, Vs, Vp
<« p» RC swtich
extraction
Technology information ‘X
Transistor: spice model Circuit type:
Wire: metal conductance, LCM | Inverter
dielectric constant, etc. Wiem, Vs, Vp
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CAD flow

Transfer function: £

T(f), Te(f) 8

Channel model

RLGC
parameters

Wire Model

2D RLGC matrices
database

target
wire length: |

R, C model
for LCM & Inverter

Circuit Model
Normalized

R(Ohm-um), C(fF/um)
switch model database

Circuit type: Transmitter Receiver

* LCM|Inverter,

Wth, Sp 2D field Linearized | W,cy, Vs, V,
<4——»  RC swtich

solver .
extraction
;{( Technology information S(
Wth, Sp Transistor: spice model Circuit type:

LCM | Inverter
WLCM1 VS; Vp 24

Wire: metal conductance,
dielectric constant, etc.



CAD flow

Data rate density,
latency, eye opening,
sampling delay(Ty)

Equalization Link architecture:
coefficient: w, y; FFE, DFE tap numbers
Link
performance
model
Transfer function:

T(f), Te(f) ﬂ

Channel model

EPEIS
targe o
wire len(

RLGC
parameters

R, C model
for LCM & Inverter

Wire Model

2D RLGC matrices
database

Circuit Model

Normalized
R(Ohm-um), C(fF/um)
switch model database

Circuit type:
* LCM|Inverter,
Wth, Sp 2D field Linearized | W.cy, Vs, V,
€ «——» RC swtich
solver .
extraction
;{( Technology information ‘X
Wih, Sp Transistor: spice model Circuit type:
Wire: metal conductance, LCM [ Inverter
dielectric constant, etc. Wiem, Vs, Vi
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CAD flow
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Receiver parameters R, C model target
_ for LCM & Inverter wire length: |
Wire Model Circuit Model
2D RLGC matrices Normalized
switch model database
Circuit type:
* LCM|Inverter,
Wth, Sp 2D field Linearized Wiewm Vs, Vp
4«——» RC swtich
solver )
extraction
;{( Technology information ‘x
Wih, Sp Transistor: spice model Circuit type:
Wire: metal conductance, LCM | Inverter
dielectric constant, etc. Wiew, Vs, Vi 26




Connection to network architecture optimizer
energy-per-bit, data rate density, latency

CA D fI OW * Target eye constraint:

w_c_eye Oeye_target

Energy-per-bit
(Eb)

based on metrics latency, eye opening,
\sampling delay(Tq)

Design selection Data rate density, —

Equalization 25 i A
Link coefficient: w, \ =@= Equalized, 30mV Eye A
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Wih, Sp Transistor: spice model Circuit type:
Wire: metal conductance, LCM [ Inverter
dielectric constant, etc. Wiem, Vs, Vp 27




Tool verification
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Data Rate Density (Gb/s/um)



Run time comparison : x30,000

Design space LMSE Brute Force SPICE
423K points | optimal Td Equation
Run time (h] 0.74 180 21,460
Normalized X1 X244 X 29,00

¢ Design space trade-off curves are computed over

423,000 designs within 44.4 min

A Run timeis improved by ~x30,000

Network design
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Link design space exploration: 90nm
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¢ Energy vs. data rate density trade-off
¢ 2-10x energy improvement

KimICCADO7
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Latency (ns)

Design space exploration: 32nm

- a Kim D&TO08
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¢ 2X less latency improvement with 10x less power
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Connection to network simulation
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Terascale
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¢ Provides proper metrics for the NoC simulators
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Connection to network simulation

Clos with repeated interconnect

25
20
S Clos with equalized interconnect
<15 | | |
S 10
© |
O 5 ® - —— —
0 0 2 4 6 8 8
Offered BW (kb/cyc) Offered BW (kb/cyc)

c Power versus offered bandwidth trade-offs of Clos

NoCs topologies with repeated and equalized
Interconnects.
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Circuit techniques for improved equalized interconnects

Rx

0.6um wide, Slicer &1 4"

'5 DFE T &K«
é CLK ; CIK 0.4um spaced __| v,

3 T gy I—Mé

< VSt 27k I°

D1y —» i VT- R l é

VS 27k IU

Static Pre-distorted l
coefficients —_— =
Pre-distort ion 3-tap FFE Tx TIA 1-tap DFE Rx

¢ 3-tap Nonlinear Charge-Injecting Feed Forward Equalizer
(FFE) improves driver power efficiency

¢ Trans-impedance Amplifier (TIA) before 1-tap DFE
Improves the bandwidth-power-amplitude trade-off 34



Review: 2-tap FFE driver

—
Yere

-Wo+W1

¢ Data dependent oWy A I I
summation/subtraction di



Conventional: voltage dividing (VD) driver

¢ Current wasted in subtraction 36



Conventional: voltage dividing (VD) driver
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Conventional: current mode logic (CML) driver

Gnd
¢ Current wasted in subtraction



Conventional: current switching (CS) driver
dd A

(0.5+UW)lcw
Wopti

¢ Current wasted in subtraction o



Proposed: Charge injection (ClI) driver

¢ No current subtraction:

1 00 O
1-1-1 -1

no current waste
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Power comparison

8X

51
3x —8— [cml
—— 1vd
A —— [ CS
—ag—]C1
3 2

Average supply current (mA)

0 ——0 - —- 1x -
0 200 400 600 500 1000

Typical off-chip On-chip



Eye sensitivity

¢ The percentage of the eye
reduction divided by the
percentage of the coefficient
perturbation

Dx, ,n |,



Eye sensitivity: CS FFE

¢ Alarge error due to subtraction of large currents
¢ Coefficient errors do not attenuate 43



Eye sensitivity: Cl FFE (l,)

¢ A small error by small I, current
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Eye sensitivity: Cl FFE (I,)

—

~~
+
s
XX
()
-
Q)
-
-
o)

— attenuation)
11
¢ Large error but attenuated by the channel
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Resolution requirement comparison

- Coefficients Resolution Requirement (bits)

CS, WO 7-8Db
VD, W1 8-9b
CML W2 6-7b
Cl 10 3-4Db
11 3-4D
12 4-5Db

¢ ClI FFE

A >10 x difference on eye sensitivity
A 10x less accurate hardware requirement
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Link design overview

I:)*Rx
0.6um wide, Slicer & ¢ CK=
o 0.4um spaced DFE | ®-
o CI—KT CLKT | _Vth
= 1 A
; L o W I VT
< VS+ g
DTX_> _ VT- | R- | 27k é
— VS 2% IU

Static Pre-distorted
coefficients p— —

Pre-distort ion 3-tap FFE Tx

¢ 3-tap Nonlinear Charge-Injecting Feed Forward Equalizer

(FFE) improves driver power efficiency

TIA 1-tap DFE Rx

¢ Trans-impedance Amplifier (TIA) before 1-tap DFE
Improves the bandwidth-power-amplitude trade-off
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3-tap Cl FFE transmitter

5
CLK E
0] | Weak Driver
i‘,‘
L . CKK
D, Decoding ! a :
A ka Block 8 ; = ==
L ' | 9)
D, " | lb <) ° >
3 8 Transtion Strong Driver Y O
| Sgals: 4D o
e gLK Pl_ PZ _Nl_Nz | Static pre-distorted FFE
LR NN, coefficients

¢ Strong driver : Large current, I, I,, [;+],
¢ Weak driver : Small current, |,
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3-tap Cl FFE transmitter

CLK _weak driver

NG| static pre-
driver distorted FFE [-._

decoding ocffici .- \ :
block coctlicients > e .

- L
------

¢ Strong driver : Large current, |4, |,, 1;+1,
¢ Weak driver : Small current, |,
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3-tap Cl FFE transmitter

+
static pre-

' i decoding distorted FFE

Y coefficients \

= = block \""

¢ An array of binary weighted transistor
¢ A skewed enable NAND gate
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3-tap Cl FFE transmitter

- ¢ The decoding
crx Wweak driver :

only require
small overhead

static pre-
distorted FFE

‘E E block N s E{]Eﬂ:l‘i:‘il::nfs
-~ ;-unl-"-‘ _ -“""-
- Dﬂ- PE DII PE
D," N, D S
D, PS D P, g
D, NT Ds N,

-
- -
- -
Ll S p———
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Nonliearity and predistortion

I/ -0
TX data /‘ >

Decoding Block with
Pre-distorted Nonlinear CIi
FFE coefficients FFE driver

¢ Inver-like strong drivers are power-area efficient but
non-linear

¢ Static pre-distortion compensates non-linearity
¢ Static pre-distortion is only possible in CI FFE




Cl FFE operation

¢ 0001000

Voltage (V)

o
- -
......

CLK /‘

3oo|g buipooa
® Yyole
Current (mA)

“\
\

8 Transition

~"Strong Driver

Sigrilszi 20 Ac19:05
P R NN o :
vzt 2| Static pre-distorted FFE
ALRLNGN, coefficients
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Cl FFE operation

¢ 0001000

Voltage (V)

o
- -
......

CLK /‘

3oo|g buipooa
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Current (mA)
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P R NN o :
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Cl FFE operation

¢ 0001000

Voltage (V)

o
- -
......

CLK /‘

3oo|g buipooa
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Current (mA)

“\
\

8 Transition

~"Strong Driver

S grils :7 20 A<19:.0>
P RN N e :
vzt 2| Static pre-distorted FFE
ALRLNGN, coefficients
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Trans-impedance

amplifier receiver
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TadA
N
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V(mV), Vtia (mV), I(“A)’ Istatic (1OHA)

Eﬂ
T/aaa

——Ye
|

Resistive termination

Vv R —I:'ViaRgain
0:)4‘—J>J? .

| .
%Vﬁﬂ Rgain

Transimpedance receiver

adsa dada

o

¢ TIA achieves high bandwidth,

amplitude simultaneously

Y
o1

=
o

ol

BW : 3dB bandwidth

V : received voltage at 2GHz
| : received current at 2GHz
lstatic & Static curent for
resisitve termination

Via : TIA-converted voltage
with gain of 2.7k Ohm

e

o
ol

o
N

IS
3dB bandwidth BW (GHz)

o
N

05 115 2 253 35 4 45 5
Receiverés input resistance R (kOhm)

small static power, large

A 50% static current, 150% voltage amplitude for the same

bandwidth
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Chip fabrication: 90nm CMOS

T

¢ Tx:16x70um, Rx : 16x40um
¢ 10mm wire on M8 layer over M7 under M9 _



Chip fabrication: 90nm CMOS
IIIIIIi

¢ Tx:16x70um, Rx : 16x40um
¢ 10mm wire on M8 layer over M7 under M9 _



Rotator
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Channel measurement

x 10 0

(0]

H
—_
()

N
o
o

(OS]
<

Channel loss (dB).

H=Y
<o

Received current (A)
o

Measured
(| ssmasuusa Slm‘ulatlon

tn
=

N
)

0 25 5 75 10 125 15 en DS -
10 10
Frequency (Hz)

V41 R

Time (ns)

High-loss channel
A 25dB @ 690MHz, 40dB @ 2GHz, 46dB @ 3GHz

A 50% delay and 90% settling time of step response: 1.4ns and 5.5ns i.e.
8.6 and 33 Ul at 6Gb/s

Losses in most other literatures on Eq. are up to 30dB



Eye measurement

100 100
S'100 S 80 S
£ £ =
O 75 [0) 0 50
o) O 40 o)
8 8 8
= 50 3 20 =
= 0 >0
© 25 o
5 2 [
£ 0 40 5.c)
£ . £
O -25 0
80
NTT02 0225 025 0275 03 03B 05 or om 06 0% N5 07 08 00 1 1A
Time (ns) Time (ns) Time (ns)
(a) (b) (c)

(a) DFE 3-tap FFE 6Gb/s (b) No DFE, 3-tap FFE 4Gb/s (c) No DFE 2-tap FFE 2Gb/s

¢ Vertical eye height is set about 100mV for trade-off curve
extraction

¢ First on-chip measurement
¢ Demonstrated good eye quality (>50%, max 80%)



Sensitivity measurement

$ 10 ' _,-:::f“;ﬁ
) "
> ¥ > 6 |
= £ O >< e P)
o o == N1 |
10 ' s 80 - — ——
-10 0 10 20 30 -20 -10 0 10 20 - S0 -60 40 -20 0
Strong driver Strong driver Strong driver
(a) 6Gb/s (b) 4Gb/s (c) 2Gb/s

¢ Sensitivity < 3 (10x better) : good match with the analysis

¢ Low resolution and cheap (power & area) hardware (inverter-
like) can equalize a high-loss channel (>40dB)
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Power Performance Trade-offs

¢ As data rate increases
¢ DC bias (TIA) energy decreases
¢ Channel compensation energy (TxStr) increases

¢ Optimal power efficiency: balancing between static (TI1A) and
active (channel, digital) energy 63



