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Inter-IC Communication Trends

Lumped capacitance Decade Speeds Transceiver Features
» ’ 1980's >10Mb/s Inverter out, inverter in

-

Transmission line 1090's >100Mb/s  Termination

’m’ Source-synchronous clk.

T
Lossy transmission line 2000's >1 Gb/s Pt-to-pt serial streams
’@-’ Pre-emphasis equalization
RZ
Ehamlelnmse Future >10 Gb/s Adaptive Equalization,

I Sampler

Advanced low power clk.
—  Alternate channel materials

Slide Courtesy of Frank O'Mahony & Brian Casper, Intel
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DFE Challenge

DDR5 will introduce DFE

* DDR5 memory systems will operate near closed
eye at input of DRAM

* Designers need to have control over equalization
on both DRAM and memory controller
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Serial Channel Characterization

* Serial channels can be characterized using S Parameter
data and/or other passive interconnect models

* Millions of bits of behavior are needed to adequately
characterize serial links=» long simulation times

* SERDES transmitters / receivers can be modeled as a
combination of analog & algorithmic elements

° DDR5is upsetting status quo for simulation
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IBIS

 |/O Buffer Information Specification is a Behavioral
method of modeling I/O buffers based on IV curve
data obtained from measurements or circuit
simulation.

 The IBIS format is standardized and can be
parsed to create the equivalent circuit information
needed to represent the behavior of an IC.

« Can be integrated within a circuit simulator using
an IBIS translator.
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Industry Standard: IBIS

° Provided as binary code

* Fast, efficient execution

° Protects vendor IP

° Extensible modeling capability

* Allows models to be developed in multiple
languages

* Standardized execution interface
* Standardized control (.AMI) file

IBIS homepage: http://www.eigroup.org/ibis/
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Advantage of IBIS

- Protection of proprietary information

» Adequate for signal integrity simulation

* Models are free from vendors

 Faster simulations (with acceptable accuracy)

« Standardized topology



IBIS Diagram
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IBIS Input Topology
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IBIS Input Topology
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IBIS Model Generation

No
Create_an IBIS moc!el Model from Get SPICE /O
from either simulation .. —_— -
.. mpirical data? info
or empirical data
Yes :
> Collect Data l
I *
Data in IBIS Run SPICE to IBIS
> text file Translator
Run IBIS Parser -fq— — — — — —!
No
Parser Pass
v Yes
Run model
on
Simulator
No Model Yes Adopt
validated? model
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IBIS Model

Static data

Logic Low O3

P>

m_[>o|.'2

EN

Logic Low [C}—e

cCr ILLINOIS

hlc tri nd Computer Engineer
Univ t. lllln>s at Urbana-Cha mp ign

Ba

ECE 546 — Jose Schutt-Aine

ESD Clamp

A (1 111Ent
H

PAD

ESD Clamp ‘ E ;

Swept
Voltage
Source




IBIS Model

Dynamic data
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—
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IBIS VT Waveforms

Technology # of Load Circuit and Waveform Notes
Waveforms
Standard Push/Pull — CMOS 4 IR + IF driving 50 Q to Vee 1
IR + IF driving 50 Q to GND
Open-drain/collector— CMOS, 2 IR + 1F mto manufacturer’s suggested 1,2
TTL and GTL pullup resistor termination and voltage
Open-source/emitter — CMOS 2 IR + 1F into manufacturer’s suggested 1.2
and TTL pulldown resistor termination and voltage
ECL 2 IR + IF into manufacturer’s suggested 3
pulldown resistor termination and voltage
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IBIS File

|******************k*k*k*****k*k**********************************************

| Model lvpclpf5 ew

|************************************************************************

[Model] lvpclpf5 ew

Model type 1/0

Polarity Non-Inverting

Enable Active-High

Vinl = 1.4500V

Vinh = 1.7500V

Vmeas = 1.6000V

|

C comp 1.737pF 1.396pF 2.077pF

|

|

[Temperature Range] 25.0000 70.0000 0.000
[Voltage Range] 3.3000V 3.0000V 3.6000V
[Pulldown]

| voltage I(typ) I (min) I (max)

|

-3.3000 -62.3070mA -48.2070mA -75.0990mA
-3.1000 -62.3070mA -48.2070mA -75.0990mA
-2.9000 -62.3070mA -48.2070mA -75.0990mA
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IBIS File

|

[Pullup]

| voltage I(typ) I (min) I (max)

|

-3.3000 50.6898mA 38.3720mA 61.1590mA
-3.1000 50.6898mA 38.3720mA 61.1590mA

-2.9000 50.6898mA 38.3720mA 61.1590mA

|
[GND clamp]
|
|

voltage I(typ) I (min) I (max)
-3.3000 -7.7650A -6.8810A -8.3930A
-3.2000 -7.4070A -6.5660A -8.0040A

-3.1000 -7.0490A -6.2520A -7.6150A

|
[POWER clamp]
|
|

voltage I(typ) I (min) I (max)
-3.3000 1.1410A 1.1150A 1.1710A
-3.2000 1.0910A 1.0670A 1.1200A

-3.1000 1.0420A 1.0190A 1.0690A
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IBIS File

[Ramp]

| variable typ min max

dv/dt r 1.7344/9.6534e-11 1.4944/1.4735e-10 1.9469/7.9570e-11
dv/dt £ 1.7528/1.4479e-10 1.5200/2.2995e-10 1.9609/1.2362e-10

R load = 50.0000

|

[Rising Waveform]

R fixture = 50.000
V_fixture = 0.000
V_fixture min = 0.000
V_fixture max = 0.000
|

|  time V(typ) V (min) V (max)

|

0.000S 3.587e-04 4.167e-04 3.253e-04
132.000pS 7.977e-05 1.311e-04 2.383e-04

[Rising Waveform]

R fixture = 50.000
V_fixture = 3.300
V_fixture min = 3.000

V_fixture max = 3.600

|

|  time V(typ) V (min) V (max)

|

0.000S 4.774e-01 5.704e-01 4.246e-01
43.200pS 4.772e-01 5.701e-01 4.244e-01
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IBIS File

|
[Falling Waveform]

R fixture = 50.000
V_fixture = 0.000
V_fixture min = 0.000
V_ fixture max = 0.000
|

|  time V(typ) V (min) V (max)

|

0.000S 2.808e+00 2.415e+00 3.156e+00
63.000pS 2.809e+00 2.416e+00 3.156e+00
126.000pS 2.808e+00 2.416e+00 3.156e+00

|

[Falling Waveform]
R fixture = 50.000
V_fixture = 3.300
V_fixture min = 3.000
V_fixture max = 3.600
|

|  time V(typ) V (min) V (max)

|

0.000S 3.299e+00 2.999e+00 3.599%e+00
52.200pS 3.300e+00 2.999e+00 3.600e+00
121.800pS 3.299e+00 2.999e+00 3.599e+00
|

| End
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IBIS Processing

Arrange static IV data
Pulldown data (cutrent vs voltage) =¥ I, m , points

Pullup data (current vs voltage) =¥ I, m , points

u?d

Ground clamp data (current vs voltage) = 1,

ger I
points

4

Power clamp data (current vs voltage) = I

pe> M
points

pc

ECE 546 — Jose Schutt-Aine
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IBIS Processing

* Next Get VI data. VT data is presented as: Rising

waveform:

* Voltage versus time for V,_low = V;,, m, points

* Voltage versus time for V,_high = V,,, m_,points:
Falling waveform:

* Voltage versus time for V,_low = V,,, m, points

* Voltage versus time for V,_high = V,,, m,points
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IBIS Circuit Analysis

Pwrpin  Pwr clamp pin

0
K, OL,,(V ) (v )
pu* ¥ comp G pc comp Lo, .
comp Y\ Vo.ut f'lx,t Viixt
: | Cixt == |
Ky®Olgg(Veomp) lge(Veomp) out ' fixt
Gnd_pm Gnd__clamp pin )
Vo =V
[ = out Jixt [ . C I/out (t) I/out (t At)
Jixt R cap ~— 7 fixt
fixt At
v =L, —+V _
comp fixt A / out Ji ot — Ji cap + ] fixt
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IBIS Circuit Analysis

We need to extract K, and K

* Pick value V.,

 Find closest corresponding currents in static IV
data

» Set them as /4, 1,1, I;c; and 1,4

* Pick value V..,

 Find closest corresponding currents in static IV
data

» Set them as |, I, l,co and I,
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IBIS Circuit Analysis

_[outl = Ku]pul +Kd1pd1 +[pcl +]gcl
_[outZ = Ku]pu2 +Kd]pd2 +]pc2 +Igc2

Rearrange as:

K +K =1~ 1 =1y

u” pul

K, +K,]I ,=-I

u” pu? out?2 _Ipc2 _IgCZ = ]RHS2

or

|:1pu1 ]pdl:||:Ku:|:|:IRHS1:| Solve for
Lz Lon LK ] U K, and K,

pu? pd?2 RHS?
e ILLINOIS
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1.2

0.g

0.6

0.4

KUAD - Rising Wavefarm

0.2

0.2
a
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Example of Ku and Kd

actel-tt3f1 b txt

actel-tt3f1.ibs txt

1.2

Tirme (ns)

— kU
KD

1 £
=
5
_— &
7 =
ol - =
Y =
[n]
——KD| - W
[
=
=
T B
1 1 Dz
B 7 B 02,
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IBIS Simulations

Pwrpin  Pwr clamp pin
o)

Ku(t)lpu(vcnmp) (D Ipc(vcomp)
Vcomp RPI\'g kag Vext
» —AMAN— YT ®
N .C Idev —p
com G | Covi—— G
Kd(t)lgd(vmmp] ? |gc(Vc0m[5 T womp out Xt et

Gnd pin Gnd_clamp pin

KL, (Voo ) KL s (Ve )+ Lo (Vo )+ Lo (Viomp )

u” pu comp comp comp comp

out comp comp comp

V) e (Vo) e (o) =0

Nonlinear system = use Newton-Raphson
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...or Better: Use a LIM Formulation

Pwrpin  Pwr clamp pin

Ku(t)lpu(vcomp) pc(vcomp)
|
comp pl\g Vext
.
. Idev‘
com Cov—— G
KOV —-|__ COmP nut ext ext
d(t) gd( Cl}mp) gc(vcomp) I 3
Gnd pin Gnd_clamp pin
]" (C ext __ Gext )Vn—l/Z
n+1/2 n-1/2 out ext
C (I/ext B I/eﬂ ) Gext (VrH-l/Z Vn 1/2) In 1/61;:1/2 At 2
ext Al‘ + 2 ext ext out (Cext i Geth
At 2
n+l n Vn+1/2 Vn+1/2 ( pkg _ pkg j
comp — Vext pkg + out + out out L R
At ( pkg + pkg]
At 2
FI\.I-
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IBIS-LIM Solution

Pwrpin  Pwr clamp pin

o
Ku(t)lpuwccmp) (D Ipc(vcom p)
Ve omp Rpkg kag Vext
» AMN—YYN p
0 ey G — G
comp —— | Coavi——
Kd(t)lgd(vcomp) T Igc(vcomp[:; comp out ext ext

Gnd pin Gnd_clamp pin
(Vn+l/2 - 1/2)

comp comp comp n+l1/2 n-1/2 n
Ccomp A ¢ 2 (I/comp I/comp ) _I —1 dev
(C G j » / Explicit equations
_]n _ In comp ™~ comp Vn

/2 _ out dev At 2 comp

o (Ccamp + Gcomp j
At 2

]dev = Ku]pu (I/comp ) + Kdlpd (I/comp ) + ]pc (I/comp ) + Igc (I/comp )
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Transient Simulation Examples

NR and LIM give same results...

altera-crmos33-cio-r25e. txt

e ILLINOIS
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3 T T T altera-cmos33-cio-r25¢ tut
3 T T T
MNewton-RaphsonVeomp
25 = Mewton-RaphsonVext
25 — LIM:eamp
S 4 MNewton-Raphson:vcomp | — LIM:Wext
o — Newton-Raphson:Vext =
= — LIM:Ycomp R
= =
£ 15 — LIM:Vext &
£ =
=2 £
s ] 515
5 1 5
= ]
= z
2 as . £ 1
=
B
0 A
05
s . . .
i} 1 15 2 25 n )
Time (ns) 0 1 15 2
Time (ns)
altera-sstl2c2-cio-d16s3.tut ACTEFTIISSZ. IDS. TH
256 T T 25 T T T T T T
Mewton-Raphsonvcomp Mewtan-Raphson:Weomp
= Mewton-RaphsonvVext —— Mewton-Raphson:vext
2 — LIM:Veamp H i — LIt Veomp
— LI et — LIt Vexnt
1.5 i 15
3 Z
o * = | | |
5 :
0.5 1 05
i b L_‘ u L‘ 2 ]
RIR) L L 0s L I L L I L
0 5 10 15 40 a0 G0 70 a0 a0
Time (ns) Time (ns)
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Transient Simulation Examples

.. in some cases Newton-Raphson fails to converge...

LIM
AN

Rising ¥wavefarm

&
o

NR: failed convergence

Falling Waveform /

0.8 \ — - ¢
0.7 [IRE] n
Standard:Vcomp ]
06 === LiM:¥/comp 0.7y 1
= f — — = Golden Waveform = 1
2 05F { 2 0B 1
& ! = i
° f = 1 =tV comp
E 04F f = 05r [} — — = Galden Wavefarm [|
E ; kS 1
B o4l 04 L
z 0.3 ] g" 0.4 f
= [} = 1
2 02f ! Zoat L
B i = 1
o { - 1
0.1 [} 02 1
!' s
01 v
] N )
‘«-.
,D‘] 1 1 1 1 1 D 1 1 L ¥ 1
0 05 1 15 2 25 3 ] / 0.5 1 K 2
Tirne (ns) Time (ns)

NR: failed convergence
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Handling Gate Modulation Effects
(BIRD 98.3)

LIM-IBIS formulation B
can easily be mOdified... Gpu% %Gpc e tO handle SSN
Pwr pin 7 (V )
Gpux Cpux epu KSS ) V ) _ sspu pu
i T ) =70

K (VK Ol 1
K, (1)1, —>Ksspd(V )Kd(t)lgd |

Ku (t)lpu — KSSP“ (VP” )K” (t)[p” K.V K DI it
sspdt ¥ e/ g d

lec ]sspd

Kot (Vi) = %

t—n [
Elects {(L élI,NOIs ECE 546 — Jose Schutt-Aine 30
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Gate Modulation Effects
(BIRD 98.3)

simpleisaS.txt

25 T T T T T T T
——COMP-ISSP
Laree power su 1 — — =% COMP-NO ISSP
. &€ p PPy 2t —— PSSP
inductance — — —PU-ND ISP
Small decoupling el
capacitance o
=
2
05t
L,, =5nH
Cpu = (0.001 nF a
_EIE 1 1 1 1 1 | 1
0 05 1 15 5 B 3 35 4
Time (ns)
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Gate Modulation Effects
(BIRD 98.3)

simpleisaS.txt

15 T T T T T T T
Small power supply 14} — D i
inductance gl — — —YCOMP-NQ ISSP 1
. —%PLHE5EF
Large decoupling : ~VPU-NO 135P
capacitance
= 0af
% 0.6+
=
0.4+
L,, =0.005 nH
_ 0zt
C,u=0.1nF
0 o
_Dz | | | | | | |
a 0.5 1 1.5 2 25 3 3.4 4
Time [ns)
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IBIS for Signal Integrity

Crosstalk

Ringing, Overshoot, undershoot
Distortion, Nonlinear effects
Reflections issues

Line termination analysis
Topology scheme analysis

Visit http://www.eigroup.org/ibis/ibis.htm

ECE 546 — Jose Schutt-Aine
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Algorithmic Modeling Interface (AMI)

» faster signal processing algorithms

» Intellectual property protection

»used in convolution transient engines
»designed to be used with fixed time step data
»introduced in IBIS 5.0 specs

»in these specs the library is specified inside the
IBIS wrapper

IBIS stands for “l1/O Buffer Information Specification”; high-level buffer
specification for circuit modeling
http://eda.org/publ/ibis/ver5.0/ver5_0.txt
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Simulation Methods

IBIS Fast Not accurate

Device Level Accurate Very slow
Nonlinear IP liability

Fast convolution Very fast Not Silicon Specific
Handles EQ Assumes LTI
Include bit patterns

Statistical Very Fast Not silicon specific
Handles EQ No bit patterns

Assumes LTI
IBIS-AMI Fast Implementations vary

Handles Vendor EQ
Includes Bit Patterns
Not limited to LTI
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