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5) Summary ALSTOM

= Recall of results from previous presentation

= Modeling a 5-Volt CMOS buffer

= Time behaviour : 2 examples

e Frequency signature of other buffers

< What would be added in the IBIS specification

e Frequency domain analysis: a tool to enhance the
quality of IBIS models

e Conclusions
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3 Recall: the IBIS model impedance ALSTOM

1Y pgd -+ Package...
tables B
T Coom
§ - J B
R(V)

I> Zbuffe,,paq IS a shunt RC circult, With « R »
accounting for the whole non-linearity

NB: the resistance R(V) is the differential resistance of the IV-tables.
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") Recall (2 ALSTOM

In the last IBIS-summit (March '02), the limits of C_comp
In modeling the output impedance were presented.

The “real” capacitance of the buffer, as shown from the
transistor model, Is

1) voltage dependent (i.e. ‘non-linear’)

2) frequency dependent

Freguency domain analysis of the buffer impedance was
used.
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Frequency domain analysis is done in
small-signal regime, at a certain bias
level.

Each plot contains the result of various
analyses, each one carried out at a

)) Reading the frequency plots ALSTOM
different bias level from the others.

/I \R

B 1] \

15 " MR | N MR | N L el N MR | N M A | N Lo
L v i wt 1w T 10 10 T '

s ¥ . The “Transistor-model” capacitive
behaviour at high-frequencies is non-linear
(i.e. voltage dependent)!!

I \ The IBIS-model capacitance “C_comp”
i 3 is linear (i.e. voltage independent)!!

4 * IIII.”'S * * IlIIIIIE * III.IIIII_ * IIIII“IB * * Illllllg * llllllll”:' 13/06/02_5



» Reading the frequency plots (2) ALSTOM

i}
Overlapping the Transistor-model and the
IBIS-model curves, the resistive zone at s
low frequencies (horizontal line) should =
perfectly match, at each bias level.
If not, then the IV-tables of the IBIS-model ol
are too coarse around that bias level.
sl
33_
25_
ol
15 + IS IE- ”IT IS IQ
10 10 10 10 10 10 10
Often, the transistor model shows a
“pole-zero-pole” behaviour in the
[10 MHz — 1 GHz] range, in most
of the bias levels.
7S I 13/06/02 - 6



3 Recall (3) ALETE

A “modified IBIS” buffer was proposed :

V-tables T s )

This ‘modified-IBIS’ has been implemented in an in-house
simulator. In the next slides the result will be presented.
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ALSTOM

A 5-Volt CMQOS buffer



Output Buffer :

Result {liny

[P
P
R X ya
[]

TranS/stor-mode/ vs. “IBIS-classic” ALSTOM

i) eooolg Sagrake g _in [ A Analys

NB: the [pullup] IV-table in this model

=

© o 0,1Volt e

iS not so precise at a bias of 2 Volt.

70 -

18
65 |
60
55 |
50 |
45

1 K
40 |
35 |
30

zsf

analisi piccolo segnale di z_in - poledzero analysis

_3,4,5Volt

DC-bias = 0 Volt

20 ]

ZdB - driving LOW

15 |

10x 100 1g
1w Frequency (o) iHERTZ)

\ 2 Volt \

44

o L -

- 3 Volt ,
. 4 Volt B
i

“  DC-bias = 5 Volt \
5 X

ZdB - driving HIGH

10 e e Ie
1% Fraquincy (o) (HERTT) 10g

13/06/02 -9

10g



Om
o=
[ x '\" ' H
]

- Output Buffer :
TranS/st -model vs. “IBIS-modified” ALSTOM

60
Same as before: |V-tables ss- 0, 1 Volt
have not been touched!
S0k
2 \Volt
a5
FLl — T T T T T T T T T
3, 4,5 Volt —*\ 3 Volt
60+ -H&\ . 4 Volt
DC-bias = 5 Volt
=
2 Volt
a0 ZdB - driving HIGH
1 Volt T
30+
DC-bias = 0 Volt
20l Blue is Transistor-model
ZdB — driving LOW Red is “IBIS-modified”
T T T T T 13/06/02 - 10



Input Buffer :

Transistor-model & “IBIS-classic” ALSTOM

>
! DC-bias = 5 Volt

2p |

analisl piccolo segnale di z2_in - poleszero analysis

Equivalent |
capacitance [F]
(of Transistor-model)

DC-bias = 4 Volt

1 K

15p |

10k

2.2p
2lp
Zi n [dB] nalisi piccolo segnale di z_in - pole/zero analysis
r 1.9p
140 B, .
|5 S !
130 R, D 18
{ -\\ . \‘L\x i . ]
o0 5 Transistor model, e
| LY N9
'~ =%, Oto 5 Volt 16p
- R
110 RN
| ‘\ - __\"-‘
100 ] o !
{ \\ ._:'\.'.\'L 14[3' 1
90 | N n '
| N, :'_'?‘-k 13p
- IBIS, O to 5 Volt N,
B0 7 S - 8 ]
- (all superposed) N hee
70 N'x_h h :?‘x
I|b‘I.‘I"'-. ‘..}:_\"x
&0 - . R
Transistor model @ NN
50 DC-bias = -0.5 Volt N
40 -
30 IBIS @ DC-bias = -0.5 Volt
20
10 -
- e = =
Frequency (log) (HERTZS

DC-bias = 1 Volt

100k

10g

DC-bias = -0.5 Volt

1x 10% 100 1
Frequency (log) (HERTZ) ¢ 10g

In the original IBIS model
C comp = 4.55 pF I
For the examples that will
come nextly, this value has
been corrected to 1.5 pF.
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7= How to find the parameters of
)) the model P ALSTOM

With the “.pz° SPICE command an immettance can be easily
analyzed. Two frequency tables are generated in the output
file: one with the poles and the other with the zeroes of the
Immettance under test.

An example of the command is :
.pz i(Vac) Vac

which analyzes the admittance “seen” by the voltage
source “Vac”.

An example of the output tables is in the next slide.
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“ pz” : result ALSTOM

zeros (rad/sec) zeros ( hertz)

* k kkk kkkkkkhkkkhkkkkhkkkhkkhkkkhkkkkhkkkkhkkkhkkkhkkkkkhkkkkkkkkkkkkhkkkkkk Kk k k K

* k k k k * k k%

real i mag real i mag
-31. 4675 0. -5.0082 0.
-19. 4409x 0. -3.0941x 0.
i -1.8874g 0. -300. 3848x 0.
Most of the entries -3.8738g 0. -616.5298x 0.
; - 4.7536¢ 0. -756. 5546x 0.
In the two tables _7.4828¢ 0. ~1.1909¢ 0.
-10.9686¢ 0. -1.7457g 0.
cancel each other -19.1774g 0. -3. 05229 0.
-21.2075g 0. -3.3753g 0.
out. - 25.0000¢ 0. 3.9789g 0.
-55.9813¢g 0. -8.9097g 0.
-137.7153g 0. -21.9181g 0.
-142.3580g 0. -22.6570g 0.
. poles (rad/sec) poles ( hertz)
What remalns (the * k kX k k k k k k kK k k k k k k k k k kK k kk kkkhk kkhkkkkhkkkhkkhkkkhkkkhkkk kkk kk kk k k¥ ¥k k¥ k¥ ¥ ¥ ¥ k¥ ¥ ¥ ¥ %
ValueS N red) are real i mag real i mag
) -31. 4666 0. -5.0081 0.
the frequencies of - 19. 2409« 0. -3.0941x 0.
: - 400.1013x 0. -63.6781x 0.
Interest. -3.6949¢ 0. -588. 0579x 0.
- 4.7535¢g 0. -756.5382x 0.
-5.8288g 0. -927.6802x 0.
-7.4921g 0. -1.1924g 0.
-10. 97169 0. -1.7462g 0.
-19.1878g 0. -3.0538g 0.
-21.3640g 0. -3.4002g 0.
-25.0000g 0. -3.9789g 0.
-55.9813g 0. -8.9097g 0.
-137.7972g 0. -21.9311g 0.
-142.3622g 0. -22.6576g 0.

13/06/02 - 13



network parameters

)) The equations of the non-linear ALSTOM

pad
The parameters for the topology IV-tables : o O
on the right are related to the =< Cf
poles & zero as follows: o
Kg\m
W = =
Co=GE—=
2 m)PZ
1 (Wp, B‘)Pz
Q_Co Wpy T Wpy —W; ~ 7
z where G, is the
1 (differential) conductance
C = representing the 1V-tables

" R

13/06/02 - 14



ALSTOM

Time Domain Comparisons

two examples



)) Example 1 ALSTOM

Driver and receiver are the 5-Volt CMOS models
considered earlier.

This first example considers a relatively short line (with
respectto T,).

In this case the reflections (i.e. where the impedance
plays) are buried in the transition...

13/06/02 - 16



ole 1 - global view ALSTOM
6.BU-—-——————————| |~ .
! i !
: - . M |
i DRIVER > ) || & | RECEIVER ™ i
| T |
l - Z0=50 =+ !
i TD=1ns i
4.0U - l
§ Particular 1 |

) o0 Particular 2
nuﬂi i
| S e mmmmmm e P mmmm e i
as 18ns 28ns 36ns Lins

oo« WT1:A+) + o W{T1:B+) TrDrv + TrRcu HSpicelBISdrv - HSpicelIBISrcv
Time
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-a.au

i Probe Curzar i
: A1 = L. 86760, -367.261m :
: A2 = L. 8676n, -324.945m :
1 dif= 6.6868, -43.817m T
. \ IBIS-classic
! . in-house & HSpice !
IBIS-modified & / | ( pice) !
i Transistor model —

2.7ns b.e8ps 6.8ns 8.8ns 18.8ns

o U{T1:A+) + = U{T1:B+) - TrDrv is:TrRcy - HSpicelBISdrv :~: HSpiceIBISrcv
Time

13/06/02 - 18



_IBIS-modified &
Transistor model

!I__Bu_: ..... :
| |
1 1
1 1
1 1
1 1
1 1
1 1
| |
- 1
) IBIS-classic !
: 4 (in-house & HSpice)
1
u_uu_:. - E . . . . . . e :
| / |
1 & 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
!l__ﬂu_: ..... :
| |
1 1
1 1
| |
3.8l +--r-------------- Q- === T———————————————- F-—————————=—==- - T——————- 4
28.8ns 38.0ns 31.8ns 32.06ns 33.0ns 34.08ns
« WT1zA+) + = W{T1:B+} TrDrv + TrRcu HSpicelBISdrv . HSpicelIBISrcv

Time
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ALSTOM

The second example considers a very long line (with
respectto T,).

In this case the reflections (i.e. where the impedance
plays) are more visible...

Again, driver and receiver are the 5-Volt CMOS models considered earlier.

13/06/02 - 20



P
60U oo oo m e DRIVER " P & RECEIVER | "™~~~
! L 7050 1 e o
i s 1" TD=7 5ns R oo, . ) )
Particular 3 — [ T
Particular 2 | \
PR Particular
2.8V : B} ' 4
nu—i ./*’r
—1.ﬂU'i'————————————————"l——————————————————r—————————————————-; —————————————————— S 4:
s 18ns 28ns 38ns 48ns S8ns

o o« WT1zA+Y « o U{T1:B+) TrDry + HSpicelBISdrv TrRcy ~ HSpicelBISrcvy
Time 13/06/02 - 21



Probe Curzor

_ IBIS-classic N A1 = 24.297n, 86.622n |
(in-house & HSpice) : A2 = 24.392n, 137.53%nm |
_ _ dif= -95.398p, -50.917m |

This mismatch
IBIS-modified — will be

Transistor modé—:-l/' < eXpIai ned later.

-LaemU +----- i i q--== SR Tm——— === Fr—————==—=—====-=- e T----1
22.0ns 24.6ns 25 .8ns 20.68ns 27 .6ns 28.68ns q

+ WT1:A+) = = WT1:B+) TrDry = HSpiceIBISdrv i iTrRcv +:HSpicelBISrcv

Time
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D

i . Probe Curzar
! IBIS-classic : A1 = 31.997n,  2.3870
! in_ i : Az = 32.M12n, 2.43088
i (in-house & HSpice) dif= -14.333p, -43.053m
| :
1
1

24U
i
1
1
1
|
1
1
1
1
1
1
1
|
1

2.2U-:
1
1
1
1
1
1
1
: -;
1 3
1 9
: 7
1 - = .
! IBIS-modified:
1 3

2.0U o
Transistor mt
: 3
1

1.9U+-------- T

38.5ns 31.8ns 32.8ns 33.8ns 34.8ns 35.8ns 35.8ns
o UW(T1zA+) + = U(T1:B+) { iTrDrv :=:HSpiceIBISdrv - TrRcw ~ HSpiceIBISrcv
Time
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Probe Curzar
. : A1 = 39.783n, 4. 7844
IBIS-classic .. A2 = 39.896n, 4.7638

(in-house & HSpice) dif=-192.259p, __59_1,13,,.

___'l'___.____.___.___

.
1
1
1
1
L
1
1
1
I
1 =
1 1
1 1
1
-+ 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 P 1
3 IBIS-modified & !
Transistor model
3 !
1 1
1 1
1 1
h.43U+ |
z i
1, 1
1 1
1. 1
1 1
y3v+-----------—-—-—-—--- T e T A== A== =
37.97ns 39.88ns 48.88ps u1.ﬂﬂn5 42 . 88ns 42 .91ns
« UW(T1zA+) = = U(T1:B+) - TrDrv = HSpicelBISdrv ;- TrRcv v HSpiceIBISrcw
Time
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LA
1
=
=
1

IBIS-classic -
(in-house & HSpice)

d

|
|
|
|
|
|
|
|
|
|
|
1
1
1
1
|
! —
L_8U- —
:
1
1 - gn
! IBIS-modified &
Transistor model >
, .
! —
| NN ,.
1 = b,
1 ) .
" v,
| .
1
u.ﬁu1 : ; - :
1
! !
1
1
1
|
1
y oU+------—-——-—----- e T ke T——————mmmmm e mmm e m - e e 4
hbins 4ins h48ns 49ns Lons
« WT1zA+) + = W{T1:B+} TrDry + HSpicelIBISdrv TrRcy ~ HSpicelBISrcvy

Time
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ALSTOM

What about other buffers ?

Do we find a similar
“frequency-signature” in nature ?



IDT — ALVCH, 3.3 Volt buffer ALSTOM

Z[dB] - Driving HIGH

N\

Z [dB] - Driving LOW Y

N

PR Y MRE ENEREESESR

1x 10 10K |
Frequency (log) (HEATZ) 50

10% 100 1g
Fraquency (log) (HEATZ) 102
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3 ST-Microelectronics, 1.2 Volt buffer ALSTOM

Driving LOW

10

DC=0
-20
-30
A0
50

DC = 1.2 Volt
60

2e+)6 le+0E le+03 le+l0

NB: both diagrams show that
the “HF-Ccomp” is non-linear

10

20

29

-30

-35

Y, [dB] vs. frequency

DC = 1.2 Volt
Driving HIGH
DC=0
le+0e le+07 le+08 le+05 le+10 15+|]|%



ALSTOM

What would change in the

IBIS specification



= i}

3 What would change in IBIS

ALSTOM

pol e_hi gh
| [ Vol t]
oV
1v
2V

5V
I
zero_high

ov
1V

5V
|

pol e_hi gh
oV

pol e | ow
ov

zero_| ow
ov

pol e | ow
ov

SV

|this

|this

|this

|this

|this

|this

[ Model ] nodel nane

is pole_ 1 in the high-state

typ [ Hz] mn [Hz]
6. 37E7 NA
5. 36E7 NA
1. 15E8 NA
2. 53E8 NA
is the zero in the high-state
3. O0ES8 NA
2. 83E7 NA
2. 56E8 NA

is pole 2 in the high-state
9. 28E8 NA

is pole_l1 in the |lowstate
2. 00E8 NA

is the zero in the |lowstate
2. 01E8 NA

iIs pole_2 in the |lowstate
5. 25E9 NA

4. 24E8 NA

2 Z2%%—

£$

z:

A possible
organization of the
data inside an
IBIS file.
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)) Comments ALSTOM

Six new subparameters in the keyword [model], to use
according to “model-type” : pole in, zero in, pole high,
zero _high, pole low, zero low.

To ease simulators' implementation, only three scenarios
should be made possible (for each state of the buffer) :

e none of these new sub-parameters is used

e one pole xx subparameter is used (resulting in a
“non-linear & state-dependent” capacitance)

e two pole xx and one zero xx subparameters are
used

13/06/02 - 31



)) Comments (2) ALSTOM

Using tables of pole-frequencies and zero-freqguencies
the data are directly the result of the “.pz” SPICE
command.

It seems useless (when clamping diodes are present) to
extend the bias voltage far beyond the power rails : in a
normal situation, 6—8 bias entry in each table are
enough.

If the spec will ever extend to more then 2 poles and 1
zero, no addition of new keyword/subparameters is
needed.
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)) Comments (3) ALSTOM

It may be worth considering the addition of an extra
new subparameter (the seventh), to take into account
some empirical “derating” of the buffer performance
(due to metallization and pad capacitance, which are not
present in pre-layout transistor models).

Possible names could be: C metal or C derate.

This subparameter could be useful also when “C_comp”
IS used.
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ALSTOM

About the quality of IBIS
models



ALSTOM

A very interesting aspect of this work is the
tool.

We have seen throughout the presentation that it instantly
shows the fidelity of an IBIS model to the originating
transistor model (in its static components).

Let’s use it now to find the source of the problem we
encountered on slide | 22 |
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9 5-Volt CMOS input model - |Z;,] ALSTOM

10x %

f DC =0, -0.2 Volt

Z / (IBIS & Tr-model) Dashed lines
1x are

| IBIS-model

z =

100k
| - Solid lines
_ . are
. DC = -0.4 Volt .
10k [ ~ transistor-model

1k =

DC = -0.5 Volt

100 - pC = -0.4, -0.5, -0.6 Volt_(/BIS)

. DC = -0.6 Volt

AT

DC = -0.8, -1 Volt (/1B/S & Tr-model)

This scale 100k 1x 0 10« g

is in “ohm” A0 Frequency (log) (HERTZ)
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)) Comments ALSTOM

From the previous image we see that at a bias of -0.4 Volt the IV-tables
result in a (differential) conductance that is considerably lower than the
‘real’ one :

|Z

57ohm @ DC = -0.4Volt

in, ibisl

|Zin, tr_modell — ~7 kOhm @ DC — '04 VOIt

This indicates a lack of precision around this bias level in the IV-tables,
which may be the cause of the mismatch seen in the time-domain
example on slide |22 .

In fact, from the image on the next slide, it is clear that the IBIS model
starts clamping earlier.
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)) DC current vs. Bias voltage ALSTOM

Currents (lin) [ A]

analisl iv-tables & z_in

Wave S:,.-mnol'
DO:ADI(vac_tr)
DO-AQN(vac_ibis)

20m

This is the cause of the
mismatch seen on slide |22].

p -500m (Bias[V]) °

Parameter (lin) (depaint)
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)) A 3.3V buffer from the web ALSTOM

In the next two slides, the FD analysis tool is used on a
3.3V buffer model, downloaded from the web.

In less than 10 seconds of simulation, we get the three
following images, where we immediately notice that :

at some bhias levels the differential resistance
(I-V tables) is not very accurate,;

the value of C_comp is a little "optimistic".
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)) 3.3V Output Buffer Plots ALSTOM

[dBohm]

&0

Driving HIGH

0 Volt (transistor) O Volt (IBIS)

Driving LOW

.

3.3 Volt

an

1 Volt @1 3 Volt

a0

2 Volt

i *1 2 Volt
3&33Volt

e, dVolt

ap ! e T
.~ 0Volt \\\
13 | .

3] 1
1= ! ".I."q.

k

L3

]

4 Volt (IBIS, transistor)

e 5 Volt (IBIS, transistor) 17 .
12
3 104
I o Frequency o (HERTZ) 12 10g ,

& -1 Volt
solid lines are transistor model ad

dashed lines are IBIS model T e
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)) 3.3V Input Buffer Plot ALSTOM

[dBohm]
IBIS @ DC = 2, 3, 3.3 VoIt

L
LY
Lt
R
.
b
b
100 ..
Rt
Y
.
Rt
Lt
LY
LY
a0 .
=
.

/ solid lines are transistor model
gn -k ——— Ta

dashed lines are IBIS model

mi/

&0

DC =0, 3.3, 3, 1, 2 Volt

7 4 volt (1B]S)

30
-0.5 Volt
20

5 Volt

10

™
I

-1 Volt
10k 100k 1x 100 100 1g
Freguency (log) (HERTZ)
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ALSTOM

Conclusions



)) Conclusions (1) ALSTOM

« The buffer impedance has been demonstrated to be
non-linear also in its reactive component.

= The “pole-zero-pole” behaviour of the output
Impedance has been reported for three different

buffers. @

This was intended to demonstrate that it
IS a common feature.
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)) Conclusions (2) ALSTOM

< A model taking into account this behaviour of the
buffer impedance has been proposed”, and a technique
to automatically extract the required parameters has
been outlined.

The impact on time-domain simulations has been shown
for a particular model. The improved behavioral model
proved to match the simulations done with the
originating transistor-model more closely, although a
good matching is already achieved with the standard
IBIS model.

13/06/02 - 44



» Conclusions (3) ALSTOM

e In this work it Is also shown how “uncertain” the
determination of the parameter C_comp is.

A major advantage of the improved model is the clear
definition of the parameters substituting C_comp. This
should ease the production of IBIS models of a better
quality level.

13/06/02 - 45



» Conclusions (4) ALSTOM

« The frequency domain approach shown in this work
proves to be very powerful, and it may be used to increase
the overall quality of IBIS models.

e.g., when producing a new IBIS model it may be efficiently
used to quickly check the accuracy of its static part (I1\V-tables
& C_comp).

< Inclusion of the “enhanced non-linear C_comp” in the
IBIS specification will force model-makers to run frequency
domain analysis. Thus, it will indirectly improve the overall
quality of IBIS models.
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