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Introduction and Motivation

« IBIS Model cannot account for the delay change caused by power noise

» Example: an inverter chain output, change power voltage to 1.7/1.8/1.9V,

correctly.
respectively
2 T T
Spice Vcc 1.7V
Spice Vcc 1.8V
1.5 Spice Vce 1.9V
=
g 1T
8
S
0.5
0
1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500
time[ps]
2 T T T T % T T T
15 b
Spice Vcc 1.7V
< Spice Vcc 1.8V
® 1} Spice Vce 1.9V .
(o]
8
o
>
05 B
0 -
1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500
time[ps]
<SPICE>

Voltage[V]

Voltage[V]

151

05

1.5

0.5

1

1

out

Non-Power-Aware IBIS Vcc 1.7V
Non-Power-Aware IBIS Vcc 1.8V
Non-Power-Aware IBIS Vcc 1.9V

1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500
time[ps]
T T T T T T T T T
Non-Power-Aware IBIS Vcc 1.7V
Non-Power-Aware IBIS Vcc 1.8V
Non-Power-Aware IBIS Vcc 1.9V _
1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500
time[ps]
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<Non-power-aware IBIS Model>
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<Power-aware IBIS Model>




Lookup Table-based Correction Coefficients Adjustment (vO)

* Modify K (1), K,(t) as a function of time averaged power rail voltage Vcc(t);

* Introduce correction coefficient B and A as a function of time. /NN Vi
................ v, |
irt i — :
.................. [ V..(t)dt o | V(D) dT I 4
s WJo 'cc ! ’ s [V o cc ! I out
K, (t) _5 uo (t). +,’Bu(t) ! ¢ i_ ccO] ‘:’Au(t)i [i F :_ cco D
e i ve@adr ] [f Vee(Ddr ]
Ka(t) ={Kao(t)i+Ba(t [ i — . . -
a(t) = dO() — () \ /el t, time elapsed since switching
/ v/ L
[nput switching happens, time=0
K I_<d under Linear fitting Quadratic fitting ~ Averaged Vcc(t) after the
nominal Vee coefficient coefficient switching event happens; l

* 2 equations, 2 unknowns' algorithm to extract K (t), K (t) for typ/min/max Achieved by adding delay elements that store

K ()*L(V )+ K,0*L(V,)=L,(V,) * The time of switching edges
o * Time averaged Vcc since switching event happens
KO (V)+ K@) * (V) =1,,(V)

e 2 equations, 2 unknowns' algorithm to extract B (t), A (t) and B4(t), A4(t) Limitation

Ky max(®) =K o)+ BuOVee mar—Vog) 4OV max—Voo)? + K/K, correction coefficients B and A are related to Process, Voltage
) . ) and Temperature instead of only the supply voltage fluctuation.
Ku_min (t) - uO(t) +B (t)(Vcc min ccO) +A”(t)(Vcc_min _VCCO)

Y. Sun and C. Hwang, "Improving Power Supply Induced Jitter Simulation Accuracy for IBIS Model," 2021 IEEE International Joint EMC/SI/PI and EMC Europe Symposium, 2021, pp. 1127-1132.



Jitter Sensitivity-Based Ku/Kd Modification with Correction
Coefficients (v1)

“PSIJS modification v1”’: use DC Jitter sensitivity, time-averaged power noise and correction coefficients to do IBIS
switching coefficients modification

Step 1: K, (t), K (t) extraction for typ voltage supply
Ky (5L, (V1) + Kq(£)1g(V1) = Toye (V1)

Ku(t)lu(vz) + Kd(t)ld(vz) = lout (VZ) E— typlcal Ku
—————— max K,
g S maxk

Step 2: K, (t), K,(t) extraction for min/max voltage suppl%' <Switching coefficient K., for output rising edge>

K/Ky maxmin(t) = K /Ky (t +' Pre driver DC Jitter sensitivity X AV
D Step 4: K, (t), K (t) modification
Step 3: B (t), A (t) and B,(t), A (t) extraction Time-ayeraged power supply noise ,
) I fo Vee(D)dr f VC(T)dT

Ku_max(t) = Ku()(t)-i'Bu(t)(Vcc max _Vcco) +Au(t)(Vcc max _Vcco) @ Ku (t) = KuO (t) + Bpu(t) : f VCCO + Apu (t) - . - VCCO
K, in® Koo B0 ia Voo O~V i fo@dr | @i |

Kd(t) = KdO (t) + de(t) Vcco: + pd (t) f - VccO

e T

N /

Two correction coefficients

Y. Ding, "IBIS Model Simulation Accuracy Improvement by Including Power-Supply-Induced Jitter Effect," /[EEE Trans. Signal Power Integr., vol. 3, pp. 21-29, 2024.



Limitation: When Power Noise is Getting Larger

« The modified model has poor compatibility with high levels of power noise.

o5 SPICE o5 Non-Power-Aware IBIS Model
Vee 1.4V ' '
Vee 1.5V 2F 2 F
Vee 1.6V
Vee 1.7V 1.5 1.5+
Vee 1.8V
vee19v| 5 17T | 5 17
Vec2.0v| 2 o
= | _ > |
Vee 2.1V 0.5 0.5
Vee 2.2V 0 | 0
-05r 1 -05r
_1 1 1 1 1 _1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
time[ns] time[ns]
o5 Power-Aware IBIS Model o5 IBIS with PSIJS Modification
—
2 2
151 1.5
5 17 5 17
o o
= 05} ~ 05 . .
Abnormal behavior when DC
0 et 0 . . .
power noise level is getting
05+ 0.5 .
larger.
_1 1 1 1 1 _1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
time[ns] time[ns]
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Jitter Sensitivity-Based Direct Ku/Kd Modification (v2)

“PSIJS modification v2”’: use nonlinear DC Jitter sensitivity, time-averaged power noise and-eorrection-coefficients-to do
IBIS switching coefficients modification

A

Step 1: At any given time ¢;, the time-averaged power Vee
supply noise that has accumulated since the input

VccO

>

switching T T Co [ -
f Vee(T)dr E i !
AV (t;) = Ot— — Veco : : : >
: tli tz tﬁ, Time Elapsed since Input Switching
@ K,?t | | |
i i 1 gl 12- \;i-tlz‘;/;i-cgl-p-o;v;r- s-u;)ply voltage V
Step 2: The delay difference At; induced by the ! LAt . u cc0
averaged power noise (with nonlinear jitter sensitivity) : At | ,‘? o7
: : ! - : 1
— & A
At; = AV,e(t;) X DC_PSIJS(AVee(£1)) (e mm@mmmm= T Aty .
t1§ £y tzi t,’ 'tz t3' Time Elapsed since Input Switching
@ K.’} - o | Modified K,_with ly noi
b b : : LO( " power supply noise
: o : 1 o L L e
Step 3: The modified switching coefficient i i . '::’ L K, With typical power supply voltage V.,
! | ! | - e
) Lo P gt
Kpu(ti) = Kpuo(ti ) = Kpuo(ti + At;) b ,‘.‘_};”’ |
/ —_mmu.-h.l.-ﬂ-"_—" ! >
Kpate) = Kpao(ti') = Kpao (L + Aty) 0 t1 ty t3 Time Elapsed since Input Switching




Limitation: Output Waveform and Slew Rate Comparison

SPICE Non-Power-Aware IBIS Model
3 I 3 T 35 T T T T T T
2 2
z E 30 .
ER 31
> = 25 ]
0 0
0 0.5 1 0 0.5 1 % 20
time[ns] time[ns] ©
Power-Aware IBIS Model 5 PSIJS modification v1 z 15 ]
’ SPICE
2 2 10 —&— Non-power-aware IBIS .
z E —B— Power-aware |BIS
= 1 5 1 = A = Before PSIJS modification v2
g g 5 —=#-— After PSIJS modification v2 .
0 0 |
0 1 1 1 1 | 1
: : -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6
0 ] 0.5 1 0 ] 0.5 1 voltage deviation from Viyp [V]
time[ns] time[ns]
P81JS modification v2 Voo 12V o ' ' . .
Voo 1.5 e Limitation in the implementation process: the conversion
5 _
s vee 17V tool only supports the non-power aware IBIS model.
= ] Veo 1.8V . . . .
2 Vee 16V * Power aware characteristics should be applied in the
0 Veo 2.1V modification.
Veo 2.2V
0 0.5 1
time[ns]
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Difference between Non-power-aware and Power-aware |IBIS Model

Non-power-aware |IBIS model Power-aware IBIS model

Vee (or pullup reference typ/min/max value) Vce (or pullup reference typ/min/max value)

| | | |
| | | |
| PU | Kpu(t)*Ipu(Vcc-Vout(t)) | PU | Kpu(t)*Ipu{Vcc-Vout(t))*Ksso pu{Vtable pu)
| | | |
| | | |
Il | «---- Tout(t) I . Vout(t)
| I
I Vout(t) O Vout(t)
| | | |
| | | |
| PD | Kpd(t)*Ipd(Vout(t)) | PD | Kpd(t)*Ipd(Vout(t))*Ksso pd(Vtable pd)
| | | |
| | | |
| | ]
| I
| _ |
GND (or pulldown reference typ/min/max value) GND (or pulldown reference typ/min/max value)

A. Muranyi, A. Girardi, G. Bernardi, R. Izzi, and B. Ross, “BIRD98.3: Gate Modulation Effect”, Oct. 2007, http://ibis.org/birds/bird98.3.txt.
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Output Ratio Modification

Step 1: Extract Kssp pu

ISSO-PU KSSO-PU
0 w 3.5 . : .
-0.02
typ 3
-0.04 min i
max 257
-0.06
< -0.08f 20
=]
8- 01t K V _ ISSO_pu (V) 15+t
2 o2l sso pu(0) .
014 l >
0.5
-0.16
018 or
0.2 ‘ ‘ ‘ ‘ : ‘ : 05 : : : : : :
-2 -1.5 -1 0.5 0 0.5 1 15 2 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
V-PU [V] V-PU [V]

Step 2: Apply Ksso py ON Ky, Driver output: Keso pu (6 Kpu (0 1pu (V) + Kpa(OIpa(V) = L5y (V)

* Can the ratio modification on K, represent the ratio change in output?

 WWW.EMC2025.0RG * #IEEE_ESP25




Ksso pu Effect on Output Waveform

Compare Kssoﬁlcoeﬁicient and output waveform slew rate ratio between power-aware and non-

power-aware IBIS model.

. Power-Aware IBIS Model

1.6
27 p PR
15| 7
14+ oA
I -

g A

~ 05} 7
121 /G

0 _ -
Vout@80% Vout@ZO% &
05| | slew rate = -
tvout@son — tvout@20% 2 &
p | | | | o P
0 0.2 0.4 0.6 0.8 1 z
. | /ﬁl
time[ns] z
0.8 ,3
s Nop-Power-Aware IIBIS Moldel slew rate PA _Z
slew rate ratio = & = © ~Kssopu
slew rate NPA P — A —Slew rate ratio: PowerAware/NonPowerAware

064~

é 0.4

-04 -03 -02 -01 0 0.1 0.2 0.3 0.4 0.5
voltage deviation

o The ratio modification applied on the K, switching coefficient can represent the

0 02 04 06 08 1 ratio modification on output waveform.
time[ns]




With Ksgo 5, Ratio Modification

1.6

141

1.2}

1_

0.8

Vout[V]

0.6

0.4r

SPICE
PSIJS modification v2
PSIJS modification v3 with ksso

0.2

0 0.2 0.4 0.6 0.8 1
time[ns]

* After ratio modification, the slew rate of the output waveform is improved.
* The slew rate change introduces time difference.

 WWW.EMC2025.0RG * #IEEE_ESP25




Time Difference Correction

Before slew rate modification: V¢ 4

V . .
out o After slew rate modification: Vi »

After slew rate modification and time correction

Vcc_w_no ise

0.5Vec typ

v

time

Propagation delay difference
Atyg = A —=1)/(r-k)-0.5 Vi typ
 WWW.EMC2025.0RG * #IEEE_ESP25

Assume the output rising edge 1s a linear function
Vout_l - k -t + b1

Vout_2=7‘°k°t+1‘°b1

where

k : slew rate of the non-power-aware IBIS model
r : ratio modification coefficient KSSO

Time difference at any voltage level
Vout .1 = Vout 2
k-tij+by=7r-k-t, +7-bq
to=1/r-t;+(1—1r)/(r-k) - b
At; = t, — ty

=A=n)/(-k)-(k-t; +by)

Y — =1 -=nr)/(r k) Vour 1(t1)




Jitter Sensitivity-Based Direct Ku/Kd Modification with Slew

Rate Correction (v3)

“PSIJS modification v3”: apply ratio modification on the IBIS switching coefficients modification in addition to the last

version.

Step 1: At any given time ¢;, the time-averaged power
supply noise that has accumulated since the input
switching

t.
Jo Vee(T)dT
AVcc (ti) = Ot— — Veco
i

U

Step 2: The delay difference At; induced by the
averaged power noise (with nonlinear jitter sensitivity)

Ati = AVcc(ti) X DC_PSI]S(AVCC(ti))

U

Step 3: The modified switching coefficient

Kpu(ti) = Kpuo(ti,) = Kpuo(ti + At;)
Kpa(ti) = Kpao(ti") = Kpqo(t; + At;)

A

VcC \
/7/—\. VccO

, Time Elapsed since Input Switching

K. 4 i i

u | |
I A K, With typical power supply voltage V

| ty P
| Aty —> "/—ri
— .

»
»

ty :151’ Ly :tz' tg: 1:53 " Time Elapsed since Input Switching
. o L L
b b | ' Modified K. with power supply noise
| N N e S
L o . ot - . .
L b ’,":ﬁ/ K, With typical power supply voltage V
1 : 1 : - ﬁI’
Lo P Lot
_muluﬂihli.-ﬂ-‘:‘:’:”” i »
(2] ty t3 Time Elapsed since Input Switching



Jitter Sensitivity-Based Direct Ku/Kd Modification with Slew Rate
Correction (v3)

“PSIJS modification v3”: apply ratio modification on the IBIS switching coefficients modification in addition to the last

version. i Additional steps in v3

Step 4: Apply the ratio modification K s, ,,, on the
updated switching coefficient D

Kpuz (ti) = Kpu_l (ti) X Ksso_pu(AVcc(ti))

I/'cco

v

| |
| |
| |
I ! |
I | I
| I |
| tlI tz I
I i i I
I ! ! . . . . I
. U Kz | | ABes gplying the o modificaion .
| Step 5: The delay difference At; induced by the ratio 1 i i ,zf Lo . o _ |
: modification . @Y S Modified Ku with power supply noise I
: : 7o I
| ae . = 1- KSSO_pu(AVCc(ti)) 05.V : ' ::’ﬂfi 2 | I
| i2— U0 Vee typ | /‘ i
| KSSO_pu(AVcc(ti)) - slew T'ateNpA __mnnl————/ ! | > :
| 0 ty ) tis Time Elapsed since Input Switching |
l ] e e s |
| | : I . . : : I
| Kpu A | : . A_ffer applying the ratio mo_dlflc_erg(in |
| Step 6: The modified switching coefficient 1 2,27 |
: ! L ,‘i)z' With time correction I
’ | i 7
| Kpu(ti) = Kpuz (ti ) = Kpuz(ti + Ati_z) i k’:,’ﬂti 2 . :
s’
: Kpd (tl) = Kpdl (tl) O__—__-._—.‘-”‘: /,, > :
1 t t t Time Elapsed since Input Switching

WWW.EMC2025.0RG * HIEEE_ESP25



Validation: With Power Supply DC Voltage Noise

1.4 ~22V —{Q — -

@) « After implementing the K ratio modification, the output

waveform behavior is improved.
@ —= — T

<8-Stage Inverter Chain Simulation Setup with DC Power Noise>

— SPICE PSI1JS Modification v2 PS1JS Modification v3

Voo 1.1V 3 3 3
Vee 1.2V
Vee 1.3V
Vee 1.4V 25 25 25
Ve 1.5V
Ve 1.6V
Vee 1.7V
Vee 1.8V
Ve 1.8V
Vee 2.0V
Vee 2.1V 1.5
Voo 2.2V

1] 0.2 0.4 0.6 0.8 1 ] 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
time[ns] time[ns] time[ns]

Vout




Slew Rate and Jitter Comparison

35 T T T T T T 700
d SPICE
600 —©— PSIJS Modification v2 | |
30 1 —#— PSIJS Modification v3
25 500 |
g & 400
= 20 o
® o
= @ 300 |
{ @
= 15| =
o
7 E— 200
10 t SPICE -
—©&— PSIJS Modification v2 100 |
—#— PSIJS Modification v3
5 ol
0 1 1 1 1 1 1 -100 | | | | | |
0.8 0.6 -0.4 0.2 0 0.2 0.4 0.6 -0.8 -0.6 -0.4 0.2 0 0.2 0.4 0.6
voltage deviation from Vtyp [V] voltage deviation from Vtyp [V]

* The modified model has improved slew rate behavior for the output waveform.
» The modified model can also capture the jitter when voltage noise varies.

WWW.EMC2025.0RG * HIEEE_ESP25




Validation: With Power Supply AC Voltage Noise — Single-frequency

Vic = Amp X sin(wt + @)

Vic

m y

-

ﬂ

| Vout

— 2pF

<8-Stage Inverter Chain Simulation Setup with AC Power Noise>

With single-tone AC noise, the output
slew rate and jitter can be correctly

modeled with the new algorithm.

Waout [W]

Waout [W]

1MHz, 15deg
SPICE
- = = P5LS Madification v3
0.2 0.4 0.6 0.8 1
time [ns]
30MHz, 45deg
SPICE
- = = P5LS Madification v3
0.2 0.4 0.6 0.8 1
time [ns]
170 MHz, 135deg
SPICE
= = = P5LS Madification v3
0.2 0.4 06 0.8 1
time [ns]
1GHz, 270deg
SPICE
- = = P5LS Madification v3
02 0.4 0.6 048 1
time [ns]
Amp =0.05V

P

IMHz, 15deg

SPICE
= = = P55 Modilication v3

0.2 0.4 0.6 0.8 1
time [ns)
30MHz, 45deg
SPICE
= = = P5LE Modification v3
0.2 0.4 0.6 0.8 1
time [ns]

170 MHz, 135deg

SPICE
= = = P55 Modilication v3

0.2 0.4 0.6 0.8 1
time [ns)

/o lGHz,\zmmeg

/j SPICE
= = = P55 Maodification v3
0.2 0.4 0.6 0.8 1
time [ns)

Amp =04V



Validation: With Power Supply AC Voltage Noise — Single-frequency

Frequency-dependent jitter sensitivity response

250 T T T ZEDE T 6

2004 o wr 200
g %* * *

[= 8
&15{' L — 4150 | SPICE
= SPICE 'g A Mon-Power-Aware IBIS
= =
= A Non-Power-Aware 1BIS = bl
c % Power-Aware IBIS S ; ;:ﬂ: :z',:“‘f”" E
N 400 | # PSS Modification v1 ®00p T ification
5 © PSS Modification v2 = PSLIS Medifiagtion v
o A PSIS Modification v3 o M
x
50 0T |
* % * ¥ x A A
X X X A A A o | 4 L A A
0 . ! .
108 107 108 10° 10° 10’ 10° 10°
Freq[Hz] Freq[Hz]
Noise amplitude 0.05V Noise amplitude 0.4V
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Validation: With Power Supply AC Voltage Noise — Multi-frequency

Vic = Amp; X sin(w;t + @) + Amp, X sin(w,t + @) + -

@ —P —1@

LI

Vee = 1.8V + 0.05 x sin(1MHz x t + 90°) + 0.05 X sin(30MHz X t + 45°)

40.05 x sin(170MHz X t + ¢3)

SPICE ' ' '
PSIJS Modification v1 N
i —Ar— PS1JS Modification v2

' - i
1]V @ B I %' !—'—PSIJSModiﬂcationvS
© 0 77
=

Vout -10

_30 | | | 1 1 1 |
<8-Stage Inverter Chain Simulation Setup with AC Power Noise> 0 30 100 150 200 250 300 350
Noise 3 Phase [deg]

Vee = 1.6V + 0.1 x sin(1MHz X t 4+ 225°) 4+ 0.05 X sin(30MHz x t 4+ 90°)

400
Vee = 1.8V + 0.1 x sin(1MHz X t 4+ 225°) + 0.05 x sin(30MHz X t + 90°)

+0.02 x sin(170MHz X t + @3)

+0.02 x sin(170MHz X t + @)
10 T T T T T T 15
SPICE SPICE
PSIJS Modification v1 PSI1JS Modification v1
) —— PS|JS Modification v2 210 —B— PS|JS Modification v2 -
= 5 —#— PS|JS Modification v3 = —#— P5IJS Modification v3
E £
| = 7
0 0 |
0 50 100 150 200 250 300 350 400 0 50 100 150

200 250 300 350 400
Noise 3 Phase [deg]

Noise 3 Phase [deg]

* The modified model is also valid with multi-tone power noise.
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Outline

e Introduction
 Motivation

* Previous Work and Limitation
* Lookup Table-based Correction Coefficients Adjustment (vO0)
 Jitter Sensitivity-Based Ku/Kd Modification with Correction Coefficients (v1)
« Jitter Sensitivity-Based Direct Ku/Kd Modification (v2)

 Jitter Sensitivity-Based Direct Ku/Kd Modification with Slew Rate Correction
(v3)
* Methodology

« Ratio Modification
e Time Difference Compensation

e Validation

 Conclusion
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4 Stages of the IBIS Model PSIJ Simulation Accuracy Improvement

1 — Lookup Table-based Correction
Coefficients Adjustment (v0)

2 — Jitter Sensitivity-Based Ku/Kd
Modification with Correction
Coefficients (v1)

3 — Jitter Sensitivity-Based Direct
Ku/Kd Modification (v2)

4 — Jitter Sensitivity-Based Direct
Ku/Kd Modification with Slew Rate
Correction (v3)

Step 1: K (t), K (t) extraction for typ/min/

Step 1: K, (t), K,(t) extraction for typ case

Step 1: K, (t), K, (t) extraction for typ case

Step 1: K (t), K (t) extraction for typ case

max case

v

U

U

Step 2: B,(t), A, (t) and B4(t), A,(t) extraction

Step 2: K, (t), K (t) extraction for max/min
supply voltage case with DC jitter sensitivity

U

U

Step 2: Nonlinear DC jitter sensitivity and
time averaged effect caused time shift
calculation

Step 2: DC jitter sensitivity and time
averaged effect caused time shift calculation

Step 3: K (t), K,;(t) modification with B, A
correction coefficients and time averaged
effect

Step 3: B, (t), A,(t) and B,(t), A4(t) extraction

v

U

U

Step 3: K (t), K (t) direct modification with
the time difference

Step 3: K, (1), K4(t) direct modification with
the time difference

Pros

* Can account for the delay change caused
by power noise.

Cons

* Modification process includes processing
corner information.

Step 4: K, (t), K4(t) modification with B, A
correction coefficients and time averaged
effect

Pros

» Straightforward modification based on only
one keyword relates to power supply voltage
fluctuation.

Cons

* Not applicable with large voltage noise.
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Pros

* More simple and efficient process.

* Applicable with large voltage noise.

Cons

*  Output waveform slew rate cannot be
characterized.

v

Step 4: Apply the ratio modification on K, (t)

e

Step 5: Calculate the time difference caused
by ratio modification

U

Step 6: K, (t) modification with the time
difference

Pros

* Both jitter and slew rate can be accurately
predicted.

Limitations

* Depends on parameter extraction.
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Non-linear DC Jitter Sensitivity

Non-linear PSlJ Sensitivity
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<Non-linear DC Jitter sensitivity>
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PSIJS = - * The DC PSIJ sensitivity is a function of power supply noise amplitude.

V - Vtyp

When the noise amplitude is small, DC jitter sensitivity can be treated as linear.
* When noise is larger, jitter sensitivity shows obvious non-linear behavior.
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