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———————————————————————————————————————————————————————————————————————

> Data >> Big data requires high bandwidth>

Al > Algorithm > Relies on computing power >

-

o T o — — — — — — — — — — — —
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> Computing Power > Supporting data and algorithms >

———————————————————————————————————————————————————————————————————————

Driven by Moore's Law, the improvement in AI hardware computing power is the most

crucial factor for the development of artificial intelligence!
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1. Pl Challenges in High-Power Computing Scenarios

« What is the core issue that needs to be addressed during the process

of enhancing computing power?

o T e e

N\
\

/" The data transmission between
nodes is the bottleneck that
restricts computing power.

'

High-quality high-speed
interconnection

}

" Signal Integrity ’
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S Signal integrity \
optimization

Signal
Integrity
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Enhance the
N computing power ,
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1. Pl Challenges in High-Power Computing Scenarios

High-Power Computing 82
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Signal integrity

Heat dissipation

Warping

» The power distribution network (PDN) is the largest and most complex

interconnection structure in a chip (About for 40% - 60%).



P23 A 1. Pl Challenges in High-Power Computing Scenarios

XTDIAN UNIVERSITY

High computational power--) High power consumptioD

High integration level--)) Not enough area for decouplir@

Complex operating modes--)) Current imbalance >
More power rails--)) Complex coupling >

Induce numerous difficulties in the power integrity design process.

‘ More design ingenuity is required! ‘




P2z e2 A 1. Pl Challenges in High-Power Computing Scenarios

XIDIAN UNIVERSITY

Constant target Brute-force

_____________________ \
: o I I impedance method Solve the problem of I
: The performance eValllathIl : | Solve the problem of method / time consumption
o o excessive constraints
| of PDN is an important part | | athigh frequency :
3 3 - 3 | x : Worst-case . .
rof its design optimization i S Mime el Over-design with |
: rocess . Frequency- : Freque¥1cy domain method some products
I p ° : | dependent target z el w | A I
I I I impedance / F—— — — — — — — — — — — — — |
| . e | \ / Vectorless method Modulated-based method | |
| EXlStlng methOdS . 1 l | (Difficult to obtain (Difficult to obtain worst-case |
I I / | current constraints) modulated current) | l
| ° 1 . 2
I D F req uen Cy d omaliln I | Ignores transient Performance Rogue wave Closed-form expression-based method | I
I I response luation of PDN method (Cannot calculate worst-case current |
I . . I l l cvatuation ¢ I (Complex) excitation) | l
O Time domain o e
I | l System over-design B - |
I [ ] [ ] [ ] I A
. O Statistical domain | | et |
e e . e —— domain " |
, / Infeasibili f
| Simulate the voltage Derive from the l Based on the / "\_.,__/-/ Brute-force silllnfl?:slltingltlyo(v)v- |
l | noi'se' and obtain its statistica‘l parameters of |  Gaussian method o G l
| statistical parameters  the excitation current | assumption |
|- ——— =
l s |
\ Power supply noise doesn't always conform to the Gaussian assumption /
N -
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» Analytical calculation for the standard deviation of voltage noise
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» The method of calculating the statistical distribution of voltage noise
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Standard deviation of the Calculation of the worst- Calculation of statistical
dynamic voltage noise case voltage noise distribution of voltage noise
Calculate the maximum noise Calculate the probability

The analytical calculation for

o and solve the problem of distribution of noise and
the standard deviation of voltage . . .
) efficient and accurate provide a comprehensive
noise.
quantification of system noise. assessment of design quality.

2025/11/4 10
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1. The method of analytical calculation for the

standard deviation of voltage noise

11
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Proposed Method

Current acting upon the PDN impedance will cause voltage Noise

current multiplied by impedance equals to

On Die .
N Chip Current Voltage,

______________________ Dynamic
Voltage —
VRM  ASIC Noise [ X Z U
Rdie .
: PCB Package : Tcdie $ In frequency and power spectral domam,
| T
I

Consumption

i - | Parseval's theorem
Statistical Standard |

| Current Z-parameters Deviation of | . ..

| Consumption \ ! ot PDN Dynamic Voltage | Obtain the standard deviation of the
|' Waveform \ Noise for PDN |

I

_—)) | dynamic voltage noise.

A Method for Calculating the Standard Deviation of Dynamic Voltage
Noise by PSD (power spectral density) and Z-parameter.

2025/6/15 12
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Calculation of the Power Spectral Density (PSD) oo

|

0.5
i 1 1 3 0'45}> E‘Slzz:ltMude | C t
» Current consumption behavior exhibits ol | urren
randomness. o Consumption
. . . § 03 1 mOdel
» Current consumption behavior subject 2o [ |
— to logical constraints. 02f
0.15F
0.1r
-11 L L L 1 .-.II‘-.T L L L
mrmrEmrEmEE=N, o t0 . . . . . . . . 0% 0.0\ 02 03 04 05 06 07 08 09 I
l’ . \ gL Multinoulli Process | Idle Current State Time (us)
I Tools for describing | | T bonder Markoy Proces
| _ _
randomn | i
. do €SS . %6 Multinoulli process P Py P
| . 1 = '\ 1-order Markov process
- Auto-correlation . =Y Multi-order Markov process Pxi -+ Pxi - Pxu
| I 3r
" ° ° ° - 2
1 Wiener-Khinchi , [\ . Pun o P Pan
5 I P W \‘\‘":5,_+""". ....... e ‘ . S Y S
\ % 01 02 03 04 05 06 07 05 09 1=1 ! ! M]
* m s Em s s s Em s Frequency (GHz) pl . pf . pfl-{
The amplitude of current consumption in each Proposed method can calculate the PSD for
cycle is a random variable. various current consumption
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Results

Comparison of the standard deviation of the dynamic voltage noise

I U T T R

Methods Results (mV)
The proposed method 3.25 1.69 6.43 0.67 3.30
Transient simulation 3.25 1.69 6.45 0.67 3.30

The results of the proposed method is accurate

Relative Error

Brute-force Simulation Values | | 4 Ve rify rObustneSS

— — — - IPN Values

13.5

 Fit well !

o
Voltage (mV)

Relative Error (%)
<
W

 Relative Error less than 2 %

1
i)

* Time consumed in 1 second.

0 ) ) ) ) ) ) L5
0 100 200 300 400 500 600 700 800 900 1000
Frequency (MHz)

L —————
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Die2[ ][ IDiel
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Results

4 \
I 1
[ i I
ie3 Port 3
] Die ) !
: ——— I
: 2\ :
1 & E I
I S, I
i ( ) VRM Z-parameters £ :
- | L :
: - [
: | 105F 2 \ i
. — — = Z(f2,1
| Die2 —@— Port 2 S |
l -6 1 1 !
[ — Rpi 4F Cpi 102 104 106 108 10'0 :
: Frequency (Hz) :
4 Calculate the voltage noise at Port 1 )
Random Process Proposed Method Transient Simulation Relative Error

(mV) (mV) (%)

Multinoulli Process 7.148 7.120 0.394

One-Order Markov 8 732 R 700 0.339

Process ) ) )
Two-Order Markov 9.859 9.840 0.198
Process ) ) )
Different Random
Process for each Chip 8.196 8.238 0.517
15
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of 2 A _
-3
_ Multinoulli process x10 1
. s — — — l-order Markov process
10 : - - - . . . . A . . . .
10° 10° 107 10° 107 10" 1008 06 04 02 0 02 04 06 08 1
Frequency (Hz) Time (ms)
Measured Impedance Curve Measured Voltage Noise
e =

Accurate !

i—————————————————————————————————————,

i \
I

Oscilloscope : :
PP NBoad le Mru ! - Proposed Method Measurement Relative -
_ ! : andom Process (mV) (mV) Error(%) I
I Sense | 1 I
- Inductor 1
L Resistor n1ogFET) : :
| llll I L I | Multinoulli Process 0.5739 0.5456 4.92 % :
Powe ] | Capacitor I_@ : One-Order Mark i
T IIII | | e Ay 0.3999 0.3857 3.54 % .
= _ T=T=T= _ J- : Process :
! Three-Order Markov -

i 0
Topology of the Measurement Platform ! Process 04002 04167 4% :
s ________________________________________ I, N e e e e e e e e e e e e e e e e e e e e e e e e e e e e e T T 4
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2. The method of calculating of the worst-case

voltage noise

17



Load Current

Modeling

*
*
*
*
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Power supply noise assessment method

01. Calculation of the Worst-Case Voltage Noise Based on Ramp Current

Encode the current state

O U

Low activity

v

0 1 0 0 1 1

'High activity

V-

SRTECTI T

[ 00 |

o1 | [1r ] [ ]

“01”: The ramp current from low to high;
“10”: The ramp current from high to low;
“00”: constant low-activity current;

“11”: constant high-activity current.

The ideal current of “01” and “10”

Ir(t) =

I .. 0, ¢>0
= t>0 L(6)=1]

f - max
0, (<0 5> =0

2025/5/24

Calculate the
Voltage Noise

€ Calculate the worst-case voltage
noise and the worst-case current
excitation

M, | M, 3]

~

~
LA ?(V;‘ +0) |
|

f(®)
D)

~

~
L&o ?(VJ +0 |
|

lvf(-)
B | [l K8
™~ ~

—_——

|Pl_»c.11 | (V{'H +0) | |Pﬂl\-‘-11 |(VQ‘V' Pu.a-‘-lo (Vl{\ul +0)
[
1) | 1)
P‘,A\' (Vl\) . PD,\‘ (Voﬁ‘)

BYk#RY | @) |

Ve

~

Get response of excitation current 01" and
“10" by transient simulation

v

v

Construct and initialize
dynamic matrix M,

Construct and initialize
dynamic matrix M

Calculate maximum/ minimum
voltage noise with a current
excitation mode of “17

Calculate maximum/ minimum
voltage noise with a current
excitation mode of “0”

v

v

Calculate maximum/ minimum

excitation mode of *1”

current excitation with a current

current excitation with a current

Calculate maximum/ minimum

excitation mode of “0”

Y

Y

Rebuild dynamic
matrix M,

Yes

Rebuild dynamic
matrix My

-

Combine M, and M to get maximum/ minimum voltage noise and
maximum or minimum excitation current

18
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=

S~
=4
~

15um  Copper | !

VCC 30um Copper

Current (A)
=1
0o

o b
o b

GND 30um  Copper 15um__Copper | :

Current (A)
Current (A)
. (=4
[ )

i i 5
1 ! 1
i i i
i i i
1 ! 1
i i i
1 ! 1
: i i i
Bottom  42um _ Copper Bottom  15um  Copper| : P02 i P02
PCB i Pack : ' ' i 0 5 10 0 5 ] 0
. ackage 40 60 ! Ti i Time (us) !
(Allegro PCB Editor) : (Allegro Package Designer+) : Time (us) ! ime (us) i !
T ' ] 1 H 1
- et frommme et " i \ ' ) ' i 40 ' i X: 4.998:Y: 27
S 6562 Y- IS X:0.217;Y:20 o o Lo of xamgy:
v IC-package-PCB co-analysis E X 656_'%’Y',8 o EE i E 20 X:9.704;Y: 25 ! i =
~ i g 1520
S-Z%1 (PowerSD) gl) i ;':D i g‘) 0 i o
- 15 e 1=
= FImTr T g - S =20 -40 MU
Build Transient Simulation S X:2512:Y--14 19 X:0.573; Y: 26 P9 X:9.770; Y: .240] S X: 9.998; Y:-34 |
v Circuit in ADS - ’ i -40 I I ‘ i -40 : 5 1‘(‘)
1 1
S-parameters . 500 H 2 4' 6 i . 5 10: .
i it Time (us) i Time (us) : Time (us) i Time (us)
I Rdm
o T BAGERE  ®E RN
Simplified view ofa CPM = | GND .
ST = : PRBS current modulated by clock gating current sequence of 38.0 MHz 50 mV — 10.3s

AC Simulation

Transient Simulation

N S S S

‘ | [ ; E ; : PWL current modulated by clock gating current sequence of 38.0 MHz 46 mV -8% 10.2s
§J\[\/\ ; i : PWL current modulated by three gating current sequences 49 mV -2% 10.9s
- ) : Proposed method 61 mV 22% 12.3s
. Fre 1) S o /,’ The proposed method obtains more accurate results.
\N_ ___________________ _”
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01. Calculation of the Worst-Case Voltage Noise Based on Ramp Current
Compared With the Rogue Wave Method

The proposed method obtains more accurate results.

. .
P — — , Worst-case current excitation .o o oo ——————— -
s S i 15 |
4 R S 12 )
/ A 3rd-order PDN circuit model \‘ : :
1 . . 1 L
I used in comparison 11 I
08 05 |
1 11 R _ R
i VRM and PCB Package Chip 11 Z 06 = . z :
11 B R e et = g
: Rvem pes Lvru pes Rpch pkg dic Lrcn_pha dic 11 E 04 = i !f & !
0513 .
1 2mO pryes 1 mQ 11 0. E 05 H :
0
| c C L Cae 11 aH H
1 lO:;F 5':; 0.1 uF 11 . %555 299.4 299.6 299.% 3001 :
11 e ; ; ; ; : T st i i idat i bt et s
: < Rpoun 11 = 0 100 200 300 400 500 600 260 265 270 275 280 285 290 295 300 305 1
I C_) ov 2 mQ 6 mQ @) 11 Time (us) Time (us) Time (us) 1
1 Lioant “ ZRd‘h 11 . 1 1
I 20H e " I 1 Worst-case voltage noise :
11
: ‘ 11 150 s0r 1
= 100k = I
: J_- GND : : —i/ Z 100 £ 9 ﬂ I
12 = = 7
| 11 Z 0 2 % -sof |
1 11 4 2 ® s I
=) S B L
Response of excitation current "01" 11 = ook éﬂ g 1 1
i 20 o oL | 2100 S o ]
I 2 —— Response of excitation current " 1) I I Worst-case Voltage Noise: 403 mV > B _1sok I
00 .
1 11 v:203 1
1 fE 0| N e e e e e e 11 3 : T -109; 5 o8 B % 205 T 25060 565 57 575 580 585 590 595 60 -
& 11 100 00 300 7T 500 600 70 275 280 285 200 2905 300 305 310 0 565 570 575 58 585 590 59 600 |
I = Time (us) Time (us) Time (us)
1S9 5238MILz  999.00KILz  69.15 KHz T T .. T T T T T e e ey ey e |
s A S S A S
I - '/\ RSN A~ I .
1 <AL AR IX0wem - Proposed Simulated result based on proposed Rouge wave
I 0 1
=50 a a
i 30 oot 0o o T 10100 1000 1 worst-case current excitation
\ Time (us) ]
N 50 100 150 200 250 300 /
. Tine ) .’ Voltage noise (mV) 403
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Power supply noise assessment method

01. Calculation of the Worst-Case Voltage Noise Based on Ramp Current

Current (A)

2025/5/24

Worst-case
current
excitation
calculated
by responses
of the ramp
currents

Measurement

Peak-to-Peak:
494.6 mV

Voltage noise for Voltage noise for
worst-case excitation I arbitrary excitation

Peak-to-Peak:
454.1 mV

X

e e e e e

The proposed method is more efficient. 21



('

N
Q2L

£
% 7S
4’ UNN‘-

2025/11/4

TEEF A% Power supply noise assessment method

XIDIAN UNIVERSITY

3. The method of calculating the statistical

distribution of voltage noise

22
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Power supply noise assessment method

02. Calculation of Statistical Distribution of Power Supply Noise

Voltage noise statistical distribution analysis based on

multiple pulse currents
s

/ PDF of power supply

Current feature extraction & current encoding

o o 0, =0
noise hard to obtain! | cumen -
| Lynax . }s(l):12 1, Il e (O,%'l]
Atth f chi e~ | AR i S A -
¢ expense of cip Design assessment Area pi s(I) = 7 7
performance and constraints | 7 i . ol VoD s(D)=6 i, [le(™.(G-1),—2x.q]
power consumption Calculate Add e A g 71 \ ] no n
worst case decoupling limited | 7 Y
=1
Reldulcie Incrgase Volt.age capacitors number of | 0—= . }T?I(i} n, Ie (_Imax .(n—l),_lmax -n]
frecq :l)zncy tran.s1st0r noise decoupling | 37, n n
BIAE Design feedback i
Repeated '\lg_/ capaCItorS . . . . . .
N 0 S ] | Calculate the Statistical Distribution of Noise
| ‘ o T 7or ‘ T ‘ o | 7 ‘ 5 ;‘_T_’”"_: The voltage and corresponding probability in
Modify the chip Optimize the PDN | i ° T 0 : [ the sth matrix at the k™ sampling point in the i
. 2 | iode
Q design ), \ design W, | 1] O ‘ 1 ‘ | -1 : oy period:
W \-\y/ H : : I: : V;’k :[Voifl’k +v;‘k,Vli71’k +V§’k,"',Vniil’k +v§’k:|
N . Time-consuming | O R s : : " : . e 1 w1 R
h < | : ' | B —[PJ’ IR TG m}
. . ) T\') K TLI( n T k I TM K
Ensure the power supply voltage stays within the chip's Transient | no|\T, n T, : rl
1Mo rAanoce e e e e e e e e = — —_
normal operating range. N\ smwikifem | : 1| Tk = [TOM,k 71M k TﬂM,k:I
Woltage margin>PDN's worst caW | £ I ik
/ | E I | | T,k_|:xk:| VOMk Vle Mk
| = K} i, = n
+ I | | ] > : F, -L POM k EM,k pMk
Voltag n
\ Assess chip failure probability within a specific time window b
—

. based on the PDF of power W / 23
N e
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02. Calculation of Statistical Distribution of Power Supply Noise

Comparison of voltage noises obtained by the transient
simulation and the proposed method

- ~J g k . , ;
¢ R L C (0603) C (0402) 10 . = B \\ L
[ T o = N .85 O | it 010 || T s [ Y ¢ Ip-p of the load is 1A
I - 10 1
: I : € Rise/fall time is 0.1 ns
| > W 1 q g
i : o . € Pulse width is 1 ns
B g
' - : @ 20 samples i iod
1 & ([ Freq:100mmz I sampies 1n one perio
| Mag:0.0040hm I
: v| 4 ; : : . : e o 02 0.3 04 0.5
< » 4 6 & 10 Time (us)
: 215 mm o 0 FrenI]O(Hz) v . : P nos .
The top view of PDN Chip 1 | V)|, =R (1) + Z((;)'R(to =JT) =V eaay)
] ' ' .
1
: 0.5 PUIse current response : / \ g I_’Il'ransicmsimula[ion mcll)odl
: Pacé‘?:jg‘j'uf’ . . I ‘ 4 current levels . memsnsnnsns Calculated based on (3)
1
Thie side view of PDN ~. 1 q c c
: OB stck o : € transient simulation | - | |
f4-1 g -1 E
! - T Z 0 I & proposed method 5 « |
-1.5 1 2 .15k
| -1
I \Kr » H
] 2 ) ! | @ The fit goodness for e -
\ 25 ; . /] "OW |
: 0 01 02 03 04 05 g 4
\\ 3 ) ) . ) ,I tWO curves 1s 0'9979 Y85 0212 o214 0216 0218 o2
\\ 0 0.5 1 L5 2 2.5 3, \ ) 02 04 06 08 1
s I IA] (us) -~ Time (us)

N e S S S N BN BN BN BN BN BN BN BN BN BN BN BN BN BN NN NN NN NN NN BN BN BN BN BN BN BN BN BN BN B NN NN N
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Power supply noise assessment method

02. Calculation of Statistical Distribution of Power Supply Noise

Comparison of PDFs of noise obtained by the transient simulation and
the proposed method

*

*

The amplitude of the load current

0.025 T T v - : v
was categorized into 2 levels, 4 ‘ e roposed. ettigd
0.02 + ransicnt simulation mcthod
levels, 8 levels, and 10 levels, | - -
o = 0.015¢ H
r ively; 2
espectively; | E L 2 levels
Utilizing the proposed method in | £ &
conjunction with current pulse BT .
responses of varying amplitudes 0-S =t <
. -50 -40 -30 -20 -10 0 10 20 30
to calculate the voltage noise PDF. Voltage (mV) .
. Linear
0.025 - - .
1 Proposed method
i 0.02 | |fas=sden ‘I'tansient simulation method
0.8 b
< 06 = 0015
g ot ié: 0.01 8 levels
0.2 0.005
-45 23
0 0 o ' o)
-50 -40 -30 -20 -10 0 10 20 30

Voltage (mV)

0.025 T -
Proposed method
0.02 ==== Transient simulation method
& &
= 0015
2
2 o 4 levels
[
0.005
-45 23
0le o0
-50 -40 =30 -20 -10 O 10 20 30
. Voltage (mV)
coordinate
0.025 T T T T
Proposcd method
0.02F  |rememen Transient simulation method
2
= 0.01I5
=
£ o001 10 levels
&
0.005
45 23
0L 8 =
-50 -40 -30 -20 -10 O 10 20 30

Voltage (mV)

S
)
&

Probability
5

3

-60

g v

0 e,

» x
m

== Proposed method i
------- » Transient simulation method 1

10(}

._
<
A

Probability

107 100

-50 -40 -30 -20 -10 O

10 20 30
Voltage (mV)

= = ] 10°
/\\ 2 leyels

Probability

1050

-100

4 levels

e
\"‘

Proposed method
Transicent simulation method

=50 -40 =30 -20 -10 0

10 20 30
Voltage (mV)

Logarithmic coordinates

= Proposed method
------ Transient simulation method

-50 -40 -30 -20 -10 0 10 20 30
Voltage (mV)

8 levels

Probability

2
n
<

]0-100

\ 10 levels

P |

Proposed method
“I'ransient simulation method

=50 -40 -30 -20 -10 0 10 20 30

Voltage (mV)

T|mc (u.\)

Mean

(mV)

Transnent simulation -11.191
Proposed method -11.191
Relative error (%) 0.000

Standard deviation Mean Standard deviation Mean Standard deviation Mean Standard deviation
(mV) (mV) (mV) (mV) (mV) (mV) (mV)
0.073 -11.191 0.073 -11.191 0.073 -11.191 0.073
0.035 -11.191 0.084 -11.191 0.072 -11.191 0.073
52.055 0.000 15.068 0.000 1.370 0.000 0.00
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