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Steve Sandler
Managing Director, Picotest

Steve@Picotest.com | Picotest.com

Steve Sandler has been involved with power system
engineering for more than 40 years. The founder and
CEO of Picotest.com, a company specializing in
instruments and accessories for high-performance
power system and distributed system testing
DesignCon 2023 Engineer of the Year.

Benjamin Dannan
Chief Technologist, Signal Edge Solutions

Ben@signaledgesolutions.com | Signal Edge Solutions

Benjamin Dannan is the Chief Technologist at Signal Edge
Solutions, a senior member of IEEE, and an experienced
signal and power integrity (SI/P1) design consultant, advancing
high-performance ASICs and developing advanced packaging
solutions for high-speed digital designs.

Heidi Barnes
Power Integrity Applications, Keysight Technologies

Heidi barnes@keysight.com | Keysight.com

Senior Application Engineer in the PSS EDA Group of
Keysight Technologies. Her recent activities include the
application of electromagnetic, transient, and channel
simulators to solve signal and power integrity challenges.
Author of over 20 papers on Sl and Pl and recipient of the
DesignCon 2017 Engineer of the Year.

Idan Ben Ezra
HW and Pl Engineer, Broadcom Ltd

Idan.benezra@Broadcom.com | Broadcom.com

Hardware and Pl engineer at Broadcom Semiconductors,
DNX group of CSG-Switch Products, in Israel. In Broadcom
Idan is a Focal point in full system Power Delivery Network
analysis design stages. Idan has hands-on experience with
lab power measurements including correlation to simulation.
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* How do we build it?

= Validation with Step Loader — How Hard is This?

» Measure-Based Modeling of the Components and PCB EM Models — Why Measure?
» End-to-end Digital Twin Simulations — Why Simulate?

» Measurement Case Study — It Works!

WHERE THE CHIP MEETS THE BOARD
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®  Motivation:
= The goal is to demonstrate how one can effectively validate a 2k Amp core power rail design using a substitute 2000
Amps step load device
= Why:
=  While 2000 Amps may seem excessive, the increasing processing power of Al, data centers, and supercomputing has
already exceeded this current level (NVIDIA X100 ~1500A)

= Challenges:
= VRM solutions including modeling (measured based)
= Driftnet input stage (48V)
= Thermal design
= Simulations for Transient, Frequency, EM, DC, and Electro-Thermal
= How to validate this kind of step
=  Projected dynamic current (ultra high speed testing)
= Bandwidth of the current from the package
= ASICisn’t available

W
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Today s 1000 Amp Stepper Solutions

Renesas 16 power tower solution for 1000A LoadSlammer for 1000A Peak
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Next-Generation 2000 Amp Stepper Solutions

Renesas 16 power tower solution for 1000A

K’ LoadSlammer for 1000A Peak

o -
<> PICOTEST

Picotest 2000A interposer
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= Who and Why needs 2000 Amps?

= Validation with Step Loader — How Hard is This?
» Measure-Based Modeling of the Components and PCB EM Models — Why Measure?
» End-to-end Digital Twin Simulations — Why Simulate?

» Measurement Case Study — It Works!
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= VRM Vendor
= MPS and ADI (Analog) only supported this scale
= How:

= Two major architectural paths today (48V - core voltage) and (48> 12V/5V -> core voltage)
= The implantation:

= 5 x[Controller + 2 Followers] monolithic models : | -
(55 phase total) |
= Up to 2200A peak and ~2000A SS I It =
g 3 Tt 5

R
:
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_ 48V -> Core Voltage 48V -> 12V/5V -» Core Voltage

Topology Resonant Converter Two Stage Buck Converter
Advantages = Good Efficiency = Flexible Combinations
= Higher Energy Density = Multiple Vendors

=  Optimized Cost
= Wider Operation Range

Disadvantages = Complex Control = Lower Energy Density
= Higher Cost
= Narrow Operation Range

. 12V or 5V

M1 'V'Z:I} G lpRe  LsRs M5| M6[ Vo

—=F = |‘| —=% 4 -
Vi 1 Y | cz2| Vin Vo
C‘) TCL Lmp: Lms T C_) 3

M7 M8

—=% 4 —|‘ T_|, '|'

+
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= Fix 4:1 Ratio Step Down 48V -> 12V
= Use Fully Integrated Module 12V -> Core Voltage b : i
* 1xMPM3698 + 2 x MPM3699 for 400A k . .

= 5 Sets to total 2000A -

= Wide V,, for 36V to 54V system
=  Wide Vg, for 0.4V to 3.3V core voltage

________
uuuuu

WHERE THE CHIP MEETS THE BOARD
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Current Mode Control vs. Constant-On-Time (COT) VRMs
COT Advantages vs. Current Mode _
= COT can switch faster

30A 30A

1
. 24A 1 24A
* Faster load transient response on , ““‘w"\j/\f\\f\\f\\/\ -~ TN —
= Reduced PDN output capacitance ™ | 5 hono o _
. . oA //’F Energy unbalanced in oA Multiple PUlSESI
Simpler control loop o {_transient > Vo,y Undershoot # =< reduces delay time
15V : 15V
sw
v
Vcomp has already responded, but the
system needs to wait for internal CLK to v
turn on SW : 1.2V
120V a i _‘_h_‘/.\i?i} 1.20V —_h‘_,ql\\//_ _‘_‘_\_\r‘_“‘f e
1.15v 1158V
Vour undershoot 1ov L 1ov
due to CLK delay 1.0V " 1,05V
1.00v : 1.00v
' 796ps I B06ps 816ps . T96ps 799ps 802ps 805ps 808ps 811ps 814ps

Source: monolithicpower.com/en/advantages-of-constant-on-time-control-in-dc-dc-converters
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= Who and Why needs 2000 Amps?

= How do we build it?

» Measure-Based Modeling of the Components and PCB EM Models — Why Measure?
» End-to-end Digital Twin Simulations — Why Simulate?

» Measurement Case Study — It Works!
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How to Validate PDN with a step loader

= Validation task:
= The validation task involves ensuring that the power delivery network (PDN) can handle such a large load (step and
steady state) without causing voltage drops, noise, and other issues that could impact the operation of the system

Optimizing

_E Modeling & I’
Analysis

Understanding _K.

Design Simulations Measurements

the PDN

Optimizing
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PDN Design and Simulation Validating steps

= Understanding the Power Delivery System
= VRM Vendors, Types, Scales, PDN (PCB, Package and Die)

Die #1 Die #2

-I- o p S | d e M et a | L a y ers 0,0,0,0/0/0/0/0/0/0/0]0/0/00.0,0.0.0,0.0) @0 0/0]0/0/0/0/0]0) M | Cro- b um p S
000 OOOO000000 OO0V00 bumps

RF Connector I— <;Package Vias

\ Sense Nets

PCB Vias

PCB

L1 11 ] .
Bulk Near Device Capacitors

VR M Capacitors
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= Voltage Regulation
= Selecting the right multi-phase VRM solution is crucial to achieve a successful working design
= Switching frequency, LBP, TLVR, Load Line, etc.
= Modeling and Analysis
= Using modeling and simulation tools to predict how the load will affect the power delivery system (VRM, PCB, PKG,
DIE CPM, Sensing points)

= Simulate the Load — The powerful EDA tool

48V VR 48V VRM 48V VRM 48V VRM 48V VRM
Group 1 T Group 2 froom Group 3 4. |...Group 4 |....Group 5
480A - MPM 480A - MPM " A80A - MPM “480A - MPM 480A - MPM
***check phasing is correct ***check phasing is correct ***check phasing is correct ***check phasing is correct ***check phasing is correct
PDN Capacitors VOUT_SS PCB PDN Step Load

DesicnCon'ezz “3°7  JAN.30-FEB.1,2024 #DesignCon 16 () informamarkets
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= Transient Analysis

= This will help to identify the voltage noise ripple magnitude of the undershoot (droop), overshoot (kick), and any
resonant ringing on the power rail

Simulated PDN Response for a 2000 Amp Step Load
e 11 6

ro
- | -5
= 0.9 i
o -4 Q
[=8 N 3
=3 [, 2
o 0.7 F3 =2
@ N —
g £ e Current 2 g
S 05 . i1 Step
= : : : H I
P Load :*1
0.3+ T T+ T T T 0
0.0 05 1.0 15 20 25 3.0 35 4.0
time, usec

= Noise Analysis

»  When adding the Die behavioral di/dt (from the CPM), check for any unwanted noise or spikes in the power rails
during the step load transition

DesichConesn oo
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Thermal Analysis
=  QOperating at 2000 Amps steady state, along with large dynamic step loads, can generate significant thermal heat rise
in components

No Cooling = N\ With Cooling

766 C 37C

Thermal analysis for a 2000A load with no cooling on the left, and with cooling on the right. This is a
symmetric design, so the hottest location is in the center with 766C on the left with no cooling, and a
reasonable 37C on the right with ideal water cooling

DesicnCon'ezz Wi’  JAN.30-FEB. 1,2024 #DesignCon 18 () informamarkets
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= Measurement Equipment
= |nvest in high-quality measurement equipment before trying to measure this kind of step

= Small signal vs Large signal
= Small signal represent relatively constant signals and typically have small variations around a nominal operating
point (DC), how impedance varies with frequency also for stability and noise margins
= Large signal focuses on phenomena such as transient, step response, voltage droop

The large signal response shows 2
different responses for the same
step load change.

Voltage vs. Time

WHERE THE CHIP MEETS THE BOARD
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= Testing
=  Once we have done the necessary design simulations and know what to expect, it's time to test the system.
=  We will check it in both time and frequency domain, voltage drop and Current step

6E-2
Current step i e \_OFff
1E-3—
Voltage el p ON
I I I I I
1E2 1E3 1E4 1E5 1E6 1E7  4E7

freq, Hz

2-Port Shunt-Thru
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How do we build it

Validation with Step Loader — How Hard is This?

End-to-end Digital Twin Simulations — Why Simulate?

Measurement Case Study — It Works!

WHERE THE CHIP MEETS THE BOARD
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= Accurate simulation results require a high-fidelity VRM model and the PCB effects!

VRM Topology

g PWM_PH3 PWM_PH2 PWM_PH1 VIN
it ™) =7 M m
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= Measurement of VRM impedance (OFF/ON)

= PSRR Model from SIMPLIS used to tune PSRR response of VRM in ADS

= The VRM model was built for MPM3698 since this can be scaled since
gain parameters for MPM3698 and MPM3699 were the same

PSRR from SIMPLIS
Picotest MPS EVAL Board OFF Impedance Picotest MPS EVAL Board ON Impedance
e Measurement vs. Simulation = Measurement vs. Simulation
P " ‘
/;
—
- ~ B4 MEASURED 1E2
- S, SIMULATED @
w 4 <=
u i wa
1 o35 =z MEASURED
4 2N jes 8°, SIMULATED
/ - N 1E-3—
= N
N'
L)
1E6— - 0
. 1E4 L] | ; 1
1E2

1E2 1E3 1E4 1ES 1E6 E7 SE7
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= There is not an agreed-upon standard Capacitors models from vendors
= Every single capacitor used in this system was measured prior to use in PDN

Large Cap Options Small Cap Options

4= 1uF 50V

2.2uF 10V

330uF TCJ

/

1000uF T530

560uF
470uF EEF — Panasonic

Frequency (Hz)

WHERE THE CHIP MEETS THE BOARD
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The Need for PCB EM Models

= Power delivery is AC not DC, and no matter how perfect the voltage regulator there is

always some parasitic path impedance.

Voltage IR Drop

Delta 10mV from
outside to inside
with 1000 Amps

Current Density

M 5555 |
: e E Fewer VRMs and more
E routing perforations in
- the upper left lead to
B higher current flow

mﬁ from the lower right.

i

Fast DC IR Drop EM simulations show minor symmetry differences in the PCB power distribution

network and optimum placement for sense lines.

DesicnCon'Ezn
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Without PCB Effects With PCB Effects

2000 Amp VRM and PDN Impedance 2000 Amp VRM and PDN Impedance
Without PCB Effects With PCB Effects
ros T e 1B
182 1E-2— L
2= == C —
) g3 VRM L = 242.425 pH D5 =
N NIN: 1E-3—| Z 2
LLZ [T
60, 1kHz 53 0
EIE 1E-4—| |E' 1E-4—
© =
£> e
Es = VRM DCR = 57.441 uOhms
5 1E-5—|
. RM DCR = 2.455 uOhms
. I I I I I I 1E-6 T T T T T T
1E2 183 1E4 1ES 1E6 1’7 SE7 1E2 1E3 1E4 1E5 1E6 167 5ET

freq, Hz freq, Hz

WHERE THE CHIP MEETS THE BOARD
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MPS provides gain parameters of load line within VRM.
CCCS used to develop Load Line sub-model within VRM

is based off an EQ that is calculated based on register settings

[ |
[ |
= Load Line delay is adjustable
VRreF Loap LINE = VRer — lout * Rioad Line
*Where R, .4 Line
OftheVRM o

AAAS UT TRAN
R T R1. . . T
v_DC R=0.00001 Ohm cces
- +|-smcga - - - 0000071 GDm oo
— Vdc=10V = N
gV LA~ G=R_LL chm
R1=0 Ohm
_@7 R2=10hm
F—AA—
L S
£y VREF_LOADLINE
TRANSIENT 2 -
Tran R
Tran1 R2 r.D(
StopTime=100.0 nsec R=100 kOhm SRC27

MaxTimeStep=1.0 nsec

— . VAR1

VREF_nolLoad=038 =

R_LL=101.563e-6

DesicnCon ez
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Vdc=VREF_noLoad V

I_Low=0A
I_High=200 A
Delay=10 nsec
Edge=linear
Rise=1 nsec
Fall=1 nsec
Width=20 nsec
Period=50 nsec

TRAN.VREF_LOADLINE, mV 5

VRM Load Line Circuit Analysis
Load Current vs. VREF
m4

805 > 200
] I . 1 2 -
1 m I VREF_LL ' C

m1 g 1

5001 1 1 B
1 1 i

] : : 150
795 1 1 B
- I I -

¥ 'I'PeOl 8qold 'NWHL

790— 100
] 1 " L |
785 1 I B
1 1 1 F
] ] 1 —50
780 ) 1 B
a 1 1 1 1 L
Im21 gLoad Currant 1 C
??5 Y T T | T | I | I | I |. T | T | I | I U
0 10 20 30 40 50 6D 70 80 90 100
time, nsec
m1 m3
time=5.220 ns time=69 30 ns
TRAN.VREF_| LOADLINE 800.0m| [TRAN.VREF_| LOADLINE 779.7m

m2

time=5.220 nsec
TRAN.|_Probe_load.i=

m4
time=70.30 nsec
TRAN.|_Probe_load.i=200.0

0.0000

#DesignCon

Load Line Time Delay = 1 ns

As output current P - Vi 1oap uneV
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= Who and Why needs 2000 Amps?
» How do we build it
= Validation with Step Loader — How Hard is This?

» Measure-Based Modeling of the Components and PCB EM Models — Why Measure?

» Measurement Case Study — It Works!
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=  Fourier Theory says time domain waveforms are made up of frequency domain waveforms.
= Solving a circuit in the Frequency Domain can be much faster since it limits the frequencies and jumps to steady state.

Simulator Results Steady State Ripple vs. Time
e 6 1:
#g O] b > ]
Transient must reach >> &) Time \E‘Oé
steady state to measure =& 4| Domain . . gt :
rippley %1 3 Time Domain 5 ° ﬁ| TRANSIENT I
. e 4 E 1
. 2z 2 Transient Sim a0
50,000 time-steps! &g | 5 [ TRANSENT : 8 .
] AN | | Wait for Steady State 2 7
L B A S S S B . = o]
00 0z 04 06 08 10 12 Minutes, Hours, Days 1gos.o 905.9
time, msec time, usec
Harmonic Balance 1
. . b Z 104
sm?ula'tes harmonics of the =1 Freguercy : 5 . E
switching frequency. 1D ; requency bomain e o
Y £ | Domain . . g | HARMONIC BALANCE I
Only 255 Frequencies for £ ] T T Harmonic Balance Sim  : ] als
steady state ripple! ] T FFT jumps to Steady State £ - L\
%n' | HARMONIC BALANCE I F
e Seconds, Minutes, Hours oy

freq, Hz fime, nsec
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= No step load model existed to support
simulation with Harmonic Balance in ADS

| proe L e
" I_Probe SRC_SS o

.STEP LOAD

|_Probe |_Probe
I_Probe_SRC_LS

VOUT-LS l

|_Probe_HB. Step_Load

-tPulse
.SRCA
I_Low=0A
|_High=I_SW A
Delay=0 nsec
Edge=cosine
Rise=10 nsec

— .Fall=10 nsec
Width=20 nsec
Period=1/SW_Fs sec

HARMONIC
: BALANCE
STEP LOAD

TRANSIENT I ‘;Eﬁ 1 HARMONIC BALANCE I

HB_Step_Load \
< SRC4

o | Fs_sw=sw_FsHz ||
VOUT=1V

2 RT=10ns
PulseWidth=20 ns
SW:_Delay=0ns

. = Cparasitic=1 nF
Rparasitic=0 Ohm
Lparasitic=0 H

N o mm mm

Tran HarmonicBalance

Tran1 HB1 VAR [EF] MeasEan
StopTime=400 nsec Freq[1]=SW_Fs Hz VAR1 Meas1
MaxTimeStep=01nsec - - Order[f=255- - - - - - - SW_Fs=5e6 - - Load current=I_SW-
Freq[1]=SW_Fs Hz e I_Sw=2000 . . . . .

Order[1]=15

DesicnCon'Ezn
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HB Step Load vs. ItPulse Waveforms

TRAN._Probe_ItPulse_Step_Load.i=2.000 k

tep_Load.i)=1.999 k|

Waveform Delta = 0.029 %

. §§ 2.5+
) ] ] ma
§§ 207 HB Step Load =
a4 1 ItPulse time=219.3 nsec
=10 -
Q& 1.5
BO’)I | m4
n o 3 time=219.0 nsec
ol 105 ts(HB.I_Probe HB_§
Ta ]
mlzl T
_98 0.5+
£ 3
o ]
o= 00
£Z ] Load Current = 2000.000 A
HE 03 IIII|I\\\‘\Illll\\\‘\\Illll\\‘\\\lllll\
0 50 100 150 200 250 300 380

time, nsec
percent_error=abs(m 3-m4)/m3*100

400

HB step load model correlates very well to

the Transient step load model

Pl e e W W W W o )

vouT
Num=1 I
SRC28B é
Vpeak=1 v
/ SWITCHVS } ;IZ\
h L=

5
g

Freq=Fs_SW Modet= Rparait
Wicth=PulseWidth Ri=R_SW Lparsstc
Rise=RT Vi=sdge

Fal=RT R2=RopenSwitch

Harmonics=1024

Delay=SW_Delay V2=-edge I
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5x MPM3698 - 3 phases

MPM3E693 Small Signal Model with Load Line

it "'_'_'Phase 1

“Closed Looy

MPM3E5E Large Signal Model

. Phase 1

_Phase 2

> Phase 3

“ Large Signal
Switching

Phase 3

Small

- Feedback = =

Fs_Hz=500£3
VARIABLES

VREF_LL=VREF-&_LL"I_OUT

Harmonic Balance
Steady State Solution

_ = . Signal AC

10x MPM3699 4 phases

— = Phasel s .r,___Phasel )
| s .. Phase 2
o ‘Load Line _ Phase 3
| PhaseZ F i
) o Phase4 |
Al ¢ - Large Signal
= ' Switching
=
| Phase3
| _ Closed Loop
“ — . Feedback
rJ(zhase4
o g SmaII
] Signal AC

Sandler State-Space Average VRM Model was used for both the MPM3698 and MPM3699
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Group 3 — Group 4 Group 5]
MPM3698 BT
3 Phases |, .
MPM3699- =5l
4 Phases W
MPM3699- | R a
4 Phases Group 1 | Group 2 Group3 | Group 4 GrouP
480A - MPM3698-MPM3699| | 480A - MPM3698-M PM 3699 | 480A - MPM3698-MPM 3699 48[]A MPM3698-MPM3699| | 480A - MPM3695-MPM 3699,
***check phasing is correct || **check phasing is correct ***check phasing is correct || ™check phasing is comect || **check phasing is correct
PON Capacitors VOUT_SS R 91 kHz Dynamic Load Sma" Signal
PCB EM Model= 5 = L. .
=== Feea ool AC Analysis
PDN Capacitors VOUT_LS - 91 kHz Dynamic Load .
5CB EM M == —‘—Fjﬂ Large Signal
odel == — : i e e
e " T'steady State Switching
PDN Capacitors OFF
PCB EM Model ‘£ PCB PDN Impedance
Harmonic Balance === sw=u== R e
Steady State SOIUtion SIMULATION ENGINES \;.:_I;;:EEESS . § EQUATIONS
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= A complete system simulation model is created with accurate capacitor models, EM-extracted PCB
effects, and a 2000A VRM model that was scaled by using 5 groups of MPM3698 and MPM3699
modules

55 Phases at 500 kHz
Dynamic Load at 91 kHz

Steady State Voltage Ripple with Forced 91 kHz Load Current
900 6

1
]
(0

Ripple Voltage

Voltage Ripple, (mV)
|
W
(¥)) waung peo deig

Steady State Harmonic , _
. Dynamic Load »
Balance Results in 77s Current

Tttt
o 2 4 6 8 10 12 14 16 18 20 22

time, usec
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= Who and Why needs 2000 Amps?

= How do we build it

= Validation with Step Loader — How Hard is This?

» Measure-Based Modeling of the Components and PCB EM Models — Why Measure?

» End-to-end Digital Twin Simulations — Why Simulate?
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Measuring a 2000 Amp PDN is not intuitive or even a trivial task!
To measure 2000 A PDN (40 pQ) a custom injector had to be created
CMRR, RCABLE, & RPIN are the largest measurement error terms!

Impedance with 40uOhm DUT & 1-meter PDN Cables
With CMRR Variation
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Error <1kHz with 77.5dB CMRR=7.372 %
Error <1kHz with 57dB CMRR=99.374 %
Error <1kHz with no CMRR=36569.240 %
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The 2000 Amp VRM and Step Load
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® The upper trace shows a demonstration of exponential rise and fall, linear rise and fall, high speed
burst, sine and pseudo-random. The zoom window in the lower part of the screen shows the
pseudorandom excitation
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= Here is a screenshot of one of the decoupling caps using a near field probe.

= |ntegrating this will provide the current vs time.

= The total time is about 5ns, so the rise time is about 2.5-3ns. This depends mostly on the inductance of
the loop through the load switch and decoupling capacitor.
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2000 Amp delivery is here to stay and even
higher!

Step Loader validation is the only way to get
accurate large signal dynamic behavior
Simulation accuracy requires measurement-
based models for VRM SSAM and
capacitors; PCB EM models

Digital twin 55 phases, load-lines, dynamic
load HB simulation in minutes

Hardware measurements prove scalable
2000 Amp step load can be done!
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Thank you!
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https://www.monolithicpower.com/en/advantages-of-constant-on-time-control-in-dc-dc-converters
https://www.monolithicpower.com/en/advantages-of-constant-on-time-control-in-dc-dc-converters
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= A poor fidelity State-Space Average Model is significantly better than a good R-L VRM model
Model Comparison
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S. Sandler, B. Dannan, H. Barnes, and C. Yots, “VRM Modeling and Stability Analysis for the Power Integrity Engineer”, DesignCon 2023.
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