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AGENDA

Introductions

Power Integrity Basics — VRM + PDN + Digital Load
presented by Heidi Barnes

Measurement Based VRM Modeling
presented by Steve Sandler

Building a Power Delivery Digital Twin - TI TPS7H4003 SSAM Case Study
presented by Benjamin Dannan
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Power Rail Noise Ripple is Not Intuitive

AF: Load VCCINT DesignCon 2020

ZCU7 FPGA |+

LOAD

A Method for Dynamic Load
Current Testing with a Benchtop

Dynamic Current Power Supply

at the FPGA Pins

Xilinx ZCU104 Evaluation Kit PathWave ADS PIPro
Heidi Barnes, Keysight Technologies

heidi_barnes@keysight.com
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Power Rail Dynamic Voltage and Current Ripple

The Ultimate Digital Twin: Measurement Enabled Simulations

50130 MHz Clock Rate, Flip-Flops On, 2.5 Amps 200 MHz Clock Rate, Flip-Flops On, 13.5 Amps
7 © -7
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The Voltage Regulator Module (VRM) needs to consider
ALL noise sources (large and small signal EMI)

Reverse Transfer - (S12) Output Impedance - (522)
Port 1 VRM Port 2 -
—— lin/lout _ = =
lin (© lout ;g
I = Vin— > — i
" Vout N LT

PSRR - (521) J_ T

Input Impedance - (S11)

Input impedance can be NEGATIVE!
Power Supply \.‘
' Rejection Ratio An R-L model only considers the output impedance
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TPS7H4003 State-Space Average VRM Model Example

Does not include PCB effects

Transient Harmonic Balance  State Space Hybrid Model - TPS7H4003  s-Parameter Z and AC Sweep
Switch Voltage ~ Switch Cument Spectrum . VRM Qutput Impedance Emror Amp Gain
. . ] : =~/ MEASURED ]
Simulation matches - ] g e e 1
@ A Y ] FEREE
g L i
measurement... Il i~
& ] H 22 freq=26 33 kHz
o I o R S0 | [Mag(Famp)=8 303
L 1 1
MOdeI Is gOOd * P A S A A o . S
time, usec freq Hz Feg, Hz fag, Hz
Voltage Ripple Voltage Ripple Spectrum dBm Ripple Voltage Spectrum Low Frequency PSRR
"I Does nat include PCB parasitics | FH $ 5440 “T PSRR measurement shown
) e . I - . =14 R g ‘7 Is closed loop measurement
We’'re finished! P -
: $ ] &
Or are we? = '] § v|MEASURED i
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1ims, usse ag. Hz
Cutput Inductor Current Inductor Current Spectrum Inductor Current dBm Extracted Loop Gain
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A Ay “Phase Margin = 68.418 deg r
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TPS7H4003 VRM Output Voltage Ripp

Measurement vs. Simulation with included PCB effects

Measured TPS7H4003 Voltage Ripple

994 mvV

What is causing this resonance

All extracted PCB artwork was from Keysight PathWave PIPro

Extracted PCB Artwork, the extracted
Switch node is not depicted

le

ADS

HB.Vo_time), V

ts(

Simulated TPS7H4003 Voltage Ripple
using State-Space Average VRM Model

TPS7H4003 Voltage Ripple

| Includes PCB parasitics
“' EEEpE ] l":
1 Vripple '=8.205 mV
0-0\ T \O.‘5I T \1-‘0\ T I1.‘5\ TT \2.‘0I T \2-‘5\ T ISI‘O\ TT \3!5I LI
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APEC@ S12: How Power Integrity is Changing
the World of Power Electronics

Power Integrity Basics:
VRM + PDN + Digital Load

Speaker:
Heidi Barnes, Keysight Technologies



Sl is the Goal, Pl is the Foundation

Pl is not DC - Fast delivery of power at microwave frequencies

Key Take Away:
Power Integrity Engineers
need RF/uW design and

Rx
i measurement tools!
BER
Al

UTONOMOUS VEHICLES 4 TERABYTES OF DATA

W Camera

Immunity

DC-DC
Emiésion Power IC ECU
Power Supply Impedance

Cross Talk

Automotive Ethernet
(100Mbps)

SONAR
~10-100 KB
ECU per second
4 RADAR GPS
~10-100 KB ~50 KB
per second per second

Power Delivery Eco-System
« Many Point-of-Load power supplies it

per second

LIDAR
~10-70 MB
per second

dal
« Low Voltage, High T Switching Loads

dal
» Target Z to reduce broadband L at Voltage Noise Note: A Point-of-Load (POL) Power Supply is typically a
Switched Mode Power Supply (SMPS) with a Buck Regulator
DC-DC Converter design that the Microprocessor PCB world
often calls as a Voltage Regulator Module (VRM)

+ Power Supply Rejection Ration (PSRR)
* DC-DC Converter Switching Noise and Stability

10
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Failing EMI Is Expensive

Conducted Emission Testing

CISPR 25 and EN 55025 Conducted EMI Test Bench

Conducting Surface LISN Battery/External Power
Reference Earth Ground

EMC
Analyzer

Low relative permittivity support E,
<14

oltage [dBuV]

CISPR Compliance

80

CISPR 25, Class 5 Compliance: Differential Noise (peak)

70—
60—

50—

freq, Hz

Key Take Away:
Late in the design
EMI/EMC failures are

' expensive. Take the
| time to simulate!

11
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Agenda

* The 3 Sources of Power — VRM, PDN Capacitors, Package/Die
e (Case Study — Finding Worst Case Noise with Impedance

* How to Build a Pl Ecosystem Simulation
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Power Delivery for Digital Loads is AC not DC!

New Method:
KEY TAKE AWAY Finding the worst
' Forced response is worst ‘ case Load
Gl case, not the data sheet Byt
dl step load. R et @), sy — FAIL
V=L— Va 7 Over Voltage
dt :\ : Natural Response Tx/Rx Bit Error
X5 . EMI
ff 8 ReS‘Iponse ch A Crosstalk
= :fsl f . [l
Old Method: U e AV A o
Step Load @ AT ERERIRRRTAYA
Transient Test it SIRI PowerRail ‘! [ | || ||| |
(False Positive) IR VULV
PASS | P Load Current
Datasheet 5.,/ ] " NANAANAAAA
Design VAVRVAVAVRVAVAVR
Step AC Load
Load Keysight Infiniiu
a S-Series Oscillosco
13
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Power Integrity Starts with Target Impedance

Key Take Away:
Impedance is the new
way to deliver quiet
power to a digital load.

Target Impedance Calculation

A I/Max Ripple

/ —

Target
AI Max Transient Load

14
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The Source of Power Depends on Frequency!

Individual Source Impedance
VRM, PCB PDN, and Package+Die

VRM = Low Pass Series R-L
PDN Capacitors = Band Pass Series C-R-L
Package/Die = High Pass R-C

Key Take Away:
There are 3 bands of
power delivery, the
VRM, the PCB PDN,
and the Package+Die

-
m
N

Target Z
N s

Impedance, Ohms

N
m
N

!

\

VRM \ | Package
Supply PCB Die
1E-3 ‘ ‘ PDN‘ ‘
10.0k 100.k 1.00M 10.0M 100.M 300.M

freq, Hz
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Where does the ringing come from?

Key Take Away:

Most PDN resonances
are from energy flowing
betweenan L and aC

Energy stored in Energy stored in
the Magnetic Field the Electric Field
di dVv
V(t) = L— I'=|C=
) =L— ;lt
Z = jwlL 7 = - —
jwC Y

FEL F==C

Phase V Leads | Phase V Lags |

16
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Root Cause of Ringing on the Power Rail |, et 700

A resonant Zpeak
is dampened with

Parallel inductance can resonate with the decoupling capacitance real resistance.

Parallel L-C in the PDN

Fem == Impedance vs. Frequency
. 10.0
_— supply K decap 27_[ L @
LT Cbuui ESLogeray VLC £ 1.00-
' Flat VRM  FESRaul 3 ESResy AT S
I_ ________ AV = Al Zpeak § 100.m-
g 20 mOhms
LCparallel Zpeak — ZO ‘ Q g' 10.0m-
C
) Le 1.00m +6dB/ ctave tave
S L1 7 AC L 1E2 1E3 1E4 1E5 1E6 1E7 1E8 1E96EQ
L=6 nH ~N Z — —
R=20 mOhm (‘ ) eI 0 C freq, Hz
R
Re20 mOhm 1 Amp Zpeak=1.5 Ohms
AC Sweep 0= Zy
"R
total Z0=250 mOhms

17
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Pl Ecosystem Simulation: VRM + PCB PDN + Load

PCB PDN Decoupling Package+Die
. : I zmee || Key Take Away:
l == 1 I;'Eé:F'DN_I‘-’cheI Z match Pack age Die_Madel 7™ i Power sources must
T Z match FR=R_target mOhm > I A=A_targetmhm T .
| Lm 1 L fateH - c=Clokg o , match impedance to
= Crlar = J_ C=C_flauF Letar = Cpkg X Rrar‘gar . .
Rrarge:” 1 1 avoid resonances.
Pl Ecosystem Impedance )
VRM + PCB PDN + Package+Die Flat Impedance Design
1 ~ VRM + PCB PDN + Package+Die
PllEcosystem
Big V Design Pl Ecosystem
£TE f=378 kHz e Pl bz 2 1e11— Flat Z Design
O = § \ Target Z
SRl LN I S, S e man .
E 1g2 E1E-2—
VRM Package B i Pag‘age
.| Supply PDN| Die g i
10,0k 100k 1.00M 10.0M 100.M 300.M R 100k 1.00M 10.0M 100M 300M
freq. Hz

freq, Hz
18
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Worst Case Power Rail Noise Ripple

Pl Ecosystem Impedance

VRM + PCB PDN + Package+Die

Key Take Away:
Frequency Domain plus
Time Domain finds Worst
Case Noise Ripple

Dynamic Load at 378 kHz and 12 MHz

Y ‘luelnd

Big V PDN vs. Flat PDN
1.08
Pl Ecosystem 1061 Big V Design
Big V Design 1041 Rogue Wave
g e £2378 kHz a— f=12 MHz 1.02+
0]
: — . oo
§ g 0.98-
? [ooCoTs CT T RIS g 0oa
£ 150 S %% Flat|Z Design
094 . .
0.92.] Min Ripple
VRM PCB| Package 0'907 Dynamic
Supply PDN| Die oga—Lourrent
1E-3 T T T T b f=378kHZ
10.0k 100k 1.00M 10.0M 100.M 300.M 0.86 ket e S -t
freq, Hz 0 1 2 3 4 5 6 7 8 10 11 12 13 14 15

time, usec
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Power Ralil Impedance is the New Way!

Vripple = Itransient * Zpdn Key Take Away:

Voltage Rogue Waves are Real

Impedance Peaks Help Predict
Worst Case Load Transients

N
m

m2 Y JECHNOLOGIES
O M |
- fl i \ s =
\ \ f =
(0] I /IR [} 3
e A I f \ 3 z
jrar HA / / \ ;" F
/ \‘ / \ g <
) | \
®© \ / / \ ~ 2
\ \ =
(D] \ 7 \ §
(@] / / a
= / \ / \ / \
c 'E2 \ / \. / \
/ \ / \C / X
8 /// \7,/ \\
o
£ |
1E4 1E5 1E6 1E7 1E8 5E8

Log Scale 10kHz to 5MHz
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Time Domain — A One to Many Relationship

Target Z = delta V / delta |
What V? What I?

A 2 Amp change yields 3 different responses

Step

L ==
AV = Al - i e = 39mVpk
Sine forced

AV = Al LQ—123 Vpk
= c2° mVp

Square forced

w=ar- |52 s7mrpk
. c'w o me

Clearly AV# Al-Z

Target

w1
time=87 69usec.
TRAN.Y. 1=-0.158

Nalley

Al = 2Amps
AV = 43mVpk
Al = 2Amps
AV = 123mVpk
Al = 2Amps
AV = 157mVpk

AN REYSIGHT

Forced and Natural Response

How to Design for Power Integrity:
Finding Power Delivery Noise Problems

=

AN KEYSIGHT

HEY

Volts

TRAN.V_t mV

TRAN.I_Probet.i, A

8 . 3

A
LN
(

m5
time=67.42usec
TRAN.V_t=0.369
Max

25

1.5—
1.0—
0.5
0.0
0.5
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Flat Impedance Design Provides Bigger Margins

Key Take Away:
Tolerances matter!
10% Component Tolerances Big V PDN vs. Flat PDN Impedance Make sure your
1 design is not on
Lygra+/- 10% Corg +/-10% the edge of a cliff.
o 1E-1-
Q
-
48]
=]
Q
O e e e e et ey e e e
£
1E-2 Flat Z|Design
VRM PCB Package
‘B Supply PDN Die
- | | | |
10.0k 100.k 1.00M 10.0M 100.M 300.M

freq, Hz
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Why Wide Bandgap is So Exciting for Power Delivery

L Key Take Away:
C _ Lyrm «—"" The lower output inductance of
....not just the size Flat Zr 2 Wide Bandgap reduces the total
GaN arget C required. Saves $$ and space.

> IIEPC Maintaining a 0.1Q

T B maximum PDN impedance
T © EePc 2 14 513-(32917 ) P
w2 © plcovesfngat ean up to 2MHz requires 80uF
| for a RH117 and NO output A 0HE @ Shsh
cap for the eGaN regulator. |§ eGaN regulator

3.9nH @ 85mA

99.6% lower inductance

3.9nH is neal’ly Greatly reduced or ZERO

Output capacitance

> ' Jutput
esand ' ET a gu

equivalent to the ESL
of a tantalum capacitor

23
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Agenda

* The 3 Sources of Power — VRM, PDN Capacitors, Package/Die
e (Case Study - Finding Worst Case Noise with Impedance

* How to Build a Pl Ecosystem Simulation

Copyright © 2023 Keysight Technologies, Picotest, and Signal Edge Solutions
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Why Lowest ESR Is Not Good, It Must be Matched

AMD* Zynq UltraScale+

XCZUTEV-2FFVC1156 MPSoC
VRM PCB PDN Fackace Circuit Load
PDN
Pkg Caps Die s stktg .

ZCU7 FPGA [=

~ LOAD

PCE g

Cear VCCINT/VCCBRAM €1201  c1455 =
el :
Cider TP 154 cLess RH @: |
c1462 eoe

come Aprrfeaesfealoal G424, 9333, c1199 L L L L Ll ee07 [ [ [ s

N R e N 1o0cE I I U?I ‘é’:w—FT—F—F—F—F—F—P T Ez Iz Iz T k Formerly Xilinx

= = @ ES &= =
25
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FPGA Package/Die Model Connected to the PCB PDN

PDN Z

— ——]

= Die Z

BGA_VCCINT DIE_VCCINT

Test Cases
Open

5 milliohm
Short

Key Take Away:
Matched Z avoids
high Q resonances.

Impedance Seen by the Die

Copyright © 2023 Keysight Technologies, Picotest, and Signal Edge Solutions

. E52 2000 I
£S5 10.00 ~, I
Ocao o 1
EQQ ~ 1
ZZZ s, Open |
£290  1.000 - .~ :
o1 S 1
cEE C\Papkage Die I
'§Iilil 100.0m- TN T13uF i No Impact
Yala s i
599 S Ll ! from PCB
0ox<
I
3 a I
g=2= 1.000m-
S22 Short i
©EE | T T I '
£ 1.000k  10.00k  100.0k  1.000M 10.00M  100.0M  1.000G
freq, Hz
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FPGA Package/Die, PCB PDN EM, and Capacitor Models are Critical

Impedance measurements did not see the resonance at 30 MHz!

e Measured FPGA Bottom
1.00 - ‘, .
£ Peak Impedance N = ; Eﬂ- - VRM
5 at 30 MHz SR (lisea
100.m- A v
¥
=
g
g 10.0m-
E
1.00m+ ]
100.u Pl Ecosystem Model i
‘ |

1.00k

10.0k

100.k

1 ODM 10. DM 100 M 1.00G
freq, Hz
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Key Take Away:
Simulation with accurate
models show what is
missed in measurement.

Measurements with
VCCINT are only
accessible on the bottom
side of the FPGA and
include the via inductance.

PIPro PDN EM model with
package/die (CPM) in
ADS schematic accurately
predicts impedance peak
that measurement could
not see.

27



Simulation Shows 30 MHz Toggling has More Noise

Violtage, V'

Lower frequency and lower
current has higher noise

Higher frequency and higher
current has less noise

.30 MHz Clock Rate, Flip-Flops On, 2.5 Amps w00. 200 MHz Clock Rate, Flip-Flops On, 13.5 Amps
woml Simulation with dynamic load at the die womSimulation with dynamic load at the die
43-0""-_ VRM V{t] FPGA u(t] -iUI}rn—-: VRM V(t}
Zﬁ.um—_ _L el N 20.0m—|
0 mﬂ_-"""'_""-ﬁvf"ﬁ"“lf""'_"‘ ,--»-.~—1|-"”_m'_'\1rf""_"‘-—'-r.p % 0000 _J'Hr--' AL A N VAL AN AR P N AL A
~20.0m— g 20 er—_'
-40,0m— 40 0m— ‘\ K
-60.0m— s00m_] Die V{tl FPGA V(t]
Diesv(t) —% "]
L T UL L I L L L LB L L O L L B L R I T e R R R
g 8 8 B B R 8 8 8 8 8RB BB B8 B BB EBH 30000 30005 30010 30045 30 30025 30030 30035 30040 30045 30050
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ time, usec

Key Take Away:

not intuitive!

Power delivery is

28
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Synthesized Currents from Measured Voltages

The Ultimate Digital Twin: Measurement Enabled Simulations

Voltage, mV

60 30 MHz Clock Rate, Flip-Flops On, 2.5 Amps
=7
60 6
10 Synthesized j
= - - _3
”0. VRM i(t) Synthes.l\:.ied FPGAi(t) [
-1
0- TR Araas _ Lo
e -
204 J \?ﬁM U{t) _;
0 FPGA v(t) 3
-5
60+ L5
-7
B0t T T T LIS A R e L
2 & & & & & & g & g g
= o (=} (=] o = =1 (=] =] o =
8 2 8 8 8 8 8 8 8 8 3
time, usec

W luaund

Voltage, mV

200 MHz Clock Rate, Flip-Flops On, 13.5 Amp

wr

< e
-7
%0 Synthesized B
40+ = . |
VRM i(t) Svnthe%d FPGA i(t);
20- \ &
vvvvvvvvvvvvvvvvvvvv _—1
D_n"‘-\ﬁm'\.'r‘-’ih1.‘|wf-_“‘1‘:pﬂvﬁﬁw‘m’\w.n-hﬁrrbﬁ ‘\.'ﬁr“v‘ﬁmﬂspﬁhf\'ﬁmz?1
20 X, -2
VRM v(t "3
40 © " rpGa v(t) 4
-5
-60- _.8
=7
-'BD T T T T N T T T ¥ 3
[=2] =1} [=2] (=2} =] [=1] (=] [=2] o o [=2]
s & & & &8 &8 & & &8 & &
(=] (=] [=] o [ =) (=] (=) o (=] (=] —_
[=] - %) (35} = o (=] | [==] w (=]
time, usec

H. Barnes, S. Sandler, and J. Carrel, “A Method for Dynamic Load Current
Testing with a Benchtop Power Supply” DesignCon 2020.
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Agenda

* The 3 Sources of Power — VRM, PDN Capacitors, Package/Die
e (Case Study — Finding Worst Case Noise with Impedance

 How to Build a Pl Ecosystem Simulation

Copyright © 2023 Keysight Technologies, Picotest, and Signal Edge Solutions

30



The VRM i1s a Noise Source AND a Noise Hub

Radiated noise

~ Voltage \\\

Regulator out

Input noise ()

vV

Internal noise

‘ Current noise

31
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State Space VRM Models Enable Pl Ecosystem Simulations

Three Separate Simulations in one Schematic

Simulation Controllers
& [ac] (&R

VRM

S-PARAMETERS I |@| HARMONIC BALANCE I

Large Signal
Switching Ripple

x02_pi_blade_aomnecior

Package/Dije
S-Parameter

S_Param HarmonicBalance
AC1 SP1 HB1
Start=100 Hz Start=100 Hz Freq[1]=Fs
Stop=40 MHz  Stop=40 MHz Order[1]=256
Step= Step=
Small Signal
_ Impedance vs. Frequency
Key Take Away: ]
VRM models provide small : /]
. . ® withcap /* |
signal load ripple and large £ el Wi A
signal VRM switching ripple i
) 1E-3 ZE@Package Pin!
_ "i'ée.'""ih""'?&s'""&e""?é?'""{Ea"sla
freq, Hz

Waut (V)

Small Signal
., Step Load Voltage Ripple ,
5
i1 4.0
F35 ¢
1.200 30 e
-«
Voltage _step_response 25 E‘
1.104 fo0 ¥
o
rTTT 15 2
118 i/ b Istep 0
Current — .
1147 LS AR BRI — 00
100.0n 1.000u 10000 50.00u
timea, sec

Large Signal
PWM Switching Ripple

1.22

V_switching_ripple_VRM
//L /4

pan— —

V_switching_ripple_PKG_pin
1.18

I 2 S N S
00 05 10 15 20 25 30 35 40
time, usec
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How Good is Your Capacitor Model?

3 Different 0805 1uF/25V capacitors

Vendor Data for Inductance:

* 709 pH 08053C105JAT2A

* 400 pH for the GCJ21BR71W105KA12L
* 340 pH for the GRM216R61E105KA12D

Measured Data with
Mounting Inductance Removed:

| AVX 08053C10... | Murata GCJ21... | GRM216R61E10... |
| 140.119pH | 148.087 pH | 174123 pH |
I 1 !

Vendor data has wildly different
inductance values, while the measured
data shows that the 0805 package is
consistent with ~155 pH.

Murata X5R

Murata X7R

100m

nitude ()

ce Mag

ce 1: Impedan

EDICON 2021

10M
Frequency (Hz)

— AVX 08053C10.. =Murata GCJ21 == GRM216R61E10...
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Key Take Away:
Capacitor placement
optimization with incorrect
models can lead to wasted
engineering efforts.
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Measuring Capacitors and Mounting Parasitics

=
)

Impedance (Ohms)

~ 1E1

VINA 2-Port Shunt Measurement Method
47uF Capacitor Model With vs. Without PCB Mount

1E-3

Vendor
Model}'}/
With PCB .~ ~

\
Without PCB
: 120pH

10.0k

T | \
100k 1.00M 10.0M 10 1.00G
Frequency (Hz)

Measuring Micro-Ohm Mounting Impedance

Determining the fixture and mounting parasitics

with a short across the capacitor pads.

Keysight VNA E5061B
e

Impedanoei Ohms

: f?\, j 121028
o~ 7 = Zo Sn

2 1-S,,

Use this one with the
PCB EM Model.
Mounting Inductance
is De-Embedded

Key Take Away:

The PCB EM model already includes the
mounting inductance. So, make sure to use a
Capacitor model with all the mounting
inductance removed or it will be counted twice!
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Why the Pl Workflow Needs EM Modeling

Layout EM Simulation with PIPro

NN

W w—n.m-ﬁ.hwyn

35
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Lumped SPICE Gets It Wrong, EM Includes PCB Parasitics

Paralleling same value caps Parallel Capacitors SPICE vs PCB EM Model

e 100,
C ESR ESL _ _
1 1uF 7mQ  |300pH Single Capacitor
10.0 + EM Model
Distributed
%3:“ %zzw %3@“ %ii” %3@“ g 1.00- — EM Model
©
i 1 : I % 2 .
£ 100.m- //
Key Take Away: / Lumped
Paralleling N of the same 10.0m-
capacitor values does not result /SPICE Model
in the ideal SPICE result when i
PCB parasitics are included. 1.00m | |
10.0k 100.k 1.00M  10.0M  100.M 500.M

freq, Hz
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PDN Noise Depends on Measurement Location

EM Simulation with PIPro

W
e Mg, 2 s

Capacitor Loading by the Decade

C ESR ESL

C1 1uF 7mQ 300 pH

C2 0.10uF  [15mQ 300 pH

C3 0.01uF  [30mQ 300 pH

Cc4 0.001uF [100mQ |300 pH

C5 100pF 200mQ |300 pH
FEET

. 100.0

Impedance, Ohms

Z at Load vs. Z at VRM

10.00 -

At the Load
EM Model i

YAt the VRM

1.000 +
EM Model
f.
’l’|‘ 14
100.0m- P |
i
! 1/ AtLoad and VRM
; Lumped SPICE
A
10.00m . ‘ AL | |
10.0k 100.k 1.00M 10.0M 100.M  500.1
freq, Hz

SPICE fails to predict the
difference in power rail noise
at the VRM vs. the Load.
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Pesky Ferrite Beads (and LARGE Signal)

400 kHz Disturbance (inductively coupled)

Measurement Result

High resonance peak at 300...400 kHz
Caused by SMC ferrite and ceramic caps.

\
100

&

race 1: Impedance Magnitude ()

Tr

1% 10k 100 ™ 100 | o pr—— 00 B

Frequency (H2)
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Noise From Capacitor Resonances

Impedance, Ohms

Impedance
. 1.000
Pi Resonator 9 MHz |
i \
ta L e
100.0m -} § B b, ;Eﬁ?ﬁi
10.00m+
1.000m x I ! ! ‘
s 5 8 58 2 8%
S) ) =) = = 22
=] 2 x 2 = £ =

Banana Jack
“ Power

\\ ; Connections

Large Cap . ]
= C13 %3
? 2

T".i,'\

‘e ﬂe ‘
A A
= *

e L
H :’-\- "Small Caps \=
Q2 c1a and c1g

| % I

S

Pi Resonator with EM Parasitics 8.8 MHz

| Bottom Side Capacitors
Connected by Vias

Current

163MHz

Trace 1: Impedance Magnitude (Q)

Frequency (Hz)
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Key Take Away:
Capacitors resonating with
other capacitors can cause
excessive noise ripple and
be a source of EMI

T i e e e |

Switch Node Voltage Measurement

Voltage

o o

Ripple Frequency 163 MHz

Time
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EMI Simulations Need EM Models

Differential and Common Excitation
Requires a Reference Earth Ground

Ipm lem
—_— —_——
— -

Noise

Return
) Iem GJ ‘
Q& '

lrCM’

Reference Earth Ground Setup
Requires Stack-up Modification

Path
Reference Earth Ground

Key Take Away:
Traditional EM simulators
require a modified stack-
up and complex port
setup for conducted EMI.

= substrate_emi_le_ST5cm [MAX20098_EVIIT_PCB_fib] (Substrate):2
File Technology Edit View Options Tools Window Help

NERY? e R SELREN

Substrate Name:  substrate_emi_le_ST5cm

AR

/ ‘Solder Mask (3.3
(05+24) ml

i {1541 Y mil

20 = IRafes
- et

e e 5EIE)

{E;':l{.:ﬁmﬂ

. SoldarMisk(33
17 = (0524 mi

AR

§ @nimeer

Referencing ports to Earth Ground
doubles the number of EM ports to

keep track of ®
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Pl EMI Simulations Need a Switch Model

Switching Regulator DC setup for
Buck, Boost, and Inverting, and multi-
phase can be copied to CEMI setup.

Key Take Away:

PIPro CEMI Analysis
automates the differential
setup and generic large
signal switching model.

PIPro DC IR Drop Current Density

PIPro CEMI EM Analysis automates ground plate reference
ports and populates a generic switching model that runs
with Harmonic Balance for fast steady state results.

VEM Editor.

VRM Type: | Power Cannector
Nominal Output voltage (Ved: | 12¥
Voltage Tolerance: [1°

alx Oulpat Veltage Pesitive Veriatcn:

Resistance (R): [0 0m

nduuctance 1); |0 mH

VRMType: | Discrete Buck VAM
Nomnal Qutput Voltage (ved: | 87V
valtage Tolerance: [1°

Outpt Voltage Positive Variation: |0

C Cument (l=d: 124

Positve Voltage Tolerance: |5
= . =
0

P Current Model: | Equal Voltage | ¥

Visitilit 8
Package Model: [Mone |+
Condcors | sk || wrchme | | W90 | b e e
Dislectics  Sakd  Wrefame | | Hde
Trarshucent View,

Hohightvets: | | | P | | | P

ase
3 Lswien
b Soks gt Vetage (Vi: |12
b veamTu Condictive EMI Parameters Inductor 1y,
o Nets LSwitch
X Compontnt Modsis Swiching Frequencys | 1M
3 Options, Swilch Hode Rise Teme: | 1ns - -
ults

Frequency (MHz)

File View Marker
PEEOX AR

Magnitude v. Time
o.01[f I

0.008| } {
, 0008/ f i
s 0.004 l
g o002
£ Q?’ i
-0.002
-0.004
-0.006
0 200 400 600 BOD let0B ZerQ3etBetQBet02er03
Time Ins)

Tl o~
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Measurement Tricks for Switching Models

PIPro CEMI EM wnth Harmonlc Balance Exutatlon

Magnitude v. Fraquency

Switch Node Spectral Data

H-Field Probe Raw Data vs. Integrated

Field Excitation from CEMI Test
Bench Harmonic Balance Emissio N
Results to determine phase and 6pS Risetime
magnitude at each frequency. P
Phase animation available at ]

Integrated for Voltage vs. Time

.Switch Node Pulse Width Modulation

i preavencyPlans Field Storage Option

Frequendies Fields Storage

.‘CEM»I‘T‘Su‘rface Field Data

Picotest SIC351 PCB
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Power Integrity Needs a Simulation Workflow

1 PIPro DC PIPro AC Pl Ecosystem
IR Drop Impedance Transient

Voltage Noise Ripple ‘

60.m -+ T !
30.00 30.02 30.04 30.06 30.08 30.10
time, usec

Schematic Simulator

B
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http://www.keysight.com/find/how-to-videos-for-pi

How to Design for Power Integrity: o ] )
| Finding Power Delivery Noise Problems | -2,3;;3;7;,w HOW to DeS|gn for Power |ntegr|ty
Bl 5 Part Series on YouTube
How to Design for Power Integrity: stoven Santr
[Selecting a VRM ] =Y .
bl e with Pl expert Steve Sandler
Keysighi
“H . .
— 1 How to Desian for Power Inteqrity:
Measuring, Modeling, Simulating stwn s
KEYSIGHT \MI I‘I \‘\ \‘ Capacitors and Inductors L T
e
=] sy . .
| DC-DC Converter Modeling and Simulationl Stoven sandier
et (ANARRAN
A I —
- Dubhcallon
Fr3 Keysight EEsof & . .
1= owtovide - How to Design for Power Integrity:
Optimizing Decoupling Capacitors o sni
st AL - §
- oucaion
22| Yoo video i
KEYSIGHT \MI ‘ \‘\ “I‘I‘I‘ I‘I
DOWNLOAD
YOUR NEXT
LINSIGHT
KEYSIGHT
TECHNOLOGIES 44
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http://www.keysight.com/find/how-to-videos-for-pi

Remember

Parallel L and C resonate in the time domain but
are easier to find as impedance peaks in the
frequency domain.

Flat impedance minimizes the noise ripple by
reducing the dynamic currents.

Flat impedance is matched impedance with the

simple rules of thumb based on . L
0= |~
C

_ Lygym
CFlat - 2
RTarget

Copyright © 2023 Keysight Technologies, Picotest, and Signal Edge Solutions

Individual Source Impedance

VRM, PCB PDN, and Package+Die

1F

Impedance, Ohms

Target Z
/g

4

\

10.0k

VRM \ Package
Supply PCB Die
~ PDN
100.k 1.00M 10.0M 100.M 300.M
freq, Hz

Lpcp = CPkg * RTarget

2
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Thank you!

QUESTIONS?



AGENDA

Power Integrity Basics — VRM + PDN + Digital Load
presented by Heidi Barnes

Measurement Based VRM Modeling
presented by Steve Sandler

Building a Power Delivery Digital Twin - TI TPS7H4003 SSAM Case Study
presented by Benjamin Dannan

Copyright © 2023 Keysight Technologies, Picotest, and Signal Edge Solutions
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APEC@ S12: How Power Integrity is Changing
the World of Power Electronics

Measurement Based VRM Modeling

Speaker:
Steve Sandler, Picotest.com



BIG CHALLENGES YIELD BIG BENEFITS

DsA §02A DIGITIZING SIGNAYL, ANALYZER
date: 11-8KP-96 time: 11:46:06

—_— e —— 78mV - N
ANALYTICAL HEAVY LIFTING " s ’td“"'ﬁ"ﬁ Zlo\;:l\l : '
--dv«-ﬂ;--ﬁv
70.00 160.0
. B I/ J'
............................ e
Master Reset 71 T
50.00 @ 1200 LYY T RO
2 s
€ 30.00 % 80.00 PR ¢ : ; :
3 g geb,gscm:auwr.u* LETa
10.000 40.00
g e
, : ... OhCra
10.000 04N S|mU|ated Measured C p ‘;3—-@
5.000M 15.00M 25.00M 35.00M 45.00M =38mV : an you 'EN';
Time in Secs ,,..,‘,-.. Hees! Viete ‘?
“.J.‘-:'--'ﬁ wrm las ' Huvse s or s ﬁx lt- . | E
. Store

1
W
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LESSONS I’'VE LEARNED

The power supply or VRM interacts with the
system at both the inputs and the outputs

A good, fast-running simulation now is
better than a perfect simulation later

The key to efficient modeling is to create
parameterized, reusable blocks

Know the limitations of the models you use

Measurement is a key element in creating
accurate models. This is even more essential
when we model circuits that we can’t
measure

mag(AC.SS0) (H)

ts(HB.HBOUT), V (H)

Why Full VRM Characterization is Essential, Sandler, Signal Integrity Journal July 25, 2019

Simulations

OUTPUT RIPPLE VOLTAGE

OUTPUT IMPEDANCE

REVERSE TRANSFER

Ceramic output cap
ul Swept OuF to 100uF

magZ(1,1) ()

,| Ceramic output cap
Swept OUF to 50uF

10uH input inductor || 10
Swept 0.1A to 10A

p Swept 0.1uH to 20uH

PSRR

T T T T
1€5 186 182 183 154

freq. Hz freq. He

OUTPUT IMPEDANCE INPUT IMPEDANCE

Input inductor || 10

mag(z(1,1)) (H)

10uH input inductor || 10
Swept 0.1A to 10A

dB(MEASUREMENTS. Bode_2A)

BODE PLOT GAIN

Swept 1A to 10A
T T T T T 1
= ez = s '
freq. Hz freq. Hz

BODE PLOT PHASE

1Simulations

« Measurements

phase(Bode)

-1 Simulations
=1 Measurements

hase(MEASUREMENTS..Bode_2A)

pl

T T
1E2 1E3 1E4

freq, Hz

T
1E5

T T
1E6 1E2 1E3 1E4

freq, Hz
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ABOUT THE MODEL I'LL SHARE TODAY

| wrote a VRM model for my own use in 1990 and published it in 1996. It’s been republished three times,
including once in Chinese. There were lots of great models by then, so why did | make my own?

* Most models were small signal models, intended for AC simulation. Large signal was essential too!

» Separate models were used for continuous and discontinuous conduction mode. Huge problem here!

* Most models required a lot of math and time to create - | wanted a simple, quick-to-generate parameterized

model

* It also has limitations, which | will share with you

1996

= P

SIMULATION

W I TH

S

2005

Switch-Mode
Power Supply
Simulation

FRBBEHR

PSpiceiaSPICE 31M

Swiichmode Power
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IT’S CONTINUOUSLY EVOLVING

More modern devices offer forced continuous conduction mode or diode emulation mode
(discontinuous conduction)

2010 Introduced time domain from state space average model for web-based simulation

2014 Ported the model to ADS to include end-to-end-simulation and EM simulation for PCB effects
and EMI simulation

2015 Introduced Harmonic Balance support for even faster spectral content and faster time
domain simulation

2017 Added generic transconductance and voltage buffered feedback amplifiers as well as a
universal ramp generator

52
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TIME, SPECTRUM AND FREQUENCY

Models Small Signal and Large Signal Behavior Simultaneously!

ts(HB.sw), V

).V

ts(HB. Vo_time}

ts(HB.I_Probes.i), A

State Space Hybrid Model - LM25116
Switch Voltage Switch Current Spectrum VRM Output Impedance nrE11|'rorAmp Gain Low Frequency PSRR
w
1 0]
= _ e A e [m1 o
] g B freq=263.0 Hz e
o] 4 g ;‘ mag(Eamp)=22.051 I3 freq=166.0 Hz
] = L3 g B dB(PSRR)=74 962
*] £ = g 2 7] Peak
El g ' 7ol m2
104 -30. v
El 7
= T T T T T T T T T T
e do s o ze 5 ds 4 s & , o o om s o A % 2 o8B AmEs
time, usec freq, Hz freq, Hz freq. Hz v ,,; e BEEEE
Ripple Voltage Time Ripple Voltage Spectrum Ripple Voltage Spectrum . Capacitor Measured and Model Input Impedance
~E mé
g EN 2 mé
o » K 83 g freq=218.8 Hz
1735 = o s £ g mag(Rin)=32.663
L= £ 3%
e -100- I \I I Eg 182
B NN R RS s S a s L s e 120 1E4 153 i s € €2 s =
o 05 1o 15 20 26 o a5 4o e & i£o & e . —
fime, usec fieq, Hz freq, Hz = a4
Output Inductor Current Inductor Current Spectrum Inductor Current dBm Extracted Loop Gain Input Impedance Phase
|- :
5 oass = @ c gg oo
£ ‘ £ 3 2= 3
& o g o =g oz £
= = 88 8B o £
g o ‘ g 3 25 E
0.057 = =
O T T T T T T T o.000 ¢4‘4$0A0At1¢f|1r-t ~100- T 200
ds 95 Mo 15 Zo 25 o a5 4o W5 15 25 35 45 55 a5 75 85 65 105 i£s & s e
time, usec freq, MHz freq, Hz freq, Hz
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Why a State-Space Average (SSAM) VRM Model is Better

* Ideal V. has wrong output impedance

* R-Lmodel only models output impedance and not with good accuracy

* RLC model only models output impedance with no information on switching noise, PSRR, stability, etc.
» State Space Average Model does it all and it is measure based and verified for the application.

v' The math is already done and free to use! Just add the parameters.

V Source L-R L-R-L-R SSAM
PDN Impedance INCORRECT RESULT NOT WELL REASONABLY Y
Switching ripple N N N Y
PSRR/Transients N N N Y
Negative resistance N N N Y
Input switching current N N N Y
Control loop stability N N N Y
Turn on overshoot N N N Y
Remote sense N N N Y
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How Bad Can a Simple VRM Model Be?

Model Comparison

_ 3EO0

=

Measured
SSAM
1E-1— L-R
L-R-L-R

R L)

VRM..L_R

Mag(SSAM)
mag(Measured)

mag(SIMPLE
mag(SIMPLE_VRM..L_R)

| | | | |
1E2 1E3 1E4 1E5 1E6 1E7  4E7

freq, Hz
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All Noise Sources with an SSAM VRM Model

State-space average behavioral VRM model predicts performance over process variations.

Copyright © 2023 Keysight Technologies, Picotest, and Signal Edge Solutions

Output Ripple Voltage Output Impedance Reverse Transfer
1460 : 2E0 2En
Ceramic Output Cap : 1En| 10 uH Input Inductor || 1Q
= 144 Swept 0 to 100 uF . Ceramic Output Cap Swept0.1t0 10 A
> i Swept 0 to 50 uF =
5 1428 = =
2 o ST 5 1B
o
o g <
z S 1E-2
= 1396 1E-2 =
1380 L I 1 1 I /lw TN N T AT (I 1E-3 ’ : . .
0 1 2 3 4 5 6 1 8 1E3 1E4 1E5 1E6 1E7 1E1  1E2 1E3 1E4 1E5 1E6 1E7
Time (usec) Frequency (Hz) Frequency (Hz)
PSRR Output Impedance Input Impedance
5E0 1E-1 5
10 uH Input Inductor || 10 Swept 1to 10A
Swept0.1to 10 A 0
= Input Inductor || 10 = -5
= Swept 0.1to 20 uH = =
& 1E-1 = < 10
w — c
= 1E-2 g S 20
252
1E_3 1 L | I L | Il Ll L Ll 1 LIl Il Ll Ll Ll L L L) _BD L Il L L Il
1E2 1E3 1E4 1E3 1E4 1E5 1E6 1E7 11 1E2 1E3 1E4 1E5 1E6 1E7
Frequency(Hz) Frequency(Hz} Frequenny(Hz]
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The Voltage Regulator Module (VRM) needs to consider
ALL noise sources (large and small signal EMI)

Reverse Transfer - (S12) Output Impedance - (522)
Port 1 VRM Port 2 -
—— lin/lout _ = =
lin (© lout ;g
I = Vin— > — i
" Vout N LT

PSRR - (521) J_ T

Input Impedance - (S11)

Input impedance can be NEGATIVE!
Power Supply \.‘
' Rejection Ratio An R-L model only considers the output impedance
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What is a State-Space Average (SSAM) VRM Model

Vin lout
— _Lout
Cin
Rd
Vc | Fgr tos Lo Cout
Logic VO T
D’_wIE Rds
: bot
ey [ State 1: SW1 = On and SW2= Off
STATE SPACE AVERAGED MODEL Lout
Duty = Ton_SW1 - Fsw
o Vout = Vin - Duty lout — Cout
& <
00 o© vV
W \Iout = k—C

Ri State 2: SW1 = Off and SW2= On
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THE INDUCTOR CURRENT EQUATIONS

Vin
Vout
" Vin—Vout ‘ IL=Imax—ﬁ-c fort=DtoT
Fsw IL = Imin + ———— -t fort=0toD
Switching Rds Lout Vout
\c it f e B |F top_Lo IL = Imax = — -t 20 fort=DtoD+D2
Logic AN Vout 0
ol | Rds v /
| . bot =Cout /\
— Vramp /W1 | Ri Ve q .
0 = DCM
Switching models operate as state machines ° tl D mou\\ D D+D2
L urrent [|1L =0 fort=D+D2t0 T
. [
There are generally 2 known points per cycle Output Current

and the rest are linearly interpolated _ _
Continuous Conduction Mode

Discontinuous Conduction Mode
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DIFFERENT MODES DIFFERENT EQUATIONS

CCM DCM
Imin + Imax Imax
lout = lIout =——- (D + D2)
2 2
Imin + Imax Imax
[in = -D lin =
2 2
v t_Vin-D Vout — Vin-D
W=T"D o= D+ D2

DC Voltages and Currents are averaged over the switching cycle
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A UNIFIED STEP-DOWN REGULATOR MODEL

For a model to be helpful, it needs to be easy to implement and simulate quickly
A simple, parameterized model can represent most performance characteristics

Vin
* Voltage Mode Control
Feedback

* Current Mode Control Fsw

— Ewitching RdS
* Discontinuous Conduction C ERRORNY V. 4, o L e AJE top wlég&

Vref + ¢ comparator ogic
Mode - DSXer_gJE Rds
- Dot Cout

e Continuous Conduction Mode — Vramp ~ W1 Ri;
* Large Signal ! J

Comp
* Small Signal
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THE STATE SPACE EQUATIONS

&3P PICOTEST

PSRR dB = 201 | Vo-(Ri-Vo—2-Fsw-Lo-Vramp |
B = 2000 ||RivinZ =2 Ri-Vo-Vin+2-Fsw-Lo-Vin-Vramp + 2 - Av - Fsw - Lo - Vin|

Parameter Description

1o Output Filter Inductance
Vc Error Amp Output Voltage
Switching Frequenc o
Fsw ) q y 2-Fs-Lo-Ri-Vin
Rout — REViR—Z - Ri-Vo+2-Fsw-Lo-Vramp * PR+ RDSon
Vin Input Voltage 144w 2-Fs-Lo-Vin
Ri-Vin—2-Ri-Vo+2-Fsw-Lo-Vramp

Vo Output Voltage

Lout = Lo
DCR Output Filter Inductor DCR out= 1+ 2-Fsw-Lo-Vin  Av

Ri-Vin—2-Ri-Vo+2-Fsw-Lo-Vramp
RDSon Mosfet RDSon Bode — 2-Fsw-Lo-Vin P
0d¢ = Ri-Vin—2 -Ri-Vo+2-Fsw-Lo Vramp "~
3 Current i

Ri urrent Sense Resistance Ve

Ri = m
Vramp Slope Comp/Ramp Vo _ 2-Fsw-Lo-Vin

Ve Ri-Vin—2-Ri-Vo+2-Fsw-Lo-Vramp

Av Feedback Amplifier Gain

Frequency domain characteristics are determined by solving non-linear differential equations

using a technique known as State Space Modeling
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DON’T LET THE MATH SCARE YOU

The hard work of coding the
math is already done for you

In fact, you don’t ever need
to see these equations
though you can)

BCLAMP 80 Rin

DCLAMP 880D

2P
ebolam
F[1.0}

cri=
Cporti)=

cril
Cporti}=

BB VINp 1 V=(1-EM'( VIVING) - V(Rin)) ot

MODEL D D IS=1E-6 N=1 RS

01; (IS=1E-26 N=.16 RS=.0001)

NP} * {DMAX)

=(Lv2*np*dmax)- 25)-_v1

_cl(_v3+.001))

V(Vout) I(VM1)(V(1)+.00
input current

-25

SWITCHV2
Model=SWITCHVM1
VizoV

R2=0.1 Ohm

2=1V

D4
eb7

F{1,0]=(H(_v2-(_v3"(1-(_va]

ccm

B3 3 Rin V=V

= sooep

8315 MINI

B33RInV=V(2)

= DCMmode = Vde=tv
Imax Nom=s
- Floatinglhigh is
Num=7 o
1+ (_va*np)))V(Lo"Fs))=0 then (_v2-(_va"(1-(_val(1u+(_va"np))))(Lo"Fs)) else 0 endif) v o
1UM INDUCTOR CURREN NogsS
2) - ((VIVout) * (1 - (VIVoub) / (1u+(V(1) * INPH) )/ (L * FI) > 0 2 V(2) - ((V{Vout) (1 - (V{Vout) / (u+(V DAL )0
85 IS DUTY CYCLE
B5 Dr Rin V={L} * {F}* (V(2) - VI3)) / ((V(1)* {NP) - V{Vout) + 01)
INIMUM INDUGTOR CURRENT
((VIVout* (1 - (V(Vout)/ (1u+(V(1) * (NPH) )/ (L * FI)

82 15 PEAK INDUCTOR CURRENT
822 R V=V(Ve) > 07 (VIVe) * (NG} (NP * RED) + (¢
L
Comp i Vout
Ve Num=3 )
Num=1 3
I Vin
- SpbDaP Num=5

Num=2

LimiterSML
Limiter1

Cport{1

Fnom=0 Hz

1=

F[1,0]=((X1+X2*(_v4-_v2))*_v3)/(Fs*Cramp))-_v1

V(1) * INPY) - V(Vout)* (TS} /(L)) : 0

R1
R=1MOhm Num=6

witchV_Mod
SWITCHVM1
R1=0.1 Ohm
V1=05V

R2=10 MOhm
V2=10V

AllParams=

o
SRC3
= vde=2v

pulltowtoset A pem

PO O 1300
vinp. tn ve 114.01=0 B4 1S OUTPUT CUR
- - - 115,00
fms Nz s G aarme i @ vy (V10 (41 (V1) 08P - ViVt
Cpori{t]=

P3
Num=3

SWITCHVE
R2=RDS mOhm

switchvsNumT!
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THE (LESS SCARY) PARAMETERIZED MODEL

State'space The math is inside these blocks.
Vin Vin “ ) Vout The required parameters are
BUCK N b
i = 5~N Vout passed to the model
RAm ax——* N\
Lo=3.1 uH N R
Ri=Ri Oh . .
A oy e Imin =" Rswitch Just enter the parameter
ts=0 sec - Ve Gnd Duty R=RDS mOhm . .
e values, most of which are easily
l identified
- — duty
, .
NonLin_slope Slope We'll dete.rmilne thgse thgt
X3 o Com ensation aren’t easily identified using a
C2=4.93 uA{t) L=~ .
C1=05.7 SAH P few very simple measurements
Fs=Fs V
Cramp=150 pF comp

C1+C2:(Vin-Vout)

Fs:Cramp

Vramp = -DUTY
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Sandler State-Space Average Model Accuracy:
Predicting Audio Susceptibility with Ridley vs. Sandler

Fs
-10.000 -10.000 —
——— 6
\ Fs
-30.00 -30.00 N
g g ! 2 f Accuracy is reduced for the
f o £ oam ISA L Sandler State-Space Average
O VRM Model above Fs/6, but
< < ; Model (Mc=4) i '
o | accurate where it matters!
-90.00 -90.00

100 K 10K Ridley, A New, Continuous-Time Model For Current-Mode Control
FREQUENCY in Hz

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 6. NO. 2. APRIL 1991
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ADDING TIME DOMAIN RESULTS

Vf_Sawtooth * The state space model knows
SRC28 :
Vpeak=1 V P3 the instantaneous duty cycle,
Freq=Fs kHz Num=3 or switch positions, at every
Delay=Phase/(360*Fs . ..
. - + SwitchV Instant In time
= SWITCHV6
R2=RDS mOhm L
duty |1r—— | e A1V ramp at the switching
SW
oS <O frequency converts the duty
+ P2 . 0y ®
swichy P71 I, - _—_ S cycle to switch positions
SWITCHV5NUMT > TV
R1=RDS mOhm | * * Adelay is used to position
g\v/vvilt?c]:vH_lev?fel independent phasesin a
O Eﬁm=4 multiphase system
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COMPLETE PARAMETERIZED MODEL

Three Separate Simulations in one Schematic

Simulation Controllers

‘ﬁ ‘ACI ‘@l S-PARAMETERS I ‘i@l HARMONIC BALANCE I
AC S_Param HarmonicBalance
AC1 SP1 HB1
Start=10 Hz Start=10 Hz Freq[1]=Fs
Stop=50.0MHz  Stop=40 MHz Order[1]=190
Step= Step=

Modulator
LM25116
X1 [H] var
I_Probe Lo=3.3 uH VAR1 Example
I_Probe7 Ri=Ri Ohm RDS=120
Fs=Fs kHz Ri=0.115
15=0 sec Fs=500
dmax=.95
D PDN Bulk
Vin ut Waurth_3p3uH i
e Capacitor  pcgpane Load _
2 |=-Fhmax——* 2. oulay
v_bc DeM A N R SRL SRC12
oRoS iy Imin Rswitch SRL1 Idc=1A
= Vdow = Ve Gnd Duty R=RDS mOhm R=1.4 mOhm
zsg;go vig R Wurth_820uF L=1.3nH
R8 C8a
R=4.99 Ohm
o = Huty =
s o
. — NodeSet
NorLin_slope Universal Ramp NodeSett
= V=1.8V
X2=4.927 uA {t)
X1=25.71 uA .
Fs=Fs v_DC Adjusted to match measured .
Cramp=270pF (3 L= SROT0_  Vc=1.675V for a 1 Amp lout Load Ro Large Signal Output
= c=1..
+ R=3.74 KOhm Switching Ripple Transients
c I_Probe
c3 |_Probe5
C<1p0 pF
Buffered r—%
Feedback \} \.Lr\;ub\m 3p3uH oCB o
SRC plane
Am SRC30 A0 Hotme
P R=18 kOhm |_Probe SRL
©=3300 pF I_Probe6 SRL2 I_DC
. R R=1.4 mOhm SRC29
COMP _/\4 513‘21 wonm 1 :SiSmmh Warth s20uF | L130H Idc=1 A
—\% et X e cab
v oo VOLTAGE_AMP l Rds=RDS mOhm
| src11 X3 = L] v.pe t Phase=0 1
= Vgeesy  lout=3ma | sreo = = =
N IFB=10 nA = Vdc=1.23V
AVOL=10 k -
GBW=4.5 MHz {t}
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Note that the output
network, including the
output inductor, capacitors
(and the PCB if included)
must be EXACTLY replicated
in the state space and large
signal models.
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TIME DOMAIN AND FREQUENCY DOMAIN

Simulation vs. Measurement

Time Domain e @) . Frequency Domain s
B8 | piagramts et | ! ! ADS L
5 —148.5
60 L
—117.0
" £ 40 855
> ,\i' 20— 540
£ co 225
o m © i
2 US 7 90
= < '
% 20— -40.5
7 -72.0
'40__ 1035
1E2 1E3 1E4 1E5 1E6 2E6
freq, Hz
You must admit those match well, right?
68
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Why use the Harmonic Balance Simulator with SSAM

* 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 Stgady State Ripple vs. Time
Transient must os o] Time o 10;
reach stea.dy state to %% z: Domain Time Domain P X A T |
measure. ripple. | gé‘ X Transient Sim ;f 0_ A
20,000 time-stepst  E£ . ww|TANSENT | Wait for Steady State ¢ *

0 oz 014; o6 os 10 12  Minutes, Hours, Days i s055

ime, msec time, usec
A0S 307

Harmonic Balance I Frequency Domain %
simulates harmonics of 3 ) Freguerfcy Harmonic Balance Sim : :
the switching frequ.ency. g 107: Domain I FFT jumps to Steady State % E fw | HARMONIC BALANCE |
Only 255 Frequencies ] T T A I
for steady state ripple! WA | HARMONIC hibaEs | Seconds, Minutes, Hours: 5* L\

freq, Hz fime, nsec

Data shown is for one VRM, typical PCB design has dozens of VRMs
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MULTI-PHASE SUPPORTABLE

Small Signal Hybrid State Based Averaged VRM Model
Including Discontinuous and Continuous Mode (DCM) Operation

TPS40140
Example

Rt
R=RDS mOh{n

3
1,595 VSET for Ve=1.986V@10A

SRLS
R=1 mOhm
LeLonH

TPS40140
Example

Prob
| _Probe?
oc
+|_sres
Vde=12V.
-

Large Signal Output

Switching Ripple Transients

PDN Bulk Capacito

R=1.0 mOhm
L=LonH

Averaged Small Signal Output
(AC Sweep PDN Impedance)
[

WS BBN Bulk Capacitol

R=T mohm

rand Load

oc
RO29

TPS Sl
Tl

Tuned Variables for Matching
VRM Model with Measurement

Variables

r and Load

RL
SRLT

L=LonH

oc
- sreo
= Vde=1.595 VSET for Vo=1.986V@10A

Crspe
Buffered
Feedback |——ww——y—
Amp R o ST

e
R=RDS mOh| R=1 mohm

cs
=t

)
R
5 R3
=10 kOhm
R=49.9 Ohm Retokom

L=05nH
C=67.915 uF ()

Iy 4

e [E] VAR
;’:?ﬂ‘A utput VART
Fs=260 kHz
emG RDS=1 {t}
Srid Term1 Ri=13m {1
R=57a0hm {1} Numet Lo=29.16 {t}

2250 Ohm

Three Separate Simulations in one Schematic

L sker
= vacss v

lout=2 mA
IFB=10nA

oc
= +| skes
AVOL=316 k -
GBW=12 MHz
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Simulation Controllers

RS
R=5,66 kohm

Stop=10.0 MHz
Step=

% ACI ‘@3[ S-PARAMETERS I ‘ﬁa[ HARMONIC BALANCE I
AC S_param HarmonicBatance

ACt sp1 HB1

Start=10 Hz Start=10 Hz Freq[1]=Fs

Order[1]=190

Stop=40 MHz
Step=

Many (if not most)
systems today include
multi-phase VRMs

It’s important for a
generic unified model
to support multiphase
designs

My model can do this
with synchronized or
unsynchronized VRMs,
including parameterized
phase relationships
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N-PHASE FOR TIME, SPECTRUM, FREQUENCY

Multiphase Time, Frequency, and Spectrum Data Simultaneously

Switch Voltage Ripple Voltage Time Output Inductor Current
o 14 spn 170 e 1
12#" a M a 10;
104 1.65— 4
> ] <L g
>s 8 3 ] Ts
§g o] -E‘ 160 6
22 ¢ i (] “]
22 o T
A @ 4 == 2
0 { 1.50-]
— ] 0
I I T RN k I I
000000000 1 2 3 4 5 6 7 8 2 3 4 5 6 7 8
time, usec time, usec time, usec
VRM Output Impedance Ripple Voltage Spectrum dBA Inductor Current dBA
21 apn 0 ws
1E1 ‘ k A
40 o ““
jf ‘g‘ -60— -20
S : |
gg 182 % 80 40
o
01E3 1‘E4 W‘ES 1!‘-:6 1!‘-:7 4E7 - 1!‘-:6 1E7

freq, Hz freq, Hz
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-EW RULES MAKE THIS MODELING SIMPLE

* |deally, select a part with feedback amplifier connections, but, at minimum, external Comp pin

e If you don’t know Lo, purchase a sample, mount it, and measure it

e If you don’t know RDSon and DCR, they are measurement, but have low impact, so it is ok to
guesstimate

* Discontinuous Conduction Mode (Diode or Diode Emulation) should be in the datasheet or is
selectable

e Continuous Conduction Mode should be in the datasheet or is selectable

* Vramp may be external, if so, you can measure it on a scope

* Ri may be external, but measure the change in Vcomp vs lout even if it is external

The two parameters that can be difficult to obtain are Vramp and Ri
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MODEL PARAMETERS

1o Filter Inductor We likely know this, but easily measured with a VNA or Scope with FRA features

Fsw Switching Frequency We likely know this, but can easily measure it using an oscilloscope

Ve Error Amp output voltage If this is accessible it is really helpful for directly determining Ri, but also for optimizing the control loop response
Vin Input Voltage We should know this, since it is externally set, but can measure with a DMM

Vo Output Voltage We should know this, since it is externally set, but can measure with a DMM

DCR Inductor DCR We likely know this, but easily measured with a VNA (low impact)

RDSon Mosfet RDSon We likely know this, but easily measured with a VNA (low impact)

Ri Current Sense Often considered proprietary. This is equal to %, but easily determined from a VNA measurement
Vramp Slope Comp/Ramp Often considered proprietary, but easily determined from a VNA measurement

Av Feedback Amplifier Often external. Not always accessible, measurable with a VNA if COMP is available

anp Output Cap Impedance We might know this, but easily measured with a VINA*

* If capacitance is mostly or all ceramic, need to measure with DC Bias applied
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A LOW-COST CHARACTERIZATION BOARD

* Manufacturers offer EVAL or DEMO
boards for many of their parts

* These don’t usually provide good
measurement access

* We generally create our own low-
cost characterization boards, with
good measurement access, such as
SMA connectors
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MEASURING RiI DIRECTLY

e The measured result doesn’t
always agree with the datasheet

* This is often, as the case is here,
due to PCB parasitics. Earlier, |
told you that the PCB can impact
even the DC performance

* Always measure an assembled
PCB to optimize this model
parameter

* For a Voltage Mode converter,
the value of Ri should be very
close to zero

1.900

1.850

Ri = Rcs - Acs = 10mQ - 10 = 0.1Q

y = 0.1352x + 1.54
R? = 0.9995

lout Vc
051610
1.0 |1.675
1.5 |1.740
2.0 |1.809
2.5 |1.881
1.0 1.5 2.0 2.5

lout, amps
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DETERMINE Ri INDIRECTLY

e If you can’t measure PSRR then
output impedance is a good second
option.

* And of course, you can’t have too
much data, so feel free to measure
both PSRR and output impedance.

i —ON —OFF

100m

e |tis difficult to see the
inductance in a well tuned
converter. Reducing the
output capacitance will make o 1ok 100k i
it easier to determine rrequenr

Trace 1: Impedance Magnitude (Q)
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ONLY VRAMP IS LEFT TO BE DETERMINED

* In some cases, the ramp is

vin vour |10
: : | |
defined in the datasheet ook o166 = X1+ X2(8- Vo) Vo
" << — Cramp-Fs 8
e If the pinis accessible, it can be F“‘MF’;: — B T X1+ X2.(12 - Vo) [Vo
directly measured using an < LM25116 | ~ @+ 0157 = CrampFs 12|
oscilloscope 7 s 1agy L XL+ X2(16 - Vo) l
S— : (Vin — Vout) - S5udg 25uA CrampFs |16

Vramp =

Fs - Cramp

_ X1+ X220 - Vo) [Vo
~ Cramp-Fs

A generic ramp generator supports
constant ramp slope as well as Vin
dependent (feedforward) and Vin-
Vout dependent slopes

Minerr(X1,3

2571x 107 °
4]

4927 x 10~
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DETERMINE VRAMP WITHOUT ACCESS

We are left with only a single
unknown, Vramp

* We showed earlier that almost all
closed loop performance is
dependent on Vramp

* Vramp most heavily influences PSRR,
so tune Vramp to match/optimize
PSRR

* PSRRis a VECTOR, so be sure to
measure and tune for correct
magnitude AND phase!
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DETERMINE VRAMP WITHOUT ACCESS

* |f you can’t measure PSRR then
output impedance, particularly
inductance, is a good second
option

* And of course, you can’t have
too much data, so feel free to
measure both PSRR and output
impedance

e Tuning both Ri and Vramp
should yield a perfect fit to the
measured PSRR and output Z
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MEASUREMENT BASED OUTPUT CAP MODEL

Measure Model
| e Capacitor Model Matches Measurement
1 gimm,: 1 gimm b 3E-1
. g Model
If your simulator can use 5 e e} MBS / Measurement
S-parameters, justsavethe | . 8 %lg
data to Touchstone format " § §~%
S T

If it can’t, this video shows — & £
how to create a SPICE R 1E-2—
model from the data

Juipe— I T

1E3 1E4 1E5 1E6
- frea. H7

http://tinvurl.com/capacitor-video

YouTube Video: How to Design for Power Integrity: FfequeﬂCY (HZ)
Measuring, Modeling, Simulating Capacitors and Inductors
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http://tinyurl.com/capacitor-video

INDUCTOR MEASURMENT BASED MODEL

The datasheet values for the output

inductor are usually ok, but if you want

better fidelity, it’s easy to measure

Measure

Model

PRC
PRC1

R=3.125 kOhm {t}
C=2.79 pF {t}

SRL

SRLA1

R=19 mOhm
L=3.1 uH

http://tinvutrl.com/capacitor-video

YouTube Video: How to Design for Power Integrity:

mag(Lo)

4E3

m3

1E3—

1E2—

ADS Optimized Model

m3
freq=54.20MHz
mag(Lo)=3.125E3
Max

m2
freq=1.000MHz m2
mag(Lo)=19.484
1E1—|
14
m1
freq=151.4 Hz
1e-1—mag(Lo)=0.019
m1
1E-2 I I I I I
1E2 1E3 1E4 1E5 1E6 1E7

Measuring, Modeling, Simulating Capacitors and Inductors

freq, Hz
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POPULATING THE MODEL

* The parameters are entered into the
parameterized SPICE or ADS model

* The DCM pin is active pull up. This
sets the operation to be
diode/diode emulation or forced
continuous conduction

* The “ts” parameter can be used for
the current loop delay, but in most
cases the default of 0 is ok

* The dmax defaults to 0.95 and this
sets the maximum PWM duty cycle,
generally listed in the datasheet

Enter values for Lo, Ri and Fs

l

ts is current loop prop delay
and dmax is max PWM duty

BUCK

X1

Lo=3.1 uH
Ri=0.135 {t}
Fs=500 kHz
ts=0 sec
dmax=.95

LM25116
Example

DCM set the model for _r—{DCM

discontinuous ot continuous | —
only operation

Vin

duty

l Enter RDSon

R
R1
R=RDS mOhm

The model knows
the instantaneous

NonLin_slope

X3
FITTED C2=4.93 uA{t}
LM25116 Vramp C1=25.7 uA {t}
Parameters Fs=Fs

Cramp=150 pF

v_DC
— SRC10

Slope Compensation

= Vde=1345V SET for Ve=1.675V@1A

duty cycle

1
T

This DC offset isn’t necessary, but it can be set to
match the offset from the Ri DC measurement
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= VcC

The required
parameters are

generally available in
the PWM datasheet

OTA

X1
lout=1E-4 A
IFB=1E-4 A
AVOL=2000
Gm=510E-6
GBW=7.5E6 Hz

{

{

BJT_Model
BJTM2
NPN=yes
PNP=no

1s=50 fA
Bf=lout/(2*IFB)
Re=

BJT_Model

BJTM1
NPN=no
PNP=yes
1s=50 fA

Bf=lout/(2*IFB)
Re=1/Gm-0.052/lout Ohm

1

JFET_Model

JFETM1
NFET=yes
PFET=no
Vto=-1
Beta=50

BJT_PNP
BJT3
Model=BJTM1

: NINV

P3
Num=3

P4
Num=4

PARAMETERIZED TRANSCONDUCTANCE AMP

BJT_PNP

Model=BJTM1

Select the appropriate, parameterized feedback amplifier — Transconductance type

I

BJT_PNP
BJT_PNP BJT12
Model=BJTM1

INV

R1
R

Model=BJTM2

OUTPUT

-

L+

Vdc=-0.7 V

R=AVOL/Gm Ohm

ND
P5
Num=5
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Num=1

P2
Num=2
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PARAMETERIZED VOLTAGE ERROR AMP

Select the appropriate, parameterized feedback amplifier — Buffered voltage type

P4
Num=4

The required parameters .

. . BJT_PNP BJT_PNP
are generally available in {
Model=BJTM1 j—— BJT4 Model=BJTM1 ]——_—[ BJT11
BJT_Model Model=BJTM1 Model=BJTM1
the PWM datasheet
NPN=yes =
PNPSno hBAizil:BJTw
B0 NINV o INV
Re=0.6/lout = . Model=ButM1 A . 1
Num=3

R2 Num=1
{ { R=5.2*AVOL/lout Ohm %
£ l c [N
JFET_NFET c1 BJT_NPN
BJT_Model BJT_Model s JFET2 }———K C=0.0306*19ut/GBW F BJT13
BJTM2 BJTM1 Model=JFETM1

A
Model=BJTM
NPN=yes NPN=no R4 R odel=BJTM3
PNP=no PNP=yes R=50/lout Oh ng}NPN BITi0 v_DC
1s=50 A 1s=50 fA N Model=BJTM2 LSR5 loyrpyr
Bf=lout/(100*IFB) Bf=lout/(100*IFB) Model=BJTM2 = vdestv 2RI
Re= Re=2.6/lout Ohm -
VOLTAGE_AMP 2
J— Num=2

ks

N b
X2 { *[: e M
BUT NPN v_DC BJT_NPN
_ BITS | srca BJT6 __I: o
= - Model=BJTM2 = Vdo=-06V Model=BJTM2 d
lout=3E-3 A i ,

IFB=10E-9 A NPNeo  NFEToyes , aND
= ity Vet
AVOL=1E4

Bf=50 Beta=50

G BW:3E6 HZ Re=0.6/lout Ohm

P5
Num=5
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FINE TUNING THE MODEL

 The model should be quite good,
just using our populated data

* You can fine tune the Vramp and Ri
parameters to optimize the fit

* Note how well the Bode plot
matches, though we didn’t need it
to create the model

e The ADS OPTIMIZER can be used to
solve all the variables quickly and
accurately
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1pedance

rIElgrorAmp Gain

Low Frequency PSRR

W Tune Parameters

Simulate
Whie Slcer Moves v
Tune
Parameters
Indude Opt Params
Enable Disable. ..
[] pisplay Full Name

[ snap sSlider to Step
Traces and Values

Store. .. Recall...

Trace Visibility. ..

Reset Values
Close Unassociated Data Displays
Update Schematic

Close Help

X
DC2017_VRM_Tutorial_lib:LM25116 MODEL:schematic
¥3.C2 X3.C1 Ri
(ua) (ua)
vex 7395 | [amss | [oa0as |
» » »
[¥] Ad [¥]
Mn (2465 | [1285 |  [o.s7s |
step [pem3 | (257 | [oouss |
Scale |Lin - Lin = Lin -

m2

freqe166.0 Hz
dB(PSRR)=75.028
Peak

T i T 8 B EEAED
-

Input Impedance

mé
freq=218.8 Hz
mag(Rin)=32.664

Input Impedance Phase

mé
freq=691.8 Hz
phase(Rin)=-179.713

mé
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VRM ON AND OFF STATES

We like to measure in ON and OFF state
The two states confirms all parameters. It’s important to get both conditions right.

VRM Turned Off VRM Turned On
aps 251 aps 2E1
1E-1— 1E-17
>
Ss
o 5=
52 NN
o> DD {E-2—
%E 1E-2— gg
©
IS
| | | 1E-3
1E3 1E4 1E5 1E6 1E7 s [ [ [ [
1E3 1E4 1E5 1E6 1E7 4E7
freq, Hz
freq, Hz
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ADDING SWITCHING PARAMETERS

Pulse Width Modulated Switch

Vf_Sawtooth

SRC28

Vpeak=1V

Freq=Fs
Delay=Phase/(360*Fs)

duty

Switchv P!
switcHv5NUmMT1
R1=RDS mOhm ,

P3

Num=3
SwitchV
SWITCHV6
R2=RDS mOhm
=
P2
—— Num=2

SwitchV_Model
pa  SWITCHVM1
Num=4

Using SPICE, the time domain uses a
transient simulator. ADS can use a much

faster Harmonic Balance Simulation engine

Since the model knows the instantaneous duty
cycle, we can replicate the output filter and create
a pulse train at the switching frequency

This half bridge model uses 1V sawtooth ramp
and the switching frequency parameter to set the
pulse train

A phase delay allows multi-phase simulation using
multiple half bridge models

D ewe  Large Signal Output
Lrrves - Switching Ripple Transients

warnsoas P DN Bulk Capacitor and Load

L1b

dut] - W oYL . Vo_time
|_bC
W . 1 _
HB_Switeh Wurth_820uF A~ SRC28
X12 |_Probe lde=1A
C8b c
Fs=Fs |_Probe6

Rds=RDS mOhin
Phase=0 - I
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FINAL PATHWAVE ADS Pl SIMULATION

Copyright © 2023 Keysight Technologies, Picotest, and Signal Edge Solutions

Switch Voltage Switch Current Spectrum VRM Output Impedance rI‘%rrorAmp Gain Low Frequency PSRR
P
E o]
5 ¢ -
> I K - ] 2
s 1 g e g™ pr‘eq:iGﬁBHz
& 3 pu} 9 dB(PSRR)=74.962
T | ] @ Peak
T o] £ = 3 5]
El 3 7o-] m2
0] T
: 74
+ T T T T T T T T T T T
e 05 1.0 15 20 25 30 35 4 1E8 167 7 1 E2 1E3 =l 1E8 €8 1E7 & ® # 2 g AadEER
time, usec freq, Hz freq, Hz freq, Hz - o e
Ripple Voltage Time Ripple Voltage Spectrum Ripple Voltage Spectrum SE_Capacnor Measured and Model Input Impedance
] ‘ _E mé
1750-] “ ‘ §§ =
= g g EN £ mé
£ ] oo o ] g . freq=218.8 Hz
o 1] z o =0 £2 : mag(Rin)=32.663
@ 1 T & 3
[
time, usec freq, Hz freq, Hz =4 K
Output Inductor Current Inductor Current Spectrum Inductor Current dBm Extracted Loop Gain Input Impedance Phase
o e } : .
2 B | £ = E 2| |freq=691.8 Hz 2
7 g ome @ z £= |phase(Rin)=-179.711 [ 100
oo ooz = = m4
A T T T T T 0.000 ?4‘4*0‘0‘!1#?01?‘! 100 50 - . 350 1 200
time, usec freq, MHz h b ,r;q . 7 freq, Hz
88




SIMULATED AND MEASURED VOLTAGE RIPPLE

The model very accurately matches the measurement results

57 &
= AIL - ESR
r»
g
- Vin - ESL g_'
Lo 5‘;
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With the completed model, all
parameters can be simulated,
including negative input resistance,
output impedance, PSRR, transient
response, ripple voltage, switch
voltage, etc

If using an EM simulation, the printed
circuit board effects can also be
included

The model can also be used to
optimize performance of any, and all
parameters

OPTIMIZING PERFORMANCE

’@ﬂ PARAMETER SWEEP |

ParamSweep

Sweep1
SweepVar="Cramp"
SimInstanceName[1]="AC1"
SimInstanceName[2]=
SimInstanceName[3]=
SimInstanceName[4]=
SimInstanceName[5]=
SimInstanceName[6]=
Start=100

Stop=1000

Step=25

dB(PSRR[1

Simulated PSRR Null

m3

110—

m3

Cramp=450.000
dB(PSRR[1])=117.267

Peak

(414

3
[4=14
c¢3s
239
[4=VA
Z¢38
Z¢36
(=%

Cramp

PSRR of the Current Mode converter includes a null
PSRR can easily be optimized if the ramp is adjustable

NOTE THIS IS SECOND ORDER, SO PAY ATTENTION TO PHASE

Copyright © 2023 Keysight Technologies, Picotest, and Signal Edge Solutions

90



The VRM i1s a Noise Source AND a Noise Hub

Radiated noise

~ Voltage \\\

Regulator out

Input noise ()

vV

Internal noise

‘ Current noise
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Pay Attention to the System Level Noise

gilent E5052B Signal Source Analyzer
WRTS2 125MHz

[ ‘ ”1
,|| \rhl I,
P,

Il\'ﬂ\ ) u'llmw-ﬂ h""“ﬁ"‘ i

WY

[ | ﬁ 'ﬂ
WA 'H‘U | Y ‘Julr b

Phase Moise Start 10 Hz

|Phase Maise:
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Can’t Assess Pl in Isolation

File | Edt | Vertical | Digital | Horiztaca | Trg | Display | Cursors | Measure | Mask | Math | MyScope | Anaiyze | utiites | Heip ([

e

<«

@D 3.0vidiv 8y:1.0G6 —— m Q& width 500.0ns/div  200MS/s 5.0ns/

@D 50.0mVidiv 500 By:1.06 «®[0ons | None 1
m 4160 acqs RL:1.0k
L

Auto  December 07, 2020

& Cursor Controls
Cursor 1
Ch 1
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And Unintentional Spread Spectrum

L g

MultiView HEI Phasa Noise 1

The switching frequency jitter results in power supply noise,
which in-turn results in oscillator jitter - Jitter-Induced Jitter

Sagnal Frequency 12400004 MH:  REW 03%

Signal Lewvel 1120 @m NCORR Factor FLul
Alt 0GB Meas Time il Meas; Phase Noise
M M jtm.‘::;
) x b by A0 iy
l| -1 310

|
I 1 ‘ -230 e
| _____:._ 540 e
[ ammm 2 " L1 Em . 4= n - .- = .-___I'_tt
- . . 30,0 MHz
Many switching power supplies use less than stellar _ . ]
ise. M| m | Jitter I
oscillator circuits, resulting in switching frequency ;1 Boes noows BNE  mmsioma  imsks  desm

jitter . Il
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Remember

* Vendor models are hard to obtain and rarely valid for your design, so be sure to
measure what you buy and create a measured model.

* VRM State Space Average behavioral models can predict small signal and large signal
behavior and run fast in Harmonic Balance for transient results.

* Measuring VRM on/off impedance vs. frequency is a simple yet powerful
measurement for tuning simulation models to correlate with measurement.
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AGENDA

Power Integrity Basics — VRM + PDN + Digital Load
presented by Heidi Barnes

Measurement Based VRM Modeling
presented by Steve Sandler

Building a Power Delivery Digital Twin - TI TPS7H4003 SSAM Case Study
presented by Benjamin Dannan
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APEC@ S12: How Power Integrity is Changing
the World of Power Electronics

Building a Power Delivery Digital Twin
- TI TPS7H4003 SSAM Case Study

Speaker:
Benjamin Dannan “Now, let’s show the process

on an actual VRM of how to
populate the SSAM model”




Measurement Platform — Tl TPS7H4003 Evaluation Module

Impedance measurement
point on EVM was C23

LPO50A .
TPS7H4003EUM Rev A

. '-"' <1} ‘, wa e
~ \
e [ o
L Fi 7146100002
13 TEXAS AT e o
#y med PCC spprwved fur reaale

-
INSTRUMENTS sevd 9% St Goahaslion o

TPS7H4003 is a radiation tolerant VRM for LEO and GEO applications
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Measure Ri Directly on TPS7H4003 VRM

Measurement Setup

lo Vcomp
0.3274
0.3542

0.3808 | Plot Vcomp vs.

04078 | 15ut results to

0.4612 :
o4g9 | determine R

0.5412

cOo OO L1 W N L O

10 0.593

ope 0. O
Vecomp vs lout

This measurement
requires a VRM

/ T with external
035 s 04612 For Ri we only Vcomp access

care about the

055 y =0.0266x + 0.3278
R?=0.9999

slope!

The measured result doesn’t always agree with the datasheet
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Estimating TPS7H4003 Vgavp

From TPS7H4003 EVAL Schematic From TPS7H4003 Datasheet
— ! 3w . " -55°C
40 1 comp COMP to Iswitch gm(® COMP =05V 25°C
2L REFCAP 125°C
oo Per TPS7H4003 Datasheet R; = 1/40 = 25 mQ
(I:O'ZF sz:;osnF RSC — 24000 1040 20
=~ Thw T SC

TPS7H4003 f,, = 500 kHz - SW_period = 2us period - Solve for Slope Comp (SC)
SC =1.1A/us (1)
SCher auty cycte = SC - SWherioa = 1.1A/us - 2us = 2.24/100% duty cycle (2)
Veamp = SC - R; = 2.2A - 0.025Q = 0.055V (3)

VRM vendors do not always make this information available to populate the model
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Simulating the Open Loop Plant Gain

Showing Plant Open Loop Gain using datasheet Vramp and Ri Values

Gm=0.0018 {§
GBW=7.5 MHz {-}

Opening the loop

Lo=1uH i
Lottt Tl Design
Fs=FsHz
ts=0 sec
dmax<0 95 Coilcraft spice model 1sav
5v Vin 154 154V 154V output
" L ° XAL1580_102 ADS
™| 956V Rs X17 X
B 430 v R=RDS uOhm R
«—{DCM Imin|——24/ R10
Ve Gnd Duy DC LOAD R=R_load Ohi
AT o my 154V v
Linear_SlopeC L uy =
v Livear_SipeComp 1
\Vcomp_Gain_Slope=0.055 {f .
13 Voo OfsS=0 605 Slope Compensation o
SET for Vc=0.686V@1A n:
Vramp = 0.055V @
Controllers s =
Qutput Transconductance R9 o
Amplifier (OTA) e L
86 mV ]
AC
ACH
Start=50 Hz 5
Stop=40 MHz
Step=
933 mv
- 686 33 mV
Variables
R
VAR RS
VAR1 v_DC * =
Fs=500000 _1_ SRCT — Vde=0606 Vi Rets 4o
RDS=300 {t} = Vdc=686 mV X1l
Ri=0.025 {f lout=200 uA {f} v
R_load=1.05 {f IFB=15nA {f
AvOL=10000 {§ = =

TPS7H4003 Open Loop PSRR
5Vin, 1Vout, 1A Load

-30.000— 4
A 4

-34.444—
m1

-38.880— freq=137.8 Hz
-dB(PSRR)=-33.124

-43.333—

™ SIMULATED

-52.222—

-56.667 |

-61.111—

-65.556 —

-70.000 ‘ i i ‘

1E2 1E3 1E4 1E5 1E6
freq, Hz

Fixed Feedback Vcomp for a given load
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PSRR Setup with the TPS7H4003

Let’s measure the open loop plant gain and closed loop PSRR

seee®

Bode 100 o "w
- e \% %351 ‘ a R <

J2120A

Now, let’s

measure this!
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Open Loop PSRR - TPS7H4003 Gain Magnitude and Phase

_Open_Loop 5

MEAS_PSRR_O

o

TPS7H4003 Open Loop Gain
5Vin, 1Vout, 1A Load

TPS7H4003 Open Loop Gain Phase
5Vin, 1Vout, 1A Load

Copyright © 2023 Keysight Technologies, Picotest, and Signal Edge Solutions
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180
] ADS i
i MEASURED 160 MEASURED
E m2 120 |
] freq=61.25 Hz ~ .
_—m'2 MEAS_PSRR_Open_Loop=-22.033 . 120+
] % 100
7 £ go—
. & i
_: 60—
. 40
- | | 20 | |
1E2 1E3 1E4 1E2 1E3 1E4
freq, Hz freq, Hz



Measuring PSRR TPS7H4003 Open and Closed Loop

TPS7H4003 PSRR Open Loop vs. Closed Loop Gain

. SVin, 1Vout
ADS MEASURED OPEN LOOP GAIN - 1A Load

20—

o \

_60_/ \
-80—
MEASURED CLOSED LOOP PSRR - 1.6A Load

| |
1E2 1E3 1E4

Gain (dB)

-100

freq, Hz
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PSRR changes with load, so measure Open Loop

2 TPS7TH4003 EVAL
% TIDesign
colcratspcamoel o, TPS7H4003 Open Loop PSRR
1.01 % 101V 101V sutput 101V 10
N | g 962mA XAl 1580_102 J’\-m v . ’[_ Dr
| 177V Rs X7 962 mA U -
i Fsion o _ MEASURED
18564 RGEESE.[{ONM DC LOAD RRluadOmn D:D: o i Slmulated
- N e . %%E 10 After Tuning SIMULATED
L = o 4
\comp_Gain_Siope=0.15 @ T Measured Open Loop PSRR o ICI -20— m1
1A | X
\comp_Qfiset=0.605 . = Q
Slope Compensation 0 . ==o B
3.86-36 A S alwlol -30—
: 28% Lo
R=10 kOhm = c X -40—
o SET for Vc=0.686V@1A 1 Oh LOAD g 'E 8 .
m F, ol 50 Before Tuning
- Simulation Controllers v 5< [ S N I e s
kenv Output Transconductance 5 @] (@] srmoees | T g 60— m1 b
Amplifier (OTA) @= .1 freq=138.0 Hz
7 Sarsone  mansons 1 |After_Tuning_SIM_PSRR=-22.39
686 m\ Stop=40 MHz 5mp=w MHz = - =
B oo my, s?e mv ¢ 3y Step= Step= -80 I
B sy | o - - . - Varlables & Equations
Jsju uh A okom & Loo o 1E2 1E3 1E4
SRCH oTA = \de=0608 \/ i} )
= Vao-0888 v ) , iz : freq, Hz
: e peman by ’
v c 10 0F £ g‘ﬂf&ﬂm}m = =
= GBW=T7.5 MHZ {-{}
MEAS_P SRR_Open_Loop =-dB(S(1,1))

Opening the loop

After tuning to match measurement, V.,p = 0.15V
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Measuring VRM Output Impedance

Bode 100

LPO50A
TPSZHI00IEUN Rev

o

R -

Measure the VRM ON and OFF impedances

When doing a 2-port impedance measurement, it is important to remove the capacitor to
prevent AC coupling between the 2 ports on the probe, which can cause measurement error
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Why use the Harmonic Balance Simulator with SSAM

* 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 Stgady State Ripple vs. Time
Transient must os o] Time o 10;
reach stea.dy state to %% z: Domain Time Domain P X A T |
measure. ripple. | gé‘ X Transient Sim ;f 0_ A
20,000 time-stepst  E£ . ww|TANSENT | Wait for Steady State ¢ *

0 oz 014; o6 os 10 12  Minutes, Hours, Days i s055

ime, msec time, usec
A0S 307

Harmonic Balance I Frequency Domain %
simulates harmonics of 3 ) Freguerfcy Harmonic Balance Sim : :
the switching frequ.ency. g 107: Domain I FFT jumps to Steady State % E fw | HARMONIC BALANCE |
Only 255 Frequencies ] T T A I
for steady state ripple! WA | HARMONIC hibaEs | Seconds, Minutes, Hours: 5* L\

freq, Hz fime, nsec

Data shown is for one VRM, typical PCB design has dozens of VRMs
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State-Space Average Model TPS7H4003 EVM — Tl Design

Does not include PCB effects

Smeall Signal Hybrid State Based Averaged VRM Model
Including Discontinuous and Continuous Mode (DCM) Operation

s TPSTH4003 EVAL Averaged Small Signal Output
i ; Wi
oot oo Ti Design (AC Sweep PDN Impedance) Measured Output Z
e Simulated PDN Decoupling and Load Power OFF and Power ON
amaz-0gs Coilcraft spice model ~ PCB Resistance ..,y
sy - mv, @y e v v . oulp smmy — se5 my ONOFE Z Measured
Eae] v & - i e .
._ [ egsv R=ROS uonm ReR_PCS uonm B R emez E:“,.:;, qu.
. . o o Sgom DC LOADZRmpmonn |{ [550m o mm
Put it a" together in the I v Ao " IMPEDANCE
) L + sws swa
Sandler SSAM VRM Model RS L tope compensaton
R Measured Power Supply Rejection Ratio
kv 3 -
’ SET for Vo=0 BEEV@E. TA
Large Signal Output

oz mv

Output Transconductance
Amplifier (OTA)

Switching Ripple Transients

PDN Decoupling and Load

. Simulated
wg\jcol\craﬂ spice model PCB Resistance Ly
Py 5y astv PET 53y
29V Bav

RS -
A= [ _

R=R_PCS womT smce . e
r-c_esrom DC LOAD 2 &="_iai omm Temes

154 xonm
X1z - s
out=2000A (£} . v Fars Leno:

o1 5nA v i woom pmoes L-CESL s
AvL-T0000 = o cur

g 7
c-0prgg c
1 iy L 3
Cer [ can v z-s00m
M Gn-0.0m27 £}
SEW-10 M 4] < =
W

Tuned Variables for Matching

VRM Model with Measurement Three Separate Simulations in one Schematic

Variables Simulation Controllers Equations
VAR . . .

VAR |(,§| SPARAMETERS I |5§2[ HARMONIC BALANCE I i
Kol v a2 ez )
remeon 1 RN EY)
Frprege) VRS B e
N S e
C_ESR=0.00111 {§ SUP=I0MHZ  Stop=40 MHZ. e 128
SR EEabl h
el
ey

satnoy § 140617 202

VRM_MoceI_in TPSTH4003_MODEL
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TPS7H4003 State-Space Average Model Results

Does not include PCB effects

Transient Harmonic Balance  State Space Hybrid Model - TPS7H4003  s-Parameter Z and AC Sweep
Switch Voltage _ Switch Cument Spectrum . VRM Qutput Impedance Error Amp Gain
a a ] : = MEASURED e
Simulation matches - ] e
@ F i g =
£ ] HS o e g
measurement... Al =
Hn i 32 freq=26.33 kHz
. I X % ] EEISEEE! e mag(EFamp)=8-393]
Ly r
MOdeI IS gOOd ¢ A A 1 AR S A A A A &
time, usec Feg, Hz freq, Hz
Voltage Ripple Voltage Ripple Spectrum dBm Ripple Voltage Spectrum Low Frequency PSRR
" T Does nat include PCB parasitics | P WYY *T PSRR measurement shown
) e [ - it R g s closed loop measurement
We’'re finished! P
Or are we? = r ] R
“*IVripple =6.390 m 1 ?5_ SIMULATED
P A A A A AR | s 1 1 [ i i 8 B BAfAD
fims, usee Foq, Hz
Cutput Inductor Current Inductor Current Spectrum Inductor Current dBm Extracted Loop Gain
ne current = 9. .Y ¢ o ' L
%_ L g N g 20} W [ 10 2
- £, & 4] . 2
% o] £ ] ? = §
o] T o] <ol oop BW = 26327 kHz -
YTV Phase Margin = 68,418 deg 5
P A A S AR AN i [ 5 45 85 65 75 a5 a5 1 i & i I s !
tima, usec fraq, MHz freq, Hz feq. Hz
109

Copyright © 2023 Keysight Technologies, Picotest, and Signal Edge Solutions



TPS7H4003 VRM Output Voltage Ripple Why isn’t this 1 MH:z
Simulation vs. Measurement , 1A e de et

Voltage Ripple

. 1.006
1.005—

1.004—

)V

1.003

1.002—

HB.Vo_time

1.001—

ts(

1.000—

0.999—

| Does not include PCB parasitics

1 Vripple =6.390 m

L~

0.998

0.0

Comparing the simulated voltage

ripple to the measurement

Simulated Vripple with 9.8A load

Measured Vripple was with 10A load

0.5 1.0 1.5 2.0 25 3.0 35 4.0 2 s 3 ps

time, usec

Measurement point

& il

ol )
2oL Ix-ts
f o Pty
i i~ A J E _|'(
;] Yy : -‘L.n
E i i
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State-Space Average VRM Model TPS7H4003 EVM - Tl Design

Does include PCB effects

Let’s add the PCB
effects to our
model and see

what happens to

the voltage ripple

Small Signal Hybrid State Based Averaged VRM Model
Including Discontinuous and Continuous Mode (DCM ) Operation

BucK /,
TPSTHAOD3 E\Ak mEEmE 8yeep PDN Imped.em.c

[, moem @ g R

Slope Compensation

——
e - R
V=034V = =
: SET forVo=0 S5EV@E.TA Friakami
OUtpUt Transconductance
Amplifier (OTA) .

R? -
Cm10 pF{H c Jaunm LA ET
¢ -
ADLOT L
TR monme g
GERIONEE

Tuned Variables for Matching

Averaged Small Signal Output

g)lll

*
ot TiDesign g -
Sz
- = B el Exrac - PlN Decoupling arw Load
o s m PEBSW ace CoMraft spice model ™ EM Exiracted PCB m
pA—— S
= [ ]

Large Signal Output

IMPEDANCE

Switching Ripple Transien

Three Separate Simulations in one Schematic

BEM Estracted PCB SW 1ids
[ CDlIaEﬂsplca model g —

Measured Output £
Power OFF and Power O

ON/OFF Z Measured

z\-s:om z\-s:cm
31=s S'Fé

e = mmnmwiDN Decoupling and.uaich LN N

B EM Extractsd PCE Vo
[

Measured Power Supply Rejection Ratio

N

[ —
= S
.

lllllm_t)AD

mn Temis
Ao | 2 | s
ol

VRM Model with Measurement
Variables Simulation Controllers Equations
== (] seamaz=ns | (@] evonceaacs | = s
e " P pre— AT 2z
meemiy Azt =21 HB1 (EASURED_Z_\SM w2l 31
Samey Saesom  SareSler Fracipes. MEAZURED P )
FRloaa=010114§ SipedOiEz Smo-O e Orger =122
b e
v e TRTHOTL MODEL PO SN S —
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TPS7H4003 VRM Output Voltage Rip

Measurement vs. Simulation with included PCB effects

All extracted PCB artwork was from Keysight PathWave PIPro

Extracted PCB Artwork, the extracted
Switch node is not depicted

ple Simulated TPS7H4003 Voltage Ripple using

State-Space Average VRM Model
TPS7H4003 Voltage Ripple

ADS | Includes PCB parasitics
1.004 —
¢ I EEEEEENEER)y
> — .0 *
~  1.002—
o
E B u
o 1.000— .
> A -
m | ]
L 0998 .
2 | .
0.996— S -
- 4 L o Il‘
< Vripple =8.205 mV
0.994 L L I O B A

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

time, usec
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Exploring the PCB Effects seen in the Output Ripple

Output Impedance Measurement Setup with

2-port PDN Probe Measured VRM Output Impedance
. - 8E-2
ADS
What resonates at
around 1MHz on
2 .1E_2_ the PCB? ‘IIIIIIII :
g .IIIIIIII’:
1E-3—| =
Aoozon DLE S = freq=1.050 MHz
PR, e | CE€ X cummma mag(Z(3,3))=0.004
e 1E2 1I|53 1I‘E4 1I|55 1I‘-26 1E7
Measurement Point at C23 freq, Hz

Output impedance measurement shows 1MHz resonance

113
Copyright © 2023 Keysight Technologies, Picotest, and Signal Edge Solutions



TPS7H4003 VRM - Investigating the Current Density on the PCB

22 uF Cap resonances at 1 MHz!

22uF Capacitor Output Impedance

Current Density Plot is created with 1MHz Resonance Frequency

*C23 22uF
A - 8
1E1-
m2
o freqg=1.413 MHz
W Z _22uF_p=0.002
N Valley
A |
| ] - N 1E-1—
= —m 330uF Caps =
i ay, ot e
1E-2—|
* NOTE: C23 isin the simulation, : : :
C24 22uF but was not installed on the PCB 1E2 1E3 1E4 1E5 1E6 1E7 1E8 1E9

freq, Hz

Further Analysis 22uF vendor spice model confirms

Multiple Caps are resonating at 1MHz,
C24 is the potential resonance point on the PCB

but only one is the culprit

The 22uF Cap (C24) looks be our problem, right?
114
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TPS7H4003 VRM — Removing the 22uF Capacitor

Simulated Vripple with 9.8A load
TPS7H4003 Voltage Ripple

Includes PCB parasitics

What happens if we remove the 22uF cap (C24)?

*C23 (22uF)

),V

HB.Vo_time

ts(

Removed C24 (22uF) cap
*Note: C23 was already removed.

ADS

1.006

1.004

1.002

1.000—

0.998

0.996

1Vripple =8.2 \'4

i

0.0 05 1.0 15 2.0

time, usec

25

3.0 35

4.0

Removing a single capacitor removed the resonance
seen in the output voltage ripple!

Simulating with PCB effects matters for getting the answer right!
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Fine Tuning the TPS7H4003 EVM SSAM VRM Model — Digital Twin
Voltage Ripple - TPS7H4003 VRM EVAL PCB

Measurement vs. Simulated State Space Average Model

smmm S | PPV

l T B N LA B B
III.EI 02z 04 06 08 10 12 14 16 18 .
]

1006 - ‘ - wwesv 1 1.006 V
- Vripple =8.278 mV
AL - ESR iy e | o v f1.004V
~ . > |
L SRR AN E 4 \ . uv/:a 1.002 V
S o . svf1ov
7 b,
0.998 ILLJ 4 "J'”\'::txﬁﬁﬂ‘_"; 998 mV
| S I S "‘Q'JBI"LD © v 996 mV

Z:EI 22 24 I Zlﬁ 28 B!I] 32 3|4 3

; . . : . time,‘usec- - - - - s94my 0994 mV

1*Simulated model includes EM extracted PCB parasitics with C24 removed

: : : : : : : : : : - #zey §992 mV
1us 2 us 3 us 4 us

The model accurately matches the measurement
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The Voltage Regulator Module (VRM) needs to consider
ALL noise sources (large and small signal EMI)

Reverse Transfer - (S12) Output Impedance - (S22)
Port 1 VRM Port 2 -
—— lin/lout _ = =
lin (© lout ;g
o E Vin— e i\
" Vout N LT

i
Ak

PSRR - (521) J_ T

|

Input Impedance - (S11)

\ | = Input impedance can be NEGATIVE!
Power Supply \.‘
' Rejection Ratio An R-L model only considers the output impedance
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Evaluating the Results.. How much better is the SSAM VRM Model?

Model Comparison

3E0
£0S
:'E:“ = Measured
|
x| SSAM
T
. 1=
59’5205 1E-1— L-R
<Ernn:>|
28>, L-R-L-R
gﬁmi
T o=
2@0-2 1E-2—
=20
23
® E
S
1E-3—
| \ | | |
1E2 1E3 1E4 1E5 1E6 1E7  4ET7
freq, Hz
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TPS7H4003 Measurement vs. Fitted Passive Spice Model

How much do we care about simulation with the PCB effects with the State-Space Average Model?

To answer that question, we need to first create a fitted passive spice VRM model

TPS7H4003 EVAL

Measured Qutput Z Measurement vs. Fitted VRM Passive Spice Model
FITTED VRM PASSIVE SPICE MODEL Power OFF and Power ON - 2E1
% e+ |SIMULATED FITTED MODEL,
; L J ONJ/OFF Z Measured 8 MEASURED LY EF
R
RlR,Pcn uohm L=247 nH {1} LA SR = ': 1 :
R= SRot SRLCT T rmc,z I rme oo ¥
‘:’;'{f‘f:’“ DA R=C_ESR Ohm oot S ¥
I — e 'éi“c—;*‘é s Num =1 250 onm 50 onm 1= .l
1 o = 7=50 Ohm ng): 1E2]
- R=2 97 mOhm {1} = = o |
L=1000 pH {1} t; P‘i 5 Pa % Nl
= vaR T o 20
v;::n "ﬂmﬂ' ]AC I fanl | SPARAMETERS I = n-leas‘w ] E
C_ESR=0.001765 {1} . B ar SIMULATED_Z VRM_FITTED=mag(Z(1,1)) 5 ﬁ
C_ESL=1675 (i} ne1 s MEASURED_7_VRM=mag(Z(3,3))
Gap_C=730 {f} Start=50 Hz Start=50 Hz FITTED_VRM_Z=mag(vRM_Z) =3 1E34
R_PCB=275 {1} Stop=40 MHz Stop=40 MHz =
Step= Step= v
*Measurement result shown is with C24 removed
[ [ [ \ [ [

1E2 1E3 1E4 1ES 1E6 1E7  4ET7

freq, Hz
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TPS7H4003 EVM with SSAM vs. Fitted Passive SPICE Model Step Response
10A, 100nsec step load without PCB effects
TPS7H4003 EVAL

VRM Step Load Response - State-Space Ave VRM vs. Fitted VRM Spice Model
Step Load = 10A, 100 nsec rise time

Comparing the step response

between the State'space Average ADS 102 il Does net include PCB parasitics DS
Model and the Fitted Passive Spice
VRM model < *] FITTED SPICE VRM MODEL| <
E o094 STATE-SPACE AVE VRM MODEL £
£ o] Fitted Step Response = 135.584 mV re
VRM Output Im pedance g SSA Step Response = 152407 mV | 3
State-Space Average VRM vs. Fitted Passive Spice VRM Model 085 Step Response delta = 16.823 mV
e ' [STATE-SPACE AVE VRM MODEL oss] ! , 1111 FrTED Spice vem mopeL
""" FITTED SPICE VRM MODEL 984 b e e csed | STATE-SPALE AVE VEIM MODEL
E 0.0 87.5 1750 2625 3500 4375 5250 6125 7000 49950 50.019 50088 50156 50225 50294 50363 50431 50.500
>| time, usec time, usec
NE 1.020 -
W= 1E-2— ADS Does not include PCB parasitics ZOOMED IN VIEW
QN\ Step Reponse Analysis 1013 m4  STATE-SPACE AVE VRM MO[}"I
% {\ 50.15 usec to 50.5 usec 1007 i 11 ! i FITTED SPICE VRM MODEL trinrr?e=50 23 usec
oD o SSA Step Response = 41.135 mV ‘”“”_l }. EEaRaR H é \ ‘ TRAN.output=1.010
“':J Fitted Step Response =5.668 mV < ‘ ms
' Step Response delta = 35.467 mV % 029 | TRAN oupuioges 5 m
g 0.987— e
0.980— time=50.23 usec
| | | | TRAN.FITTED_SPICE_VRM_OUTPUT=0.989
1E2 1E3 1E4 1E5 1E6 1E7 0873 ‘ 7
0.967— time=50.24 usec
freq, Hz |[TRAN_FITTED_SPICE_VRM_OUTPUT=0.983
0 60— T T T
Output Impedance Correlates 50.150 50 |194 50,‘238 50,‘281 50 225 50,‘369 501113 50,‘456 50,‘500
between both models *State-Space Ave VRM Model = SSA Step Response Ime. USeC o assive Fitted Spice VRM Model = Fitted Step Response
0 . . .
86% Change in transient step response between both models without PCB Effects
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TPS7H4003 EVAL with SSAM vs. Fitted Passive Spice Model Step Response
10A, 100nsec step load with PCB effects

41% change in transient response from
SSAM VRM model

Now let’s include the PCB effects and
compare the results again

79% change in transient response from
SSAM VRM model

TPS7H4003 EVAL with PCB
VRM Step Load Response - State-Space Ave VRM vs. Fitted VRM Spice Model
Step Load = 10A, 100 nsec rise time

Does include PCB parasitics AS ZOOMED IN VIEW

1Does include PCB parasitics

FITTED SPICE VRM MODEL
STATE-SPACE AVE VRM MODEL
Fitted Step Response = 151.883 mV
SSA Step Response = 258.017 mV

Step Response delta = 106.134 mV

Volts (mV)

FITTED SPICE VRM MODEL
STATE-SPACE AVE VRM MODEL

LI L L I
49.950 50.019 50.088 50.156 50.225 50294 50.363 50.431 50.500

L I B 07",”‘,
00 875 1750 2625 3500 4375 5250 6125 7000

time, usec time, usec

1.030

Step Reponse Analysis DS
50.95 usec to 50.240 usec 1.018—|
SSA Step Response = 60.661 mV

Fitted Step Response = 12.485 mV
Step Response delta = 48.176 mV __ 0993

0981

ZOOMED IN VIEW

Does include F"?B parasitics

m4
time=50.13 usec
TRAN.output=1.012

m5
time=50.19 usec
[TRAN.output=951.5m

1.006—

0.969—

Volts (mV/

E m&
0.957 time=50.13 u:
TRA

sec
N.FITTED_SPICE_VRM_OQUTPUT=0.980

0.944—

FITTED SPICE VRM MODEL| M7 _
time=50.19 usec

j STATE-SPACE AVE VRM MODEL | |[TRAN FITTED_SPICE_VRM_OUTPUT=0.968
ooz AL 40—
50095 50113 50131 50149 50167 50186 50204 50222 50240

0932

time, usec

*State-Space Ave VRM Model = SSA Step Response *Passive Fitted Spice VRM Model = Fitted Step Response

79% Change in transient step response between both models with PCB Effects
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TPS7H4003 EVM with SSAM vs. Fitted Passive Spice Model Noise Spectrum from Step Response
10A, 100nsec step load without PCB effects

TPS7H4003 EVAL without PCB

VRM Noise Spectrum from Step Load - State-Space Ave VRM vs. Fitted VRM Spice Model

Step Load = 10A, 100 nsec rise time
50
£DS

Does not include PCB parasitics

8
FITTED SPICE VRM MODEL R’qeq=9.000 MHz
" STATE-SPACE AVE VRM MODEL dB(fs(TRAN.Vo_time))=-71.07
c 9
Let’s compare the results in m8 froq=11.19 MHz

dB(fs(TRAN.FITTED_SPICE_VRM_OUTPUT))=-114.7

the noise spectrum without
the PCB effects

m9

VRM Model Noise (dB)

-150

500 Step Response Noise delta = 43.652 dB
E \ \ [

61.42% (44 dB) change in noise spectrum from SSAM

61% (44 dB) Change in transient step noise spectrum response between both models without PCB Effects
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TPS7H4003 EVM with SSAM vs. Fitted Passive Spice Model Noise Spectrum from Step Response
10A, 100nsec step load with PCB effects

TPS7H4003 EVAL with PCB

VRM Noise Spectrum from Step Load - State-Space Ave VRM vs. Fitted VRM Spice Model
Step Load = 10A, 100 nsec rise time

ADS % Does include PCB parasitics| |m8
ITTED SPICE VRM MODEL freq=9.000 MHz
TATE-SPACE AVE VRM MODEL dB(fs(Vo_time))=-55.33
Peak

m9

freq=11.19 MHz
dB(fs(FITTED_SPICE_VRM_OUTPUT))=-102.0
Peak

Now let’s include the PCB

m8
_EOW‘E‘

effects and compare the

results in the noise spectrum

VRM Model Noise (dB)

250 Step Response Noise delta = 46.677 dB
i [ [ \ \ \ \ \ \ \

0 5 10 15 20 25 30 40 45 50
freq, MHz

84% (47 dB) change in noise spectrum from SSAM

84% (47 dB) Change in transient step noise spectrum response between both models with PCB Effects
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.....And Picotest NISM works in ADS also!

NISM* can be used for stability analysis of your VRM State-Space Average Model design with your PDN

TPS7H4003 EVAL TPS7H4003 Extracted Loop Gain

VRM Shunt Compensation Z vs. QTg - NISM Analysis . B 0
52 5E4 ADS | L
—1E4
= 1E2 60— 0
2 '®*7 TIDESIGN A -1E3 | n
S, g 100 <
= —1E2 a 40— =]
(2} © r _é_‘
Z, 1E3- —ET I . . —-200
L o = 20 - =)
z 1 Ig % =
s o ] —300 D
& 1E4— —1E1 & 0 - @
(] — —_—
E QTg ez | 400 =
1ES | | I I — 20— Loop BW = 26.002 kHz 500
1E2 1E3 1E4 1ES 1E6 1E7 4E7 . B
freq, Hz 0 Phase Margin = 68.478 deg 500
QTg_freq | \ | |
Sandler_NISM_PM: >71 degrees 182 183 1E4 185 126
Z Frequency: 33147.205 Hz freq, Hz
Q Frequency: 41734.891 Hz
Effective Q: 0.366

*Picotest Non-Invasive Stability Measurement (NISM)
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.... And it works for Multi-Phase and PMICs...
State Space Hybrid Model - TPS7H4003 4-PHASE Design

Transient Harmonic Balance S-Param eter Z and AC Sweep
Switch Voltage - All Phases Switch Current Spectrum VRM 4-Phase Output Impedance Error Amp Gain - Phase 1
5 E ‘ 4 1=z N 1e2
- 3
> o I v mi
@ o =) a 1El—
7 o] 8 Y £
£ 3 A e i
§ 2 ] o't i md
g ] & g2 fieq=26.33 kHz
1 7 0] an e [mag(Eamp) -8.406
T e =
T T T T T T T T T T T T T T T T T
P Y A R A e & s = s - 55 & L L
time, usec freq. Hz freq, Hz ¥eq Hz
nothing
Voltage Ripple Voltage Ripple Spectrum dBm Ripple Voltage Spectrum Low Frequency PSRR - Phase 1
" ripple =1.192 mV » s ] ]
10008 — 7 » =
1 | ]
= oot s 5 ] =]
- 4 E E =
£ oo o K R £ nd
o 1 = > ] &
; i g e % ] T &
B 10000 ] H Pl
1 104 7
sasss| ] =
R R R R RN SRR ey T 1 108201 {
oo 05 10 15 20 25 30 35 40 €6 1ET ] 166 157 €8 W El = ]
time, usec fraq, Hz fraq, Hz " " ’;.HZ e
Qutput Inductor Current Inductor Current Spectrum - All Phases Inductor Current dBm - All Phases Extracted Loop Gain - Phase 1
1 .0 " M
;AVE current per Phase = 15.639 A 5 i C ook
cxaa 165 - m=m 1S oo
Zesd 3 795 95T e
EEE o] 49y 0ud ]
T 5888 o6 <0
T igk il
L i33 * 358 =
nes B 7 * veT Loop BW = 21.895 kHz
N ,'I'otall curlrentlall FTIla5$s = I62.5I55 A . 15 & . i “ . " | ‘ \ | Phase Ma‘gm = 56.1;')7 deg |
P S S A AR A AR LS A A A A A = i & s !
time. usec freq. MHz fraq. Hz feq Hz

({1)eseydideimun
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Call to Action

Designers need to stop using the L-R, L-R-L-R VRM SPICE
models for Pl simulations!

— The SSAM includes all 5 VRM noise sources for
significantly higher fidelity
The delineation between Power Integrity and Power Electronics
needs to end!

— PE designs need to include PCB EM with their VRM
designs!

Learn to make these simple measurements and try this for
yourself

Download the ADS workspace to see the model and simulations
https://www.picotestonline.com/Designcon2023

How to Design for Power Integrity: Selecting a VRM

mmmmmmm
YOUR WEXT
AAAAAAA
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https://www.picotestonline.com/Designcon2023
https://www.youtube.com/watch?v=ejAApIv1cR8

Conclusion and Summary

* Accurate simulation results require a high-fidelity VRM model
and the PCB effects!

* |t takes 4 measurements to build an accurate Sandler State-Space Average
VRM model

— However, these State-Space Average Models do not need to be perfect!

* The Sandler State-Space Average VRM Model is.....

— Easy to populate for VRMs
— Supports EM simulations
— Supports many modes and multi-phase

* A poor fidelity State-Space Average Model is significantly better than a good
R-L VRM model
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