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» Why use a Sandler State-Space Average Model (SSAM)

» Populating the Sandler State-Space Model with design parameters and measurements
= Example: Building the TI TPS7H4003 SSAM

» The Digital Twin SSAM with PCB effects predicts measurement

» Results: TPS7H4003 SSAM vs. Simple L-R VRM SPICE model with and without PCB
effects

= Call to action

= Summary
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Modeling a Switched Mode Power Supply

This model works for all forward VRM topologies
State Space Hybrid Model - TPS7H4003 4-PHASE Design
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Reverse Transfer - (S12)

= lin/lout

PSRR - (521)

- Power Supply '\,‘
Rejection Ratio
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Output Impedance - (S22)

Port1 VRM Port 2 o
‘ =
lin (- lout i
Vin % a f;‘ I"‘,‘
Vout : AL
Input Impedance - (S11)

Input impedance can be NEGATIVE!

An R-L model only considers the output impedance
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Vil il top _Lo .
comparatorDUty Drix;r&! Rbg?
Ll O | State 1: SW1 = On and SW2= Off
STATE SPACE AVERAGED MODEL Lout
Duty = Ton_SW1 - Fsw
?)\ Vout = Vin - Duty lout = Cout

lout = k—

Ri State 2: SW1 = Off and SW2= On
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e 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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Model Comparison
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State-space average behavioral VRM model predicts performance over process variations.

Output Ripple Voltage Output Impedance - Reverse Transfer
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SSAM Model Parameters: TI LM25116 VRM Vg aup
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S. M. Sandler, Switch-Mode Power Supply Simulation, McGraw-Hill, 2005

Vo-(Ri-Vo—2-Fsw-Lo -Vramp)
Ri-Vin?—2-Ri-Vo-Vin+2-Fsw-Lo-Vin-Vramp +2-Av-Fsw-Lo-Vin

PSRR_ dB = 20log H

|

2-Fs-Lo-Ri-Vin
_Ri-Vin—2-Ri-Vo+2-Fsw-Lo-Vramp
PSRR - 2-Fs-Lo-Vin

1+Av'Ri.Vin—2-Ri'VO+2'FSW'LO'Vramp
zn VY ) zou

Vin?

Pin

Rin = — Rout

+ DCR + RDSon

Reverse Transfer Lo = Lo L Ro
excess 1+ 2-Fs-Lo-Vin A 2-m-GBW
o Ri-Vin—2-Ri-Vo+2-Fs-Lo-Vramp Y
Reverse = ——
Vin
Vo _ 2-Fs-Lo-Vin Rin and Reverse are insensitive, so less attention is warranted
Ve Ri-Vin—2-Ri-Vo+2-Fs-Lo-Vramp
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Now, let’s show the process on
an actual VRM of how to
populate the SSAM model

110
DesignConema A

4, JAN. 31 - FEB. 2, 2023



Impedance measurement
point on EVM was C23

LPO50A “ y
TPS7H4003EUM Rev A A
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I\/Ieasure Ri Dlrectly on TPS7H4003 VRM ' Veme
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Estimating TPS7H4003 Vg ayp

From TPS7H4003 EVAL Schematic From TPS7H4003 Datasheet
5 | B _55°C
40 comMp COMP to Iswitch gm(33 COMP =05V 25°C
2L { REFCAP 125°¢
[ Per TPS7H4003 Datasheet R, = 1/40 = 25 mQ
TIOInF Tm}}f RSC — 24000 1040 20
= Thw 1 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

o TPS7HA4003 EVALm TPS7H4003 Open LOOp PSRR

Lt Tl Design _
sVin, 1Vout, 1A Load
I_Probe7| dmax=0.95 Coilcraft spice model Ly
5v Vin 1.54 154V o 154V output -30.000 n 1
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min|—280 ™
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T et TXE o W . v -38.889—| ffreq=137.8 Hz
y }L{u‘w;auf:\‘:pguzmp L = -dB(PS RR)='331 24
Veomp_Gain_Slope=0055{§ | . — -43.333—
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p Controllers R & | I M LATE D
- Output Transconductance R o o 52222
vy Amplifier (OTA) o
AC -56.667 —|
S50tz g mv
o VIN -61.111—
933 mV
- 686 33 mv
Variables -65.556 —
VAR = 28 ) v_DC ;5
Eg%lﬂ]ﬂggﬂl i_ EEDCFW oA = \S/ES:BD 606 V/{} R=154 KOhm -70.000 |
0 Ve e : 1E2 1E3 1E4 1E5 1E6 1E7

Opening the loop Fixed Feedback Vcomp for a given load

Ri=0025 {§ e o
Rload1051 \Eg:w e {(tl}) }V v
v A/oL0000f L 1 f i}
Gm-00018(3  —
W=7 5 Mitz () req, Az
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PSRR Setup with the TPS7H4003

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

Bode 100

J2120A

Now, let’s
measure this!

P ...
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TPS7H4003 Open Loop Gain  TPS7H4003 Open Loop Gain Phase

. 5Vin, 1Vout, 1A Load 50 5Vin, 1Vout, 1A Load
ADS 7 mDs
o] MEASURED 60— MEASURED
§ hE m2 140
<! ] freq=61.25 Hz ~ _
8 0 M2 MEAS_PSRR_Open_Loop=-22.033|| = 120
o L = _
%l ] % 100

-30—
a ] £ 80
2 N 60—
W -40— |
= N 40—

-50— ‘ ‘ 0] | |

1E2 1E3 1E4 1E2 1E3 1E4
freq, Hz freq, Hz
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TPS7H4003 PSRR Open Loop vs. Closed Loop Gain

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

20—

o \

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

| |
1E2 1E3 1E4

Gain (dB)
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PSRR changes with load, so measure Open Loop
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Measuring VRM Output Impedance

Bode 100

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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* 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:
s DS > f
Transient mustreach ~ >> 5] Time \EJO
steady state to measure 2% 4] Domain . : % 4
rippley 53, 3 Time Domain s & ﬁ| TRANSIENT I
. 0L 4 . . E o]
50,000 time-steps! EE 2] — Tr.an5|ent Sim % 05
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0 ‘ ‘ ‘ : : : . = o]
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. AD 30 \
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steady state ripple! ] T | FFT jumps to Steady State  := - L\
] an' | HARMONIC BALANCE . 8 s g
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1E6 17 1E8 90 180 270 360 450 540 630 720 810 900
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State-Space Average Model TPS7H4003 EVM — Tl Design

Does not include PCB effects Small Signal Hybrid State Based Averaged VRM Model

Including Discontinuous and Continuous Mode (DCM) Operation

s TPSTH4003 EVAL Averaged Small Signal Output
) : v
R o Tl Design (AC Sweep PDN Impedance) Measured Output Z
iy Simulated PDN Decoupling and Load Power OFF and Power ON
amaz-0gs Coilcraft spice model ~ PCB Resistance
5w 102V 1 v - t ssamy P 2Emy ON/OFF Z Measured
- Lm (@ | R {;};é_;
| % om DC LOAD 3 -8 _bad oom 2z-s0.0mm Jrmram (2455 am
I - v ! ' oN
Put it all together in the . R A
eome om0y Slope Compensation
Sa n d I er SSAM VR M M odel B Measured Power Supply Rejection Ratio
\i;:jfzqwn :: g_mmw
SET for Ve=0 686V@9.7A
i Large Signal Output
SUTPF; T"?g%;PNdUCTﬂme Switching Ripple Transients
mplifier )
-
B simulated PDN Decoupling and Load
= 7 s ,Coilcraft spice model PCB Resistance ..., i
T gRemn ) Lo 2 Rision as
o woL=1 00 4 2-50 Gam
E %" b geman,
Tuned Variables for Matchi . . . .
\/Légn[j M Dad":i ,ﬁ ﬁreasu‘ﬁemgm Three Separate Simulations in one Schematic
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Act B
Staresorz  SareS0 sz

81
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SOR-I0MAZ  Sp-40 MRz oreij-126
Sten- Steo-
VRU_Moce ]I TRSTHHO03_MODEL sathos 5140677 2022
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Transient Harmonic Balance  State Space Hybrid Model - TPS7H4003  s-Parameter Z and AC Sweep
Switch Voltage ~ Switch Current Spectrum B VRM CQutput Inpedance ~ Error Amp Gain
. . ] " < IMEASURED o
Simulation matches ] _ = } SIMULATED =
o & A @ e
£ 4] 2 =] N e £
measurement... e Il | =
I £ ‘ freq=26.33 kHz
. ' A o 1 e mag(Famp)=8.393]
MOdeI Is gOOd ¢ P S A S AR A e o w om Bk om omsom o
time, usec freq, Hz feq. Hz freq, Hz
Voltage Ripple Voltage Ripple Spectrum dBm Ripple Voltage Spectrum Low Frequency PSRR
~ ] Does not include PCE parasitics r FerwyyT ™ PSRR measurement shown
) o o I - ) . L A g | is closed loop measurement
We're finished! P P
Or are we? E. 5 P ~|MEASURED  ~iim.
9]\ rinple 26.350 ] “ISIMULATED
A AR A AR AR AU AN 28 i i£s ) ] P | 1 % i 8 B BEBRD
fraq, Hz #eq, Hz feq. Hz
Output Inductor Current Inductor Current Spectrum Inductor Current dBm Extracted Loop Gain
" current =9.530 A ¢ vy
0] A S0 o
] % el g % g ; Foo ¥
¥ H L a0 2
25 -] 2011 oop BW = 26.327 kHz [ a0
P TA 'Y W [Phase Margin = 68.418 deg
P A A ; 0 15 25 35 45 %5 65 75 45 85 1 | i ! s & I s !
time, usec freg, MHz feq. Hz feq Hz
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Why isn’t this 1 MHz

in the simulation?
Voltage Ripple

~1.006

Does not include PCB parasitics

1.005—
1.0047_
1.003 |
1.002;

1.001—

ts(HB.Vo_time), V

1.000—

0.999

1 Vripple =6.390 m
0998 TTTT ‘ T TTT | LI | T TT | T TT ‘ LI | TTTT ‘ T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

time, usec

Comparing the simulated voltage
ripple to the measurement
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State-Space Average VRM Model TPS7H4003 EVM - Tl Design

Does include PCB effects

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

A d Small S | Qutput
i{‘ ) TPS??ILIE?ESQE\T& EEm @ﬁrggﬁeeprg%N I‘rﬁggd.antc%. -m Measured Output Z
Let'S add the PCB i E;:F B El Edractsd : P#IN Decoupling ar’ﬁ Load Power OFF and Power ON
o a0 — . F'_E SW Nods Collbraft spice model : EM Extracted PCB :x IMPEDANCE DN-‘DFFiMBesuBi -
effects to our P A e B BT — s s B s s
R=ROE ulm < o i:' £_v2) a0 [ ] x | Zwi) G +) 2w O |
model and see LI WS o | e
L [
What ha ppens to i ~ E_:In:npe Compensation - Measured Power Supply Rejection Ratio
.
the voltage ripple

Cutput Transconductance
Amplifier (OTA) s Large Signal Output
Switching Ripple Transien

a7 . z wa_|
A=t ke 35 22 LA =
= * Fm1S41 kORI
D02 reazd

« = mm == wRDN Decoupling and.b:lich LR N PN
#=M Exdractsd PCE SW NBde
W Coilorafts pice model

B EM Extractsd PCB vol

=]
VeS0TV >

1

PY R I

Tuned Variables for Matching

VRM Model with Measurement Three Separate Simulations in one Schematic
Variables Simulation Controllers
[@comems | (@] sooesine: |
s =
[ N —— e —
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Simulated TPS7H4003 Voltage Ripple using State-
Space Average VRM Model

TPS7H4003 Voltage Ripple

1.006

RDS | Includes PCB parasitics
1,004
> | .“-............‘
—= 1.002— E
o
£ 7 "
! 1.000—] .
>_ B ]
m |
L 0998 =
Iz | .
e 0.996—| S .
- N LEL ] un®
994 mv b Vrlpp'e =8.2U5 mV
. . . 0994 rrrryrrrr|Jyrrrr]yrrrr|rrrr [ rrrrrrTrTrrroTT
What is causing this resonance 0.0 o.‘s 1.‘0 1.‘5 2.‘0 2.‘5 3.‘0 3!5 4.0

time, usec

All extracted PCB artwork was from Keysight PathWave PIPro

rn
Extracted PCB Artwork, the extracted L J
Switch node is not depicted
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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

R~ -— 8E-2
A — £DS

What resonates at

around 1MHz on

" 1E-2_ the PCB? S LLLLILLL L
) ]
) .
N .
b= "

n
= dnssnunns?

1E-3—

m9
freq=1.050 MHz
mag(Z(3,3))=0.004

1E2 1E3 1E4 1E5 1E6 1E7
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TPS7H4003 VRM - Investigating the Current Density on the PCB

22 uF Cap resonances at 1 MHz!

Current Density Plot is created with 1MHz Resonance Frequency

*C23 22uF

C24 22uF

= 330uF Caps
7‘?‘*‘:

* NOTE: C23isinthes

imulation,
n the PCB

but was not installed o

Multiple Caps are resonating at 1MHz, but only

DesicnCon'Eza

WHERE THE CHIP MEETS THE BOARD

one is the culprit

"@j’ JAN. 3

1 - FEB. 2, 2023

ADS

Z 22uF_p

22uF Capacitor Output Impedance

8

1E1—

1E-1+

1E-2—

m2
freq=1.413 MHz

Z_22uF_p=0.002
Valley

1E2 1E3

1E4

I I
1E5 1E6 1E7 1E8 1E9

freq, Hz

Further Analysis 22uF vendor spice model confirms
C24 is the potential resonance point on the PCB

#DesignCon
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TPS7H4003 VRM — Removing the 22uF Capacitor

Simulated Vripple with 9.8A load

What happens if we remove the 22uF cap (C24)? 1.006 —
ADS Includes PCB parasitics

*C23 (22uF) 1.004— W
1.004

),V

HB.Vo_time

ts(

0.996 I I O B
00 0.5 1.0 1.5 2.0 25 3.0 35 4.0

time, usec

Removed C24 (22uF) cap
*Note: C23 was already removed. Removing a single capacitor removed the resonance
seen in the output voltage ripple!
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Voltage Ripple - TPS7H4003 VRM EVAL PCB

Measurement vs. Simulated State Space Average Model

‘
1.006

EEEEEER
1.004-

= Al - ESR

ﬁlnlzaﬂl“’all WTULA D
FDS 4Vripple =8.278 mV
EEEER A \ )
§ ... ‘ | L -4 a . I I [ ‘I W ::‘ 4
o mmm (¥ | | ] O

smmmmn'da

1.000—

0.998—4

-

Vi ESL Y| RN
= | |

e Y, .
S esiia,

o

pr=—

A

LI
| N B I
d y

00964 —

=] -

L]
i
1
L]
1
L]
1
i

LI LI I B B B B S
0 02 04 06 08 10 12 14 1.

1us

J
S A S
18 ‘20 22 24 26 28 30 32 34 36 3 4.0

2us 3us 4 us

- LEeE Y

- L4 ¥

Ly

'd
Ny
S

&Pt .
- #ewv

- 39dmy

*Simulated model includes EM extracted PCB pﬁrasitics with C24 removed

22my

. 1_3 1.008 V

1.006 V
1.004 V
1.002 V
1.0V

998 mV
996 mV
994 mV
992 mV

The model accurately matches the measurement
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Reverse Transfer - (S12)

= lin/lout

PSRR - (521)

- Power Supply '\,‘
Rejection Ratio

DesicnCon Eza

WHERE THE CHIP MEETS THE BOARD

Output Impedance - (S22)

Port1 VRM Port 2 o
‘ =
lin (- lout i
Vin % a f;‘ I"‘,‘
Vout : AL
Input Impedance - (S11)

Input impedance can be NEGATIVE!

An R-L model only considers the output impedance
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Model Comparison

.. 3EO
:'E:“ b Measured
|
e SSAM
|
. 1=
8<% 11— L-R
< wtx>|
28> L-R-L-R
EEUJE
T o=
S5L= qgo
E=W
o5
® E
£
1E-3—
| | | | |
1E2 1E3 1E4 1E5 1E6 1E7  4E7

freq, Hz
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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 Output Z Measurement vs. Fitted VRM Passive Spice Model
FITTED VRM PASSIVE SPICE MODEL Power OFF and Power ON - 2E-1
ADS =, SIMULATED FITTED MODEL
; L J ONJ/OFF Z Measured 8 MEASURED LY EF
R1
R=R_PCB uOhm tpl:?d?nﬂ n SR'm F‘-‘RLCW = E 1 'l
Lﬂn TW“ s R=C_ESR Ohm TermG1 ;fur.:'bf |]vnurn"|‘b3" D>'_' I-I_| ¥
oAz L=C_ESL nH Num=1 L 50 Ohm =50 Ohm 1= ]
C=Cap_CpF 7-50 Ohm N ¥ 1]
== SRL1 I> 1E-2—+
R=2.97 mOhm {1} = = o |
L=1000 pH {1} wﬁ wr TN
g
VAR "ﬂjﬂ' ]AC I nn =] ) east 9 E
C_ESR=0.001765 {1} - SIMULATED_Z_VRM_FITTED=mag(z(1,1)} <
C_ESL=1675 {1} act e ! MEASURED_7_VRM=mag(Z(3,3)) L ﬁ
ﬁ;ﬂi’,ﬁ‘ﬁ, Start=50 Hz Start=50 Hz FITTED_VRM_Z=meg(VRM_Z) = g 1E3—
- N Stop=: z Stop=40 MHz
S St 5
*Measurement result shown is with C24 removed
[ [ [ \ [ [

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

freq, Hz
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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 L T
State-Space Average Model and the Fitted ]
0.98—
Passive Spice VRM model 0s0.]
< 4 FITTED SPICE VRM MODEL <
E 094+ STATE-SPACE AVE VRM MODEL E
£ ge] Fitted Step Response = 135.584 mV o
e SSA Step Response = 152.407 mV o
VRM OUtpUt Impedance ~ om- Ste Re: onsz delta = 16.823 mV g
State-Space Average VRM vs. Fitted Passive Spice VRM Model 088 P P ’
2E-1— B
we  |STATE-SPACE AVE VRM MODEL ose] , i1 FITTED SPICE VRM MODEL
“IFITTED SPICE VRM MODEL 7 L A S 081t e ATE- SPACE AVE VRM MOPEL
E 0o 875 1750 2625 3500 4375 5250 6125 7000 49.950 50.019 50.088 50156 50225 50294 50.363 50.431 50.500
>| time, usec time, usec
NE 1.020
w= 1E-2— ADS Does not include PCB parasmcs ZOOMED IN VIEW
9!\1' Step Reponse Analysis 1013 m4  STATE-SPACE AVE VRM MO
%<| 50.15 usec to 50.5 usec 1007 i 1 ! ! i FITTED SPICE VRM ODEI- trinrr?e=50 23 usec
o === SSA Step Response = 41.135mV \ ?. S ,’. \ TRAN oUtput=1.010
L":J Fitted Step Response =5.668mV < ‘ m5
s 163+ Step Response delta = 35.467 mV % ‘ “’i'wfﬂ?uﬁfu‘{iage 5m
2 ! 4 mé
0.980—{ ] time=50.23 usec
PR LY TRAN.FITTED_SPICE_VRM_OUTPUT=0.989
1E2 111:3 1‘54 111:5 II-‘ZG 1E7 09737 i ‘ m7 - —
0.967 time=50.24 usec
freq, Hz ‘ TRAN.FITTED_SPICE_VRM_OUTPUT=0.983
0.960 T T T T T T T
Output Impedance Correlates 50M50 50764 50236 50261 50925 0565 50413 50456 50500
p
between bOth mOdeIS *State-Space Ave VRM Model = SSA Step Response me. usec *Passive Fitted Spice VRM Model = Fitted Step Response
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TPS7H4003 EVAL with PCB SSAM vs. Fitted Passive Spice Model Step Response
10A, 100nsec Step load M PCB effects 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 ADS |Does include PCB parasitics ZOOMED IN VIEW

41% change in transient response from

SSAM VRM model ' STATE.SPAGE 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

075

L B I B B B 075

Now Iet’s inCIude the PCB effects and 00 875 1750 2625 3500 4375 5250 6125 7000 49950 50.019 ‘s‘u.‘us‘s‘ Is‘u.lws‘el ‘5‘0.‘22! ‘5‘0.‘29‘4‘ Is‘u.!.ae‘sl ‘5‘0.1‘1?‘-1‘ ‘S‘U.SUU
time, usec time, usec
o
Compa re the resu Its aga in Step Reponse Analysis s %% JDoes include PCB parasitics ZOOMED IN VIEW
50.95 usec to 50.240 usec 1016 m4

m4
time=50.13 usec
TRAN.output=1.012

SSA Step Response = 60.661 mV
Fitted Step Response = 12.485 mV
Step Response delta = 48.176 mV __ 0993

1.006—

< g m5
E 0981 time=50.19 usec
2 BGE—_ [TRAN.output=951.5m
g 0 957__ 'Einrr?e=50‘13 usec

79% change in transient response from _—

FITTED SPICE VRM MODEL | "
0.932— time=50.19 usec
STATE-SPACE AVE VRM MODEL | |[TRAN.FITTED_SPICE_VRM_OUTPUT=0.968

SSAM VRM model osm | LKL FSPACE AVE VRM M¢

- T T T T T
50095 50113 50131 50149 50167 50186 50204 50222 50240

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

m8
FITTED SPICE VRM MODEL freq=9.000 MHz
" STATE-SPACE AVE VRM MODEL dB(fs(TRAN.Vo_time))=-71.07
. m9
Let’s compare the results in m8 freq=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

200 Step Response Noise delta = 43.652 dB
b \ \ [

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 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

P
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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 . 8 0
5E2 5E4 ADS L
g 1E2 - 60 -
3 TPTET IGN -1E3 =
I\OJ| DESIG e o | 100 <
= —1E2 3 40! =
7] o - =
Z, 1E3 —1E1 l; ~ —-200
% Ly 2 & 20 B )
S ) © —300 D
& 1E4— —1E1 & 0 - @
(] — —_—
. QTg —1E-2 —-400 Q
1ES | | I I — 20— Loop BW = 26.002 kHz 500
1E2 1E3 1E4 1E5 1E6 1E7 4E7 . 4 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 D . o
Effective Q: 0.366 Picotest Non-Invasive Stability Measurement (NISM)
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State Space Hybrid Model - TPS7H4003 4-PHASE Design

Transient Harmonic Balance S-Parameter Z and AC Sweep
Switch Voltage - All Phases Switch Current Spectrum VRM 4-Phase Output Inpedance Error Amp Gain - Phase 1
| ] 5 el
‘ - w] T
> P Ve m1
g ‘ 2 30 =0 T 1E
] ‘ g 2o
% g o] ol =] g 4l md
H & 82 f freq=26 33 kHz
RTE EG ool Imag(Eamp)=8.406
= 1Bt —
o T T T T T T T T T T
i . & . & 5 A s 12 e [P N " P A A )
time, usec freq, Hz freq, Hz feq Hz
nothing
Voltage Ripple Voltage Ripple Spectrum dBm Ripple Voltage Spectrum Low Frequency PSRR - Phase 1
Tipple 1492 mV ] y }
4 3 0
| ]
% ] : -]
£ o] £ ] § =
[ c % i 3
2 8 1 E LS
12( ) T T 10E-30° 1
€6 1ET 1E8 1E6 €7 1E8 m i i
time, ussc fraq, Hz fraq, Hz " " P:: e ®
Qutput Inductor Current Inductor Current Spectrum - All Phases Inductor Current dBm - All Phases Extracted Loop Gain - Phase 1
AVE curfent per Phase = 15.639 A T ] ;
/}% /}% i HE
3 LEY - H
e eee = =y
& e, g H
\ 5 GaE §
i Ll El
i EEE =
%j £ e Loop BW = 21.895 KHz
Phase Margin = 66.157 deg
Lss e s a5 s i s & e )
freq, MHz feq Hz
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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!

o The SSAM includes all 5 VRM noise sources for significantly
higher fidelity

» The delineation between Power Integrity and Power
Electronics needs to end!

o 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 B A a
Selectinga VRM -,
=

=

= How to Design for Power Integrity: Selecting a VRM
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https://www.picotestonline.com/Designcon2023
https://www.youtube.com/watch?v=ejAApIv1cR8

= 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

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

» The Sandler State-Space Average VRM Model is.....
o Easy to populate for VRMs
o Supports EM simulations
o 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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Thank you for attending!
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1. DesignCon 2017 Slides — Characterizing and Selecting the VRM by Steve Sandler

2. DesignCon 2017 Paper — Characterizing and Selecting the VRM by Steve Sandler

3. Bode 100 PSRR Application Note

4. Technigues for Accurate PSRR Measurements

5. Measurement Based VRM Modeling

6. Picotest P2102A-1X 2-port PDN Transmission Line Probe

7. Application Note - 2-Port Impedance Measurement using the P2102A Probe and Bode 100 VNA

8. Picotest J2113A Semi-Floating Differential Amplifier

9. Picotest J2102B Common Mode Transformer

10. Picotest BNC-BNC 0.25m PDN Cable

11. PicotestJ2120A Line Injector

12. Bode 100 VNA

13. TPS7H4003-SEP data sheet, product information and support | Tl.com

14. TPS7H4003EVM Evaluation board | Tl.com

15. TPS7H4003-SEP Radiation-Tolerant 3-V to 7-V Input 18-A Synchronous Buck Converter in Space Enhanced Plastic datasheet
16. Non-Invasive Stability Measurement

17. S.Sandler, “How to Design for Power Integrity” Keysight sponsored YouTube Video Series: http://www.keysight.com/find/how-to-videos-for-pi
18. Keysight PathWave PIPro — https://www.keysight.com/us/en/product/W3034E/pathwave-pipro.html
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https://www.picotest.com/downloads/Slides_Characterizing-and-Selecting-the-VRM_Sandler_Final.pdf
https://www.picotest.com/downloads/Characterizing-and-Selecting-the-VRM_Sandler.pdf
https://www.picotest.com/downloads/Measurement-Base-VRM-Model-Tutorial-Final-2017.pdf
https://www.picotest.com/products_PDN_Probe.html
https://www.picotest.com/images/download/Application_Note-2-Port_Impedance_Measurement_using_P2102A_Probe_and_Bode_100_VNA-Rev5-July_24_2021.pdf
https://www.picotest.com/products_J2113A.html
https://www.picotest.com/products_J2102B.html
https://www.picotest.com/pdn-cable.html
https://www.picotest.com/products_J2120A.html
https://www.picotest.com/products_BODE100.html
https://www.ti.com/product/TPS7H4003-SEP?bm-verify=AAQAAAAF______zCKfYrf3oZPOo7YScqNuyrbM9fRycFBbPsQliPMevBPHKc9A1i-6XN7iiitNkWiwUCCKRQqriCvqO10HpKZV_VqPY7jNlSbCDxqQHhE7-l_plH-pZCiN24KRvcWuKn6NuQOs2g3qP3ttVzksA5rcfUEvObijwBo-s0P2SHDE_e5IUjmagkmrFKGaZyeyLOMgnUo_x7w33j2LTHWfUJLuT1FQCNzBsKgG0871Y2OLX1n54M1ssGwTmgHptW
https://www.ti.com/tool/TPS7H4003EVM
https://www.ti.com/lit/ds/symlink/tps7h4003-sep.pdf?ts=1651579856353&ref_url=https%253A%252F%252Fwww.google.com%252F
https://www.picotest.com/measurements/NISM.html
https://www.keysight.com/us/en/product/W3034E/pathwave-pipro.html



