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MARKET & TECHNOLOGY TRENDS

As computing power grows, so does
its power consumption

Computing power and power saving
are equally important

We need to focus on improving energy
efficiency from the start
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MARKET & TECHNOLOGY TRENDS

Before Traditional 48V System Dominance

2020

2021-
2022

2023-
2024

2025-
2027

5

Data centers primarily used 48V DC distribution,
an upgrade from 12V systems

<& <> &
5.5 kW 50 Vout ~8-12 kW 50 Vout ~25-30 kW +400 Vout
1-ph 277 Vac (ORv3-HPR) 1-ph 277-347 Vac 3-ph 400-600 Vac
Initial 380V HVDC Adoption ORVEHPR Hywerscalo fack
Some large data centers began piloting A —— HVDC Power Sidecar
380V HVDC systems M 4pn 4pn ____ 8PSUs/ —
PSU PSU shelf 'ower shelves
T 3ph ... ~34PSUs/
IT shelves 8 =L shelf
N ©Pu. 12v PDB 50V E Super Capacitor shelves
NVIDIA Introduces 800V HVDC e M Y - —
. = (Super capacitors + DCDC)
To address high power demands of Al servers — e F—
NVIDIA proposed an 800V HVDC architecture Cglbeng T shel 86y BBUs/
(Bat+DCDC) ~ shelf

power delivery to IT racks

Industry Collaboration & Standardization
NVIDIA collaborates with power supply manufacturers to

promote 800V HVDC standardization

Rohde & Schwarz

1400V Bus bar

Al Compute Rack

Scenario #1 400-50 V on IT shelf

(— 400V - 400-50V-50-12V — 12-1V
Hotswap

(CPU,GPU)

DCDC shelf

_— 50V —50-12V — 12-1V

(CPU,GPU)

400V Hotswap
400-50v

|

o
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MARKET & TECHNOLOGY TRENDS

With the growth of Al computing power demand, the power density of single servers and

racks has experienced explosive growth, escalating from kW to MW. e @ @

Traditional Servers (2015-2020) SiEEE DCDC stage

2-L TP PFC 3-LFC TP PFC 2-L LLC interleaved 3-phLLC

Single server power consumption:200-500W
Rack power density:5-8kW

Al Servers (2020-2025)

Single server power consumption:1-8kW
Rack power density:<100kW PFC stage

2-L TP PFC 3-LFC TP PFC

High-Performance Al Servers (2023-2027)

Single server power consumption:>10kW
Rack power density:>100kW

. PFC stage
Future Al Factories (2027+) T-Type Vienna B6 2ovol LG ZLovelLLC ooy 0
. . Top efficiency Popular design Simple design interleaved cascaded
Single server power consumption:>20kW D 6 e
Rack power density:>1MW
6 Rohde & Schwarz o COMPANY RESTRICTED
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MARKET & TECHNOLOGY TRENDS

80 PLUS

277V / 480V Internal Redundant 380V DC Internal Redundant
Certification
% of Rated Load 5% 10% 20% 50% 100% 5% 10% 20% 50% 100%
e 80 PLUS
85% PFC >
80 PLUS Bronze 80% 82% 0.90 82% 80% 82% 85% 82%
BRONZE .
, 89% PFC >
80 PLUS Silver 82% 85% 85% 82% 85% 89% 85%
PLUS 0.90
80 92% PFC >
80 PLUS Gold 85% 88% 88% 85% 88% 92% 88%
PLUS 0.90
80 , 94% PFC >
80 PLUS Platinum 88% 90% 91% 88% 90% 94% 91%
PLUS' 0.95
i 94% PFC >
80 PLUS Titanium 90% 0.95 96% 91% 90% 94% 96% 91%
TITANIUM '
90% PFC > 91% PFC > 95% PFC > 96.5% PFC > 92% PFC >
80 PLUS Ruby 90% 91% 95% 96.5% 92%
0.90 0.90 0.96 0.96 0.96

RUBY
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HIGHER PEAK POWER AND TRANSIENT DYNAMICS

GPU draws high peak power and high load transient

-Higher switching frequency is needed to increase the control loop bandwidth

Load for AC/DC Al power

Solution 2: Energy Storage

Load
(%)

charge

GPU Load Demand (W)
Z

Overshoot

Rate of change

AC Input Current (A)

Non-linearity
Poor Power Factor

Rohde & Schwarz

Undershoot T

ime (ms

Overshoot

Solution 4: Throttle GPU performance

Average Load

BBU

T Solution 3: Burn Power
Idie

200 250 300
Solution 1: Optimize Idle Periods in Software

45%

15%

Battery | |

Battery managements system | |

DC/DC converter

Overshoot

Average Load

Subharmonics
\dle from swing

State of art solutions for 48 V bus architecture

Topology

Limited to

Multiphase buck or boost

Multiphase buck boost

<60 Vpar max
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MARKET & TECHNOLOGY TRENDS
- DATA CENTER CHALLENGES

Increasing requirements regarding
» |/O data rates
» Processing power

» Power density

Power delivery solutions need to provide
» Low ripple / noise

» Precise sequencing

» Fast response on load transients

12 Rohde & Schwarz COMPANY RESTRICTED



CHALLENGES FOR HIGH-PERFORMANCE POWER

* Frequency
* Duty Cycle Digital Power * Timing and PWM Observation

inputianalysis « Apparent Power (VA) Measurement » Output voltage & Regulation
* Active Power (P)

Server
— Board

Double Pulse Testing « Conduction Debug

W|d.e-bandgap » Switching Loss EMI Debugging - Radiation Debug
Semiconductor * Reverse Recovery loss « Application
« Semiconductor Parameters

COMPANY RESTRICTED
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INPUT ANALYSIS
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HIGH MEASUREMENT PRECISION

Accuracy Evolution in Power Measurement
Driven by Applications in Power Electronics

—-e- Application Accuracy Demands
—a— Best Power Analyzer Accuracy

» Precision Enables Correct Device
Specification

» Inaccuracy Risks Non-Compliance and
Failed Conformity

» Reproducible & Comparable Measurement
Series
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Example: 99.5% efficiency
Measuring error £1%: 98.5% ... 100.5%
Measuring error £ 0.1%: 99.4% ... 99.6%

20 Rohde & Schwarz COMPANY RESTRICTED




ZIMMER ANALYZER

Z=S ZIMMER Pracision Pawar Analyzer LMGS71 Measurement

e T G 6 g 8
1 s ERRTIRL Wik v Navow Devie e Viow 6 Seript Eflon

P o G E Cn

Total efficiency of electric drive: n = 0.62110

G ot

o wn e

Intio ! Intio Il Eleetic Drive s EUEnergyLabel Secript Samples

Task: Power measurementwith maximum bandwidth AND EU Energy Label - Refrigerati ces - Requlation 2017/1369/EU

simultaneous aliasing-free harmonic analysis Measured values:

Solution: Double and simultaneous sampling of the measurement . : E16: 308,199 Wh D -
signals using parallel paths, each with its own AD converter - e E32: 349.335 wh D
- - | CH—

Duration : 1440.00 min

24h energy Results:

measurement: :328.767 Wh/24h
€16, m : 120,05 kWh/a

(57 %

Rohde & Schwarz

» EU Energy Label

» Custom Menu

» DualPath-Architecture

» Integrated Custom Script Editor

Introl Intioll  SiClaverter  Widevs. Narrow Device Example View 6 Seript Editor

Total inverter efficiency testing - SiC traction inverter

Input power PDC Output power PAC
- Fund: 258.876 kW
265.832 kW
Narrow: 259.132 kW
Wide: 259.951 kW

— HV battery AC output phase u
Efficiency eta:
97.787 %

Speed n: 7998.12 rpm

COMPANY RESTRICTED



INPUT ANALYSIS: WHAT CAN WE MEASURE?

EY [©) ~ = P = [o} 2 N o5 Trigger Horizontal Acquisition =07

Edge SmA Auto 40 ms/div 5 Msa/s sample
Add Screen Add Add zone 1C4] 9
Undo  Help  cyrior  capture Annotate Preset  ,o5;,  Measure Tyrijger” DVM £y Trg'd 0s 2 Mpts 18 bitHD Hist235 o X

Frequency 5sv I . A 2

PARAY

17.8V

Duty Cycle

Voltage RMS (V rms)

120 ms

Current RMS (I rms)

Apparent Power (VA)

Active Power (P)

5 MHz + + + + =
DC1MQ @G G G 7 (8 logic Math Bus Ref Spec Gen Menu
RT-ZC208
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INPUT ANALYSIS

FREQUENCY & DUTY CYCLE

“ ® ~ - s =] Q 4 )
nd Add Annotate Py i

zoom

23 Rohde & Schwarz

Pulse-width modulation (PWM)
control of sinusoids

—% Track shows the variation of a

parameter for each cycle of the
waveform

Pulse duration of PWM react as
load changes

COMPANY RESTRICTED




INPUT ANALYSIS

-VOLTAGE RMS & CURRENT RMS

Two Ways to Measure RMS

8 ®O A~ m o =Q & ]
U o S S swotwe e M weswre A2 o

00,676 JEabA

W1 A W6 M

ik ———————————»

Voltmeter  Statistics
Measure Current Event count
1 @ a181%
2 [ilfreq 669 Hz

3 @eins 65V

668 H

512 84 mige/
OC MO gescalelTRI2300L.
F005 ne

24 Rohde & Schwarz

‘Acquisition

18 BitD

. Z e EE—

Cycle RMS : Gate one full cycle

Using DVM

- s = Q ¢

scree Add o Ad6 200e
i Amotse Mewt | M peawre Al

D —— I R e

Volimeter  Statistics

Measure Current

1 @Pocy a9%

e 668

3 @EIws 865V [

s 27 2 A 2 192mA
76 A 0A

Vottmeter

Event count

8017

G 6 O G logc Mah Bs Ref Spec Gen Meno
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INPUT ANALYSIS
-APPARENT POWER MEASUREMENT

Apparent Power=V___ x|

rms rms
Apparent power is the total power required to drive the circuit

S —— T A 1 L X

Voltmeter Statistics

DCRW

— 864929V [@ Dcrms:
Voltmeter  Statistics
Current Max Min

4193%

Measure

1 [@Pocyc
2 [ilreq

3 [&] 61 rMs
4 [ rms

5 [ 61 rmS.

© (S-dev) Event count Wave count

58.89 % 40.78% 6.42% 8017

6.68 Hz 6.68 Hz 4.81 mHz

865V

1

1

865V .65 ov 1 1
275A 276A 1
1

276A 1.92 mA

276 A 276A 276 A 2.76 A 0A

SMHE 84 mity/
DCIMO DC MO Re((al?{lﬂkl,w,uk
10:1 |6 mA RT-ZC208 200.

2.23% 2.78 mHz
Meas1 M
6 He POCyc (C1)

i =
GG 6 7 (8 logic Math Bus Ref Spec Gen Menu
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| Measurement Method Comparison

Oscilloscope Measurement

Calculate V, and | . directly
from waveforms, then multiply

DVM Measurement

Uses digital voltmeter for continuous

measurement
(Without occupying waveform acquisition memory )

COMPANY RESTRICTED



INPUT ANALYSIS
-APPARENT POWER MEASUREMENT

Active Power = Vx | (Cycle Mean.)
Active power is power actually consumed in a circuit

Measurement Method

Cycle Challenges

I Same as with Voltage measurements,
requires precise gate settings to cover
complete electrical cycles

° Solution

Use Gates and Mean Measurement to
ensure accurate cycle measurement

26 Rohde & Schwarz COMPANY RESTRICTED



INPUT ANALYSIS
-THREE-PHASE SYSTEM PHASE ANALYSIS

In three-phase systems, comparing duty cycle tracks and current waveforms across
phases is essential for evaluating system balance.

In an ideal balanced three-phase
system, phases should be120° apart

Oscilloscope makes three-phase
differences easy to see

Measurement results show phase differences close to
ideal values, confirming balanced system operation

27 Rohde & Schwarz COMPANY RESTRICTED



INPUT ANALYSIS
-THREE-PHASE TOTAL POWER MEASUREMENT

Phase 1 /A\ Ph1 Phase 1 /A\ Phase 1
Lo /
= Phase 2 @ Pn3 = _ Phase 2 @ - Phase 2 -
3 Phase 2 /D _ Pn3 = Vv . &Y
AR CNONONON . (1)' QI’) a8
Phase 3 - ¢ Phase 3
Three-Wattmeter Method Two-Wattmeter Method
o Total system power (P, S, Q) is the sum of all three ° Suitable for systems where phase-to-neutral
phases voltages cannot be measured
o In balanced systems, total power can be considered Measures line-to-line voltages instead of phase-to-
as 3x any individual phase measurement neutral voltages
Requires measuring voltage from each phase to Requires only two wattmeters to calculate total
neutral point © power in a three-phase system

28 Rohde & Schwarz COMPANY RESTRICTED



THREE-PHASE TOTAL POWER MEASUREMENT
-THREE WATTMETER METHOD

% O]

Help

~ (O]

Add
cursor

4 B |
Screen Add
Annotate z00m

capture Preset

N

Add zone
Measure trigger DVM

Edge

Trigger

Normal

Horizontal
20 ms/div

Trg'd [

Acquisition
Sample
18 bitHD

5 MSa/s
1 Mpts

Info

Tab1

+

10V

Phase A

60ms 40ms -20ms 0s 20ms 40ms 60 ms

100 ms

Phase B

Phase C

v

/

/

/
0 - A

40 ms

5V*A

VA

PR

1v*A)

40ms -20ms 0s 20ms 40ms 60 ms

Math Ref ™ L
(MM P P2 | m
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100 ms

1 V’»’\
BV
L1 VA

2V*A

3V*A

5V*A

w3 V*A
7\/'/\/A

\

-40 ms

\ 4
FALY -

v

40 ms

100 ms

3viA\
2V*A Y
1V*A

(P3

--1V*A

2V*A
3V*A

5V*A

\ /A \ /\

v, \/

-40 ms

AL
Y

40 ms 100 ms

Hist454

PA1

Measure

1 [@Freq
2 [@] crRMS
3 [ CCrest
4 [@ cmax
5 [&] crRmS
6 [&] CCrest
7 [&] cMax

8 [ Apparent

9 [ Factor
10 [l Active
11 [l Reactive
12 [ Phase

2025-07-09
20:57:52

& X

Current
1336 Hz
24A

143

343 A
710.11 mV
139

986.1 mV
1.71VA
957 m
163W
494.95 mVAR
16.85°

a

+ +
C8 Math Bus

+
Ref

+ =
Spec  Gen  Menu

PAT

Measure

1 Yi Freq

2 JH cRms

3 i CCrest
4 JH cMax

5 [@CRMS

6 [#] CCrest
7 [#]cMax

8 [ Apparent
9 [Hractor
10 [ Active
11 [ Reactive
12 [P Phase

Current
1338 Hz
2.79A
1.49

416 A
705.33 mV
122
858.7 mV
1.97 VA
792m
156 W
1.2 VAR
37.64°

COMPANY RESTRICTED

A1

Measure

1 JBFreq

2 JECrRMS
3 JBCCrest
4 JF cMax

5 [€]CRMS
6 [&] CCrest
7 (€] CMax
8 [E Apparent
9 [F Factor
10 [ Active
11 [F Reactive
12 [F] Phase

PA3

Current
1337 Hz
2.78A
1.46
4.06 A
696.95 mV
1.46
1.02v
1.94VA
786 m
1.52 W
1.2 VAR
38.18°




THREE-PHASE TOTAL POWER MEASUREMENT
O WATTMETER METHOD

“ ® ~ = rd 3 72 N 2 Horizonta Acquisition
. 20 ms/div 5 MSa/s Sample

Add Screen Add Acd zone
Undo Help Annotate  Preset Measure 1rgger o 0s 1 Mpts 18 bitHD Hist1

cursor  capture z00m

Tab1 * v ks
Phase A-C |, Phase B-C PAT

i 5 | Measure Current Measure Current
3 @ freq 1334 Hz 1 JEFreq 1337Hz
(&1 crms 24A 2 JE cams 2444
(@] cCrest 143 3 JE CCrest 141
4 [&] cmax 343A 4 JE cmax 343A
5 NI CrRMS 118V 5 JEGRMS 119v
6 JE CCrest 1.29 (3
7 JH CMax 152V IE cMax 155V
8 [l Apparent 282 VA 8 [Z Apparent 289 VA
9 [l Factor 906 m 9 [ Factor 805 m
10 [ Active 255W 10 [ Active 233w
11 [] Reactive 1.19 VAR 11 [F Reactive 1.71 VAR
12 @] Phase 2499" 12 [ Phase 3639°

IE cCrest 13

10KkHz 1y 1V, 1y
AC MO / / 4 Voit. .A\‘)
RI20208 C1G3 ov QG OA Curr: M1 Auto Cure: M2
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Complementary Solution for Complete Testing

Basic Specifications

Specification Power Analyzer Oscilloscope
P i.e. LMG671 i.e. MXO5

Bandwidth 10 MHz 350 MHz — 2 GHz —

Ul geeeeea0
Accuracy + 0,015% of rdg. + 5% full scale - =
Sampling .
Rate 1.21 MS/s 5 GS/s Power Analyzer Oscilloscope
Resolution 18 Bit ADC 12-bit ADC .

o 1o 14 Complementary Solution for
p to . .
Channels 7 wer channels) 56 Complete Power Electronics Testing
1000Vrms / 5Vrms / 500hm

Direct Inputs 39ArMS 300Vrms / 1MOhm Precise Power Ultra-fast Signal
Analysis ?’ \q Analysis

31 Rohde & Schwarz August 2025 COMPANY RESTRICTED



WIDE-BANDGAP SEMICONDUCTOR TESTING
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WIDE-BANDGAP SEMICONDUCTOR TESTING
-WIDE-BANDGAP APPLICATION

4 Higher Efficiency
Lower Rds(on), less conduction loss

@ Reduced System Size
High frequency enables smaller magnetics

“% High Voltage & Temperature Capability
Tolerates higher voltages and temperatures

%  Fast Switching Speed
Improves dynamic response

& System Cost Optimization
Efficiency cuts cooling and passive costs

@ 33 Rohde & Schwarz COMPANY RESTRICTED



WIDE-BANDGAP SEMICONDUCTOR TESTING
- DOUBLE-PULSE USE CASES

Datasheet generation » Double-pulse test allows to cover all four
— basic operation modes

» All main parameters can be measured

Converter Design — Switching losses

— Reverse recovery losses

— Switching times
— Turn-on and turn-off delay time
— Rise and fall times

34 Rohde & Schwarz COMPANY RESTRICTED



WIDE-BANDGAP SEMICONDUCTOR TESTING

-DOUBLE-PULSE TESTING

7’

Current Probe

35 Rohde & Schwarz

+15V

0

-15v

Load Current IL
0
ﬁ Collector Current Ic
Ve "
v ’

Gate-Emitter Voltage Vge

l¢—— variabel

—>N ca 15psfe—

(typ. 100us)

100us

pa

Caollector-Emitter Vu\tagg
’

Veco {
A Y

~-

Vee @1

~

Current
stress
gl
l
A v /
 Turn-off Turm-on P
Voltage
L8
~ stress
\ 1Vee
ﬂ"
u,\’ , Ry

’

'
Switching losses
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DOUBLE-PULSE TESTING | ‘g™ o
-TYPICAL SETUP el

SPDT Switch
o i i
! l/' i / L
DC Power Supply to g L > Load
charge capacitor : L Freewheeling Inductor
bank before starting A Diode ) /N l Ve !
the test | | : Discharge load

[ i Resistor ( \ jF 1
i critical loop
H : | . .
! ! | 4 Ip DUT MXO 4 Oscilloscope

DC Power [ I C

Suppl [

pply +__ : | I i B
— —_

| | :
H H |
| | :
: H |
| | :
: H |
| | :
: H |
Lo P
[ [ ! Discharge e : EERY, o
i I | \ Switch i snegative |
P
i \_
P !
|

- & 0 10[@0 08
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DOUBLE-PULSE TESTING

-THEORY AND TEST PROCEDURE

' Gate-Source Voltage

V,

spositive =1

v:.uz.mw

‘Drain-Source Voltage

Voe

]|

"Inductor ; :
and DUT '
current ‘-

Threak

37 Rohde & Schwarz

. Load
Inductor
l i ng lVF Lluad
. .
1 —
N Interval t,
G Low-side switch turn on
= s Voltage is applied to the inductor
IJI"——' i l"m Inductor current rises linearly
v N
GS
iL
—_— Uﬁd
oS |+ |§ ., Interval 1,
e — Low-side switch turn off
b our Inductor current freewheels
| G through the diode
R NI
VG;\
. —_— Load
Inductor
oK v
l . Lluad
i I Interval 7,
b our Low-side switch turn on again
I Reverse recovery current can
= S be captured on the probe
P =z |-
VG;\
— — COMPANY RESTRICTED




DOUBLE-PULSE TESTING

-THEORY AND TEST PROCEDURE

'Gate-Source Voltage

Vepostve =]

v:nez:!tiw

'Drain-Sourc

Voe

"Inductor ;
and DUT '
current ‘-

38 Rohde & Schwarz

_-- Switching loss

_» Conduction loss

- -
-
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SETTING UP THE MEASUREMENT ,

Vsignal iow

Vs\gnal low

ARB Signal

» Important considerations
— Right signal levels
— Correct pulse width setting

» Tipp: Always check ARB signal when creating new
setup

39 Rohde & Schwarz COMPANY RESTRICTED



SETTING UP THE MEASUREMENT
-VOLTAGE PROBING

Low side gate driver measurement High side gate driver measurement

» Very high bandwidth
» Input voltage range of +/-50V
Tips: Avoid long ground leads

» Measurements with highest precision
» High CMRR to suppress switch-node signal

Probe:RT-ZP11 / RT-ZS10 Probe:RT-ZISO

40 Rohde & Schwarz COMPANY RESTRICTED



SETTING UP THE MEASUREMENT

pC 1 DC
-CURRENT PROBING X X
D
» Basic requirements [ | I
— High measurement bandwidth s N our |
— Sensor as small as possible :!7 q AN oor

— Low insertion inductance

c::: Rogowski Coil
» .“ or Current
Transformer

- Coaxial shunt Rogowski probe Current transformer

» Very high bandwidth (2 GHz)
Pro’'s + DC-measurement capability
* Very low insertion inductance

» Physically small, no “design-in” » High bandwidth (~200 MHz)
of sensor necessary * High current possible

e Limited bandwidth

. . (typically 30-50 MHz but recently * Large sensor with core, limits
Con’s . If;c?sliter?-ir:?;l;ﬂo?urgr:ssar also higher bandwidth up to 100 MHz  the possibility to have low-
g y available) insertion inductance designs

» Limited accuracy
41 Rohde & Schwarz COMPANY RESTRICTED



SETTING UP THE MEASUREMENT o " o
-DE-SKEW BASICS

» Voltage and current probes have different group P 00 low
delay switching

. J

» Examples p N

— High voltage differential probe: ~ ~8 ns group delay | Vos Too much de-skew I

— Clamp-on current probe: ~15 ns

— Small loop Rogowski probes: ~12-20ns

Wrong
I:’switching too high

» For accurate switching loss measurements the delay /

has to be compens~*~- /N~ ~laun é Right level of de-skew )

PSWitching correct

RT-ZF20 Power De-skew Fixture . J
42 Rohde & Schwarz
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A PRACTICAL EXAMPLE

Gate-Source Voltage

V, positne = '
: | —
|
R s - e TP * ¢
Drain-Source Voltage
\ II
Voe ||\—‘ | I
. e o HE
Inductor ;
and DUT "~
current '
S t
J|L|-|;|>c.
ot -
rL_r.\
| n T . ®
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A PRACTICAL EXAMPLE
'TURN'ON ENERGY 10 % of test current 10 % of test voltage

2020-12-02
16:22:52

Horizontal U-Seg

Ml. M2 MJ. M4 M5 M6 M7 MB Al

Horizontal
sap Display Label

Trigger

’ sisition
Operator Filter Lo llls

Measurement

Operator

T
10 ns )

Cursor Ch1Wwfm1
Ll s e i : ] EERVET
Channel1 | Channeld || r - = - 2 div 287 W
Math F 3 - - = DC 1M BW: 200 MHz
| - - -- Sample

Pryrn—on = Vps(t) - ip(t) e
0 div 15 A

] [DC 1M / INY BW: 500 MHz
Sample

Scale: 2 kWw/div
- - | IMasx: 16 kil
MIL ME M5 M6 M7 MB Al - : == -- Ch1*Ch3

Horizontal

Display Label E ; . : ; ] ; : d :
Trigger E i - . . i i . H H

Scale: 75 W s/div
Acquisition

Operatar Filter ] : : : . ; : ; Max: 675 s
integral{Math1)

Operator Measurement

Cursor

Source 1 Source 2 E
Spectrum [ 200 pinrs
Math i il
- 150 s =
b 75 pues-

Channel 1 Channel 3

tvpcio
Eon = turn—on At

75 wines 5

Ligest1o
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SOFTWARE SOLUTION

DPT Software Switching Loss SOA Measurement

45 Rohde & Schwarz COMPANY RESTRICTED



DIGITAL POWER MEASUREMENT
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DIGITAL POWER MEASUREMENT CHALLENGES

High current

[I i n-n 7

Probing challenges in
high-density design

High bandwidth

Power integrity and

transient response noise

Power loss and
efficiency measurement

Advance control and
telemetry decoding

47 Rohde & Schwarz COMPANY RESTRICTED



MULTIPHASE-PHASE BUCK CONVERTER

Benefits:
» Reduced voltage ripple : I
- Reduce capacitor usage CWI

» Phase management optimizes efficiency
across loads

» Reduced thermal for high currents

» Improved load transient response time

PHASE3 L
T —1%;

A
i o
_— 1-ph DCM 1-ph CCM 2-phr 3-ph , ot ”———’"m 0 0 | " |
o E . I =

PWM3 [“j |

/ i I 1

f PWM5 m ,—‘_
wee 11

— Load step up

48 Rohde & Schwarz

LT

Phase 1, Phase 2

P oSS

|
SET
PWM1
PWM2
PWM3
PWM4
PWMS
PWME

t

Phase 1, Phase 2,

Load step down
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MEASUREMENT CHALLENGES
- MULTI-PHASE CONTROL & POWER SEQUENCING

Timing Measurement PWM Monitoring

Ensure each component is turned on at | JAnalyze switching frequency, duty cycle,

the correct time and phase to optimize efficiency &
Sosq;::gal va ;0‘0 atiometric Slmsu!l;;n:ous Stability

Toeuy
VAC J Phase 1 - Switch Node

PS_ON# I

+12VDC} Phase 2- Switch Node

+5VDC /

+3.3VDC
PWR_0K I PHASE3 L

Phase 3 - Switch Node I

cuvoo /S T -qé

DDR_VDDO /
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POWER SEQUENCING
CHALLENGES & MEASUREMENT

» Steeper slew rates

—

» Higher currents & lower voltage . Slew Rates
trp menato) [ Ratiometri Simuitancous
» Multiple power rails SR R
: : el
» Power supply noise and ripple
vae _J

Ps ong |

s/

.Jlalvun}

PWR_OK r_
cuvoo /7
pORVODO S
Digital bus m—.
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MULTI-PHASE CONTROL & POWER SEQUENCING
-TIMING MEASUREMENT

) @ (O] 4 = Q rs N o Trigger Horizontal Acquisition
v

C1 Edge ov Auto 50 ms/div 20 MSa/s Sample
Screen- Add Add zone & edg
Undo  Help ST Annotate Preset A Measure ADdZON ’y Nocrendy| L 150 WMpts bt

Multi-channel for multi-rails
measurement

B RS

_|Ra
2v/
6V 6V
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MULTI-PHASE CONTROL & POWER SEQUENCING
-TIMING MEASUREMENT

S
indo

0] @ a ¢ W
Help e tate  Preset

Add Add zone
200m Measure 1

Ll

Multi-channel for multi-rails
measurement

Flexible Ul settings for
convenient signal observation
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MULTI-PHASE CONTROL & POWER SEQUENCING
-TIMING MEASUREMENT

a @ m e O Q ¢

Undo  Help ST pnnotate  Preset

N

Add Add z0ne
shot zo0m _ Measure “irigger

Trigger
Edge oV

Horizontal
Auto 50 ms/div
Not ready 160 ms

Acquisition
20 Msa/s sample
10 Mpts 12 bit

16V Tab 1

Tirgafold

I

J

Threshold

300 mV

500 mV_ "

100 ms

300 ms

|
|
|

A]Dms‘

1.5V

300 mv

Threshold

500mV - s 50'ms

100 ms 150 ms

200 ms 250'ms

]

Threshold

|

300 ms

»’HDms]

55V

Th

-

50 ms 0s 50 ms

100 ms 150 ms

200 ms 250 ms

300 ms

1350 ms 410 ms

Threshold

IR3
500 mv/
15V
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200 mv/
500 mV.

200 mv/
500 mV/

Info

1 (13 velay

] vetay:
3 [E] [ elay:
4 [ 8 pelay:
5 (B[ vetay:

6 [X3 [ velay:

7 [ [ Delay:

20250609
16:07:19

S X

15.082 ms
4316 ms
2315ms
252,035 ms
1.95 ms
55.926 ms

5.32ms

Multi-channel for multi-rails
measurement

Flexible Ul settings for
convenient signal observation

Automated timing measurement

Custom level settings
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MULTI-PHASE CONTROL & POWER SEQUENCING

TIMING MEASUREMENT

54 Rohde & Schwarz

Decoded IZC S|gnal

“Hlssl  Dynamic voltage and frequency

scaling for control and monitoring

CPU controls voltage regulator

Adjust voltage based on processor
load
High Load: Increase voltage for

performance.
Low Load: Decrease voltage to
save power.

Typical control interfaces:
12C, SPI, SPMI, PMBus
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ScopeSync displays waveforms from

§RTE
/ \
) =)
(o) O) ©

two oscilloscopes on one screen

Trigger Horizontal Acquisition Info -03-27
= = J 99 ] 2025-03-2
b @ Sereen & :}d ’ a vome o Edge ov Auto 1818 ns/div  25GSafs  Sample a 10:02 @
Undo  Help  pnyre Annolate  Presel o5 Measure “yipoa Y 5 Stop -16.18 ns 1 kpts 12 bit Hist1 . oo
250 mV [qap1 + 7 250 mV 250 mV A 4
100 my .
& a — —
\ i \
e g S — . - .
-100 mV -100 mv -100 mv
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100 mV/ n
i s R
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o - - | L e e . S . e
= i . ) | 7
100 my M 100 my ’ 100 mv
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MULTI-PHASE CONTROL & POWER SEQUENCING

-PWM MONITORING

“a ©®@ m | 2 Q ¢ N B AN = N N

saeen- pnnotate  AId  pMeggure Addzone  pocyy  Add agg ok Addgate Delete  IMage

Help  “shot 00m trigger cursor viewer

Edge

Trigger
314mv

Horizontal
20 ps/div
48ns

2.5GSals
500 kpts

Acquisition
sample
12 bit Hist1

Info 2025-06-10
07:46:31
a

Tab 1 X Tab2 X |+

1 [&Freq

502.5132 kHz 2 PDCyc

C1 [E
500my/ 700MHz 500 my/ 700MHz 500 my/ 700MHz 500 my/ 700 MHz |15 my/
DC MO DC 1MQ DC MO DC 1M

0
2V 10:1 2V 10:1 2V 10:1 2V
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a0 |
C7  logic Math Bus Ref

+ v =
Spec Gen Scope Menu

Pulse-width modulation (PWM)
control of sinusoids
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MULTI-PHASE CONTROL & POWER SEQUENCING

-PWM MONITORING

“a O m » Q ¢ N & A = N K W
Help  SGeen" Annotate  Add Addzone pecall  Add Addmask Addgate Delete  [Mage

Horizontal
400 s/div
48ns

Trigger
345mv

Acquisition
sample
12 bit

ﬂm Edge
il 5

Auto
Stop

2.5GSa/s

Undo 10 Mpts

Measure

2025-06-10
08:03:07

o X

shot 200m trigger cursor viewer
Tab 1

X Tab2 x|+

imm ol

| . : |
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400 ps 800 us 21 6 2ms 24 ms
L

LETE————y
|
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"
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ﬂ 11 ({‘L" W’”(‘W"’\l ) Al ]Li‘ Hfl\ w‘Jh.‘ 'ﬂ',‘ rrb‘ V"l ' Al ,, ! ;‘f | WERG (Vi

L

4'\
|
lhn
I

W‘Ul ’wH “!'\ ¥ "ﬁj\ : l( L /"" ""'“"v \’W\ Uﬁ

a
v

1 [&] Freq 499.889 kHz 2 PDCyc 6.223%

ce _— g~ _I1
700 MHz v/ 700 Wiz 500 mv/ Logm; Bmy 1 g’;{; 29 khz

DC MO DCIMQ
10:1 2V 10:1 2V 10:1 45mV RT-ZD10

700 MHz 500 mv/
DC MO
10:1 2V
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20| N
€7 logic Math Bus

+ + + =
Ref Spec Gen Scope Menu

Pulse-width modulation (PWM)
control of sinusoids

Track shows the variation of a
parameter for each cycle of the
waveform

Pulse duration of PWM react as
load changes
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Al-powered automatic verification software
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@ License
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EMI DEBUGGING
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IMPACT OF FASTER SWITCHING AND STEEP EDGES ON EMI

Tlme Domain

T |

16kHz Square wave 16kHz Square wave
with 17 rise/fall time  with 10ns rise/fall time

Frequency Domain

B 4
-10
-20

-30

High frequency Harmonics come
with higher levels

-40

Fundamental (16kHz)

3rd Harmonic of 16kHz
5th Harmonic of 16kHz
7th Harmonic of 16kHz

-50

2 200 1000 2000
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SYSTEM CONFIGURATION
EMI COMPLIANCE

Receiver Transducer Device under Test

LISN/ ISN/ :
Absorbing Clamp

—
EMI Test Receiver
—
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SYSTEM CONFIGURATION
CONDUCTED EMISSIONS TEST

Ground Plane EUT

Test Receiver or Controller
Spectrum Analyzer
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SYSTEM CONFIGURATION
RADIATED EMISSIONS TEST

o B 0= | Turntable Control Unit

Switching Unit

EMI Receiver or
Spectrum Analyzer

EMI
Software

-

Horizontal & Vertical
Polarization

3or10m
< >
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SYSTEM CONFIGURATION
EMI DEBUGGING

Receiver Transducer Device under Test

—
Oscilloscope
—

Near field probes
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SYSTEM CONFIGURATION
EMI DEBUGGING

Radiated Emission Conducted Emission
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MODERN SCOPE FFT CAPABILITIES
CORRELATION OF TIME AND FREQUENCY INFORMATION

0000000000000000000000000000000000000000000

,; B I Auto 4369 s Rt
Waterfall diagram Time-frequency
helps to show short fidie 3 correlation of emissions
emissions N T E mew |sunw e | ooess

B 393dBV Range: 27 t1: 500053ms  t2: 500053 ms

Stop: 1 GHz Center: 500 MHz ~ Span: 1 GHz RRW: 151 kH7 W:25.48 ps HIE

Color coding display Directly set start, stop
4 I L 3 e and resolution bandwidth

for better visibility 720
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CONDUCTED EMISSION DEBUGGING
CONDUCTED EMISSION SETUP

LISN
i 1 -
g"wel’ _L_{ LISN
upply =
- - -

A B
I Measurement is

- required on both

EMI- _
power lines
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CONDUCTED EMISSION DEBUGGING
TRANSMISSION MODES
Vp = (ICMa + Ipm) * Zyisn

Noise on all lines propagating in the

same direction with respect to earth v/ Live (Positive)

ICMa

Ve = Vp + Wy lom §

Neutral (Return)

Vi

Differential Mode

Noise or signals on a line(s) with a
return path

Ve + (=Vn)
Vom = 2

ICMb

Earth (Ground)

Vy = (ICMb — IDM) * Z1IsN
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CONDUCTED EMISSION DEBUGGING
EMI INPUT FILTER STRUCTURE

X-Capacitor DM-Inductors ~ X-Capacitor S BECUEIRYEE

DC/DC
converter

CM-Choke Y-Capacitor -
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CONDUCTED EMISSION DEBUGGING
CONDUCTED EMISSION SETUP

Oscilloscope

» 50 Ohm connection to LISN

» Connect LISN between supply and DUT
» Use Spectrum on Oscilloscope

RTM3000 / MXO4 / MXO5 / RTO6 /RTP

Dual DC-LISN
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CONDUCTED EMISSION DEBUGGING CASE STUDY
NO FILTERING

Ve + (=Vn)
Noise Floor VDM - 2
VCM = Vp + VN

Noise Floor

ses File Horizontal Trigger Vertical Math Cursor Meas Masks Analysis Display Wave Gen
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CONDUCTED EMISSION DEBUGGING CASE STUDY
DM FILTER APPLIED

o @‘ = (’J.\ a 2020-06-22
), FFT ) My | 13:22:06 [ W

Horizontal

L. DM Choke

Noise Floor

2 x X-Cap

Common Mode

B R8RSR T

Noise Floor

I R 1

sme File Horizontal |Trigger Vertical Math Cursor |Meas Masks |Analysis Display Wave Gen
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CONDUCTED EMISSION DEBUGGING CASE STUDY
DM FILTER APPLIED & CM FILTER APPLIED

2020-06-22 HD
5]

13:04:40 [

DM Choke
2 x X-Cap

CM solution

CM Choke

Noise Floor

Common Mode

L L
Noise Floor

I SR I B I I T T O A |

=== File Horizontal |Trigger Vertical Math Cursor |Meas Masks |Analysis Display |Wave Gen
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RADIATED EMISSION DEBUGGING

» Compliance is tested in the far field

— Tells us that a problem exists
» Debugging is done in the near field

- Shows us the source (location) of the problem
» Steps in the EMI debugging process:

— Detect and characterize emissions

— Locate the physical source of the emission

- Remediate to reduce or eliminate the emission

» Oscilloscopes and near field probes are the most
common tools used in radiated emission debugging

75 Rohde & Schwarz

COMPANY RESTRICTED



RADIATED EMISSION DEBUGGING
RADIATED EMISSION SETUP

Oscilloscope RTM3000 / MXO4 / MXO5 / RTO6 /RTP

» 50 Ohm connection to near field probe /
» Use Spectrum on Oscilloscope

N R B A .

Magnetic (H)  Electric (E)

Near Field Probe
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RADIATED EMISSION DEBUGGING
NEAR-FIELD PROBE WITH AN OSCILLOSCOPE

RTA4004; 1335.7700K04; 101178 {01.501 2019-05-03)

o Ny Q [ p o Jr Auto

Annotation  Demo . 2.5GSafs

RBW: 200 kHz

10 mvf
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RADIATED EMISSION DEBUGGING
NEAR-FIELD PROBE WITH AN OSCILLOSCOPE

N fad O @ @ B rd oy Trigger Horizontal Acquisition IAf6) 1 2024-04.09
v

[ cdge 63480 Auto 2 ps/div 5GSafs  Sample 11:28:05
a2
s Trg'd 0s 1SMpts  12bit Hist1109 - we
Reference

waveform
-3.16 mV
@—L

--GH MV

Undo Redo Help (’;;f:; Annotate  Preset Add zoom Measure

7.9mV ab1 75

R1 R2 R3 R4
]

7.9 mV . -6 A -2 s Setup
50 dBpV

Properties
B Source
44 dBuv

Create/Update
Vertical Channel 1
X axis mode

Rescale . v
Linear
-32 dBuv

Multiple traces can be chosen
Easily identify the
effective of solutions

b sy | f

(I

IdBuV( HH

dBJle
F N

| A o
e i) \ AP P '-fum‘l'.wi »-MJWMMWMMWWM

[P I~ Recall

4 dBpV

' ] i L) i A | s e )
: dB; 3( 1} : u‘ m L “ ‘ ‘ l' ilf { Y ’lv'. | i Y f All . .
D Vv ’ ] 2 K”Z LD 300KHz “ f.ooum SOOKML 500 kHiz § 700 kHz 800kl11 "L d ‘HA "Ii",h A'VMHz ' 3 MHz 4 MHz SMHzJ Colol C0d|ng d|Sp|ay helps
(s} G R1 ¥ s1 L i M

1.58 mV/ ng(;g 6 dBpv 6 dBUV/ 50 dBuV 6 © €8 |logic M;m B:c n:q s.;e( Gen Mfm to Show energy IntenSIty
easily
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OSCILLOSCOPE EMI DEBUGGING APPLICATIONS
FREQUENCY ZONE TRIGGER

» Difficult to detect and analyze 1 B == " B T
Edit point Delete SINorm Mui,; 1 4 Y .6.77844 d8m or on pa
Intermittent events

— Need to trigger on power
exceeding a threshold at given
frequencies

» Achieve this with a frequency zone
trigger 5

» When the mask is violated, the PPN
acquisition stops and captured data m
can be analyzed in detail —
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OSCILLOSCOPE EMI DEBUGGING APPLICATIONS
PEAK LIST

» In EMI debug, peak levels are
often the most interesting / —
impO rtant lo# 7_‘;_153;7;“\“,15%&3“,1”, 4952 MH2| 15985 MHz| 24986 MH2|30.027 Mz gs%ﬁ?mm ?ST;BMH/ 287;:%&1

10.19 dBr 1 dBm 114 > dBm 12/( dBm | 13% dBm )O)dex 1 7()(18“ l‘))Od n

1-9.97 d8m| |5.89 dBm

» Peaks can be found using: .
— Eyeballs R e e, —
— Cursors | |
— Peak search / list

» Peak list gives the highest ','s?fg\ . A ity bt

. . . & \ oy (A A f Ty 6 QbR

ampIItUde SIQnaIS and thelr !Bn” mMHz m u )OMH/ » 3l)MHz an; 'l [ ‘l b { IOMHz 'H aomuz 'hlm IM‘:{I
frequencies
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FROM DESIGN TO COMPLIANCE
SAVE YOUR TIME AND COST

Debugging Precompliance Compliance
Analysis during design Prototype testing Approval before production
[ X J

=3 &

Higher cost

Lower cost
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SUMMARY

» Rising compute and I/O demands are driving higher power requirements in data centers
» Key challenge is rising processor power and increasing power density
4 Power Density Surge: 1-10 kW — >10 kW
Y Voltage Evolution: 48 V — 380 V — 800 V HVDC
» Oscilloscope is a powerful tool for design
Input Analysis:

— Measurement tracking for frequency & duty cycle
— Multi-channel & Smart-Grid for three-phase observation

Wide-Bandgap Testing:
Double-pulse testing reveals switching losses and parasitic parameters
Digital Power Measurement :
— Mask testing quickly shows pass/fail output
— Use measurement tracking to easily verify PWM / Frequency changes
EMI Debugging: :
— Observing both time domain and frequency, can debug in different dimensions

— Use near-field probe & Dual LISN to quality debug
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NEW! MXO3 SERIES MORE resolution on all sample rate

Instantly see MORE infrequent event
Capture even MORE time
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