Selected Oscilloscope Topics:
A) Power Integrity — Verification with Oscilloscopes
B) Floating Measurements for Power Electronics

Victor Medina
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Better Power Integrity Measurements with your Scope
The new R&S RT-ZPR Power Rail Probes
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Oscilloscopes: Primary Tool for Power Rail Analysis
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Common Power Integrity Measurements

I PARD (Periodic and Random
Disturbances): noise, ripple (V,,),
transients

1 Static and dynamic load response

1 Supply drift

tolerance window

Supply Drift
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Several Factors Make It Difficult to Measure Small Signals

A - Scope & probe noise

Wy
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Power Rail Measurement Challenges
Lower rail voltages and smaller tolerances

500 mV,,

10%

Easy tp measure

Examples

(5

[} . e

e Rail Tolerance | Need to
E 5%

5 Value measure
l9 Hard to Measure 3.3V 2% 66 mVpp

| I I et ettt
182 T e e i

| 66 mV,,;
: Vo 1.8V 3% 30 mV,,
e | : :
! : l 12V 2.5 % 30 mV,,
! : . 1V 3% 30 mV,,
12v \ 33V 18V 1V
DC Rail
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RT-ZPR20/40 — 2GHz and 4 GHz Power Rail Probes

Key Specifications
1 Designed uniquely for e 11
measuring small

) Probe BW 2GHz /4 GHz
perturbations on power
rails Browser BW 350 MHz
Dynamic Range +850 mV
I Active, single-ended probe  Offset Range > +60 V
_ ) Noise
I Low noise with 1:1 Scope (RTO) standalone 107 pV AC s
. Scope + Probe Noise 120 pVv AC, s
attenuation (at 1 GHz, 1mV/div)
Input Resistance 50 kQ @ DC
I Bestin class offset R&S ProbeMeter Integrated
compensation capabilit :
P P y Coupling DC orAC
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RT-ZPR Power Rail Probes
Active probe head main cable and solder-in cables

Direct connect to SMA

SMA to 2-pin Socket
ZBX00SAMS-P (reference sell)
http://www.zebax.com/index_files/page1044.htm 4
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RT-ZPR Power Rail Probe Browser (included standard)
350 MHz BW, 1:1 active probe, uses passive probe accessories

SMT clip

e

~,
Ground
_ .l Nt .
E o0 ‘ ‘ |\" u‘ springs
= QO "
= o O 2.5 mm
probe tips




Top Concerns for Power Integrity Measurements

1. Measurement accuracy
2. Frequency domain evaluation of coupling/switching
3. Time required to find worst-case violations
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Making Accurate Power Rail Measurements

1. Measurement accuracy
A Minimizing measurement noise
A Sufficient offset (zoom to utilize full scope ADC, seeing DC drift)
A Sufficient BW to capture transients
A Minimal DC loading

RT-ZPR:
Adds ~10% more noise to RTO/RTE scope measurements)
@‘\ +/- 60V offset
§ 5 2/4 GHz BW to capture high-frequency transients
& Input impedance of 50 KQ @ DC
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Measurement Accuracy: Noise Due to Probe Attenuation Ratio

10:1

— v T

attenuation

— Ty T T

1:1 attenuation

ChlWwfml
div

/\J Sabetin

Vo = 41 mV
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Measurement Accuracy: Using Offset to Enable Zooming to Use
Most Sensitive Vertical Setting

UsmgrnaxbquH1scopeoﬁset
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ProbeMeter 1 [N X )

E 2438V
2.4V rail

ProbeMeter 1 [FEV)( X )

P: PRELRY
2.4V rail

@100 mV/div, Vpp = @5 mV/div, Vpp = 42 mV

fddbd LR R

-Peak mu (Avg) RMS StdDev

eas 1@
Peak to peak 41.502 mv. 42.292 mv. 41.107 mV. 41.533 m¥. 41.534 mv. 170.06 pv 15568 15588

staisics:  QEETTTTND

288 File Horizontal Trigger Vertical Math Cursor Meas Masks Search |Analysis Display Tutorials

- ams 2m i s T 2 - 4ms
| veosresus 3
Current +Peak -Peak mu (Avg) RMS StdDev Event count Wave count
Meas 1 @
Peak to peak 67.194my | 75009mY¥ | 67.194m¥ | 69.078mY | 69.111m¥ | 21296 my 644 644

staistics: (@EETTIND

888 File Horizontal Trigger Vertical Math Cursor Meas Masks Search Analysis Display Tutorials
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Challenges with Insufficient Scope Offset

AC coupling mode and blocking caps eliminate ability to see DC value

CE#EeREEHTIEEE0 ‘ HE0FEQREEHIREE 0

Scope'shows 8V

Scope shows 0V

288 File Horizontal Trigger Vertical Math Cursor Meas Masks Search Analysis Display Tutorials 888 File Horizontal Trigger Vertical Math Cursor Meas Masks Search Analysis Display Tutorials

Can’t zoom in (1V offset on RTO @ 20 mV/div)————  Can bring to center screen and zoom in
User can’t tell absolute vertical value
User can’t see DC offset issues
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Challenges with Insufficient Scope Offset

AC coupling mode and blocking caps eliminate ability to see DC changes

DC Drift @\

With ZPR20
see low freq DC changes

DC blocks
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Measurement Accuracy: High BW Needed for Measuring Impact
of Coupled Sources

| ‘ "
[ “Pe.

ak | -Pesk mu (Avg) RMS. | StdDev Event count a1

Meas1 B
Peak to peak 304A3SmV 32016 mY  Z04SEMY 30117 mV 30323 mY 602.65 pV

1:1 ZP1X passive 38 MHz BW 1:1 ZPR20 active 2 GHz BW
Captures high-freq transients
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Making Most Accurate Power Rail Measurements

2. Frequency domain evaluation of coupling/switching

RT-ZPR + RTO:
Up to 4 GHz BW to capture high-frequency transients
@’» HW-accelerated FFT
f‘% \ Color graded FFTs



Finding Coupled Signals

2016-07-20
21:59:44

[
‘ﬁ """ 2016-07-14 WD
..... 18:26:47 1] ==
| [~ |

Chiwfm1 [=)
100 m
3.2 m!

1.9 GHz coupling

888 File Horizontal Trigger Vertical Math Cursor Meas Masks Search Analysis Display Tutorials

Switching (low freq FFT) EMl/coupling (high freq FFT)
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Making Most Accurate Power Rail Measurements

2. Frequency domain evaluation of coupling/switching
3. Time required to find worst-case violations

RT-ZPR + RTO:
Up to 1 Mio wfms/s (1000X faster than other scopes in class)
Q‘\ Measurements with statistics
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Find Worse-case Violations Faster
Example: 5 Seconds of Measurements

R CECCRCEED T I CECD e

0.03228)

=
ik ds 9 &9 s i -~ gy A i ds 2 A
eas Rosu
beak mu (Ava) RMS stdDev Eventcount  Wave count Current +Peak Peak mu (Avg) RMS stdDev Eventcount  Wave count
Meas 1 @
B54mY 32646mY 32717m¥ 21451 my 341 341 Peak to peak 363648 39.921my pASAmY | 32.635m¥ | 32704mv | 21201 my 7048 7048
Statistics: se

888 File |Horizontal Trigger Vertical Math Cursor Meas Masks Search |Analysis Display Tutorials 888 File Horizontal Trigger Vertical Math Cursor Meas Masks Search Analysis Display Tutorials

Emulating competitive update rate of 100 wf/s >5000 Vpp measurements in 5 seconds
< 500 Vpp measurements in 5 seconds
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Power Integrity Measurements

Recommended Configuration

1 RTA4000 + RT-ZPR20
A Economic solution for many power integrity
problems, up to 1 GHz bandwidth

I RTE + RT-ZPR20
A Advanced solution for many power integrity
problems, up to 2 GHz

I RTO 4 GHz + RT-ZPR40

A Top end solution, covers
2.4 1oT band measurement needs
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oscilloscopes or differentials probes —
Pro's and Con's

ROHDE&SCHWARZ

Floating measurements with isolated channel
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Introduction

I Floating measurement techniques

Oscilloscope frontends revisited
1 Connecting to the DUT
I Some measurements results

I Summary & conclusion



Power Electronics Measurements often need to be Floating

1 Examples
A Upper side MOSFET / IGBT measurements % S‘{K X {KT

A Diode voltage on freewheeling diode .
A Inductor and transformer voltages Loyl | o
A Voltage drop across ungrounded resistor i
X 45 X 4{1 N
1 Challenges

(floating shunt current measurement) S S
A Small differential voltages with large common Voltage Source Inverter (VSI)
mode voltages

A Upper level IGBT measurement: Sometime only 10 V
Vgs swing at 1000 V common mode voltage swing.

A Safety: Wrong connection of ground lead can
cause short circuit and very large currents

&~ £ =

|

™~

L~
AN
N
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Floating Measurements Techniques
Float the Scope

I Signal distortivh may result from the parasitic inductance and large bridging
capacitance to earth ground.
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Floating Measurements Techniques
A - B Method

DUT Power Cord

I Can be adequate fg dency measurements with LOW common mode signals.

I Measuring smg al signals in the presence of a HIGH common mode signals
will likely g

I Both proB 6 gUld be the same model type and be adjusted to closely match each
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Floating Measurements Techniques
High-Voltage Differential Probes

Power

Power Cord

%

DUT Power Cord | Socket Earth

Earth Ground —=L

I Can accurately measure small differential voltages in the presence of large common-
mode voltages up into the thousands of volts.

I High input impedance on both inputs to minimize loading and measurement errors.
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Floating Measurements Techniques
Isolated Channel Oscilloscope

FPower
Supply

DUT Power Cord

Earth Ground —.=I?

I Isolated input has no direct electrical connection to earth ground.
I Great DC & low frequency CMRR!

I Isolated probes are not true differential probe because the input impedance between
the tip and reference lead are not balanced.
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Standard Oscilloscope Frontend Revisited
Simplified Input Stage

Vo

Vp

6 €—

Vi

v'Y

1 Input Voltage V,is divided by & (Y [6 )hd (Y |6 ) into Vp

I The difference Vpand V amplified to the output voltage V,

1 Division is desired to implement reproducible frequency response
I Any other parasitic inductance L is ignored
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Standard Oscilloscope Frontend Revisited
Resulting Common Mode Gain

Vo
Vp

0 €——

Vi

\ \A\4

1 Simplify the current circuit by ignoring the divider, assume amplifier as ideal
1 Applying a common mode voltage to both inputs
I Result: V,is shortened to ground and V,doesn't change, so

0 Jd
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Isolated Oscilloscope Frontend
Simplified Input Stage

lVo

1 But the common mode gain changes significantly due to the isolation requirement

1 Calculatethed ,@w Umjé(0w W) UmqgE——¢gw O 0 UID¢( ¢¢¢¢ )U

L

[¢]

1 Witho (@ m nv (® ) Umy peak @ Q T
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Isolated Oscilloscope Frontend

Simplified Common Mode Gain Calculation
ypica
values!
Common Mode Gain for L, 100nH, C;100pF
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Measured CMRR Performance “Common HMode
Isolated Channel Oscilloscope vs Differential Probe

1 Galvanically isolated input channels 0
behave as “differential” with some 1 I T
limitations
A Truly differential for DC signals
A Differential with frequency dependent _ .
CMRR (common mode rejection ratio) for e e Dot than thia
AC signals

for low frequencies
1 Isolated channel scope vs high-end m

active differential probe
A Better (or similar) CMRR for low

frequencies /0
A Lower CMRR for high frequencies Measured CMRR - Isolated oscilloscope (red) vs
Standard Differential Probe (blue)

-10

-20

CMRR / dB
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Channel to Channel capacitive coupling
Scopes with isolated channels e 100§ G R MM G

I Scopes with isolated channels show coupling effects
example a full bridge push-pull with two legs
A Top: CH1 high side V¢ leg 1; CH2 unconnected
flawless measurement!
A Bot: CH1 high side Vg leg 1; CH2 high side Vg leg 2
ringing and instable trigger point
A Parasitic coupling between switch node and both FETs e 3220 @ P BhTw aw o e 8 e
1 Improvements
A Do signal integrity measurements only with one channel
A Use a traditional scope with HV differential probes

8 100 100 [
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Isolated Channel Oscilloscopes
What else is important

Keep short connections to the DUT

Actual
Signal

Ringing
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Real Measurement
Common Mode Suppression — 400 Vpp Half-Bridge Output

1 Half-Bridge Output with 400 Vpp

1 Comparison
A A) Standard High-Voltage Diff Probe J,
A B) Isolated Channel Oscilloscope ~400 Vpp

L
] T
T 1

L e

3
4
BTI
5

GND
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Real Measurement — Results
400 Vpp Common Mode Signal with HV Diff probe (100:1)

1 Almost no Ringing

1 410 mVpp remaining
signal
A A ~60dB CMRR

410 mVpp =

1 But
A ... noisy because of
attenuation
A limited bandwidth
(100 MHz in this
case)
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Real Measurement — Results
400 Vpp Common Mode Signal with Isolated Channel Scope

T M e 2308y

Sps/ /W Auto  Trigd 42 1"13%2%3

I Some ringing

1 Only 230 mVpp
remaining signal
A A ~65dB CMRR

28 MHz ringing
frequency

1 Lower noise

= o= 34.60 ns 1ne= 28.Qq MHz 5B

1 500 MHz bandwidth
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Real Measurement
Long leads vs short leads

(long leads) (short leads)

S/ B Ao Stop 4] RD 153.8 mv

ooy by 2308m oW B

Qoo O [

o O I I
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Floating Measurement Techniques

Summary: Pro’s and Con’s

Isolated Channel Scope

Safety

Flexibility

Sensitivity

Accuracy

Bandwidth

CMRR

Conclusion

X

OH DE&SCHWARZ

Dangerous!

Limited all channels have
ground connected

Very good

Very good
Very good

Not good

Only recommended
behind safety screen.

06/07/2018

High-Voltage
Differential Probes
Very good
Limited, needs two Very good
channels per signal
Very good Good
(typ. 50:1 or 100:1)
Not good Very good
Very good Good
(typ. <=200 MHz)
Very bad Very good

Recommended if high
CMRR is critical at high
frequencies (i.e. fast
switching) or high-
dynamic range
measurement necessary

Not recommended!

SAAEI 2018 43

Very good

Very good
(limited by max ground
potential rating)

Very good
(20:1 attenuation)

Very good

Very good
(up to 500 MHZz)

Good

Recommended if high
bandwidth required but
CMRR at high
frequencies not critical
and
limited budget



R&S Probe Portfolio for Power Electronics Measurements
Two new probe families

RT-ZD0O1
_ RT-ZD002/00 RT-ZHDO7/15/16/60 RT-ZH10/11 RT-Z110/10C/11 RT-ZCxx(B)
New = & New =
DAL ‘i: > = \% Q\
] |~

M 0 o \ LT{’ %
Active differential / Active differential / : Passive,
Type / Interface BNC R&S Passive only for R&S®RTH Current Probe
Bandwidth 25 MHz / 100 MHz 100 MHz / 200 MHz 400 MHz 500 MHz 2 MHz — 120 MHz
Max. Inout Sianal 700 Vpeak to 750 Vpeak to 1000 Vrms / 6000 1000 Vrms 5 Arms / 7 Apeak to
- input >S9 1400 Vpeak 6000 Vpeak Vpeak 5000 Vpeak 500 Arms / 750 Apeak
>= 80 dB @ 50 Hz 80 dB @ DC — 60 Hz N/A Depends on N/A
CMRR >=60dB @ 20kHz 60dB @ 1 MHz measurement
30 dB @ 100 MHz scenario
Offset N/A Up to 2000 VDC N/A N/A N/A
DC Voltmeter N/A R&S Probemeter N/A N/A N/A
Fits best for HMOs, RTB2000 RTM, RTE, RTO All except RTH RTH Al epaming o

model)

ROHDE&SCHWARZ 06/07/2018  SAAEI 2018 44



R&S Oscilloscopes for Power Electronics
Selecting the right Oscilloscope

| Main instruments for power electronics applications|

Bandwidth

Probes

Important Features

Positioning for power

electronics measurements

Scope Rider

Up to 500 MHz .
RT-Z110/10C/1 .

Isolated channels
Harmonic analysis

Spectrum analysis

Mobile .
High bandwidth .
Low budget

06/07/2018

RTB2000

Up to 300 MHz
RT-ZH10/11

RT-ZD002/003

General purpose

Low budget

SAAEI 2018

RTM3000

Upto 1 GHz
RT-ZH10/11

RT-ZD002/003
RT-ZHDxx

Deep memory
Power analysis

EMI debugging

Advanced
measurements

Full probe portfolio
available

RTA4000

Upto 1 GHz
RT-ZH10/11

RT-ZD002/003
RT-ZHDxx

Deep memory
Power analysis

EMI debugging

Advanced
measurements

Full probe portfolio
available

High signal fidelity /
accurac
28

RTO2000

Up to 6 GHz
RT-ZH10/11

RT-ZD002/003
RT-ZHDxx

Deep memory

Advanced
measurement and
analysis functions

EMI debugging

Advanced
measurements

Full probe portfolio
available

Excellent signal fidelity /
accuracy

High resolution (HD)



R&S Probes and Oscilloscopes
When to use what

What is important Important Products

VGS’ VDS

Passive Elements

Start-up behavior
Load change

Control Loop stability
Harmonics

ROHDE&SCHWARZ
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Bandwidth,
Connection to DUT,
CMRR

Insertion Inductance,
Bandwidth

Scope functionality

SAAEI 2018

RT-ZHD probes
RTH

RT-ZCxxB Current Probes
Rogowski Probes

Track function (RTE, RTO)
Harmonic Analysis (RTH,
RTM, RTE, RTO)

RT-ZHD probes
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Thank You



