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Output Ripple Measurement Methods for DC-DC Converters 11

Roland van Roy | ANO79

Output voltage ripple is an important parameter of power converters. Some loads are quite sensitive to supply voltage
ripple, and some Core rails specify a tight supply voltage tolerance band that must be met, including static tolerance,
supply voltage ripple, and load transient over- and undershoot. Accurate ripple measurement can be tricky, especially
with high frequency switch-mode power converters. This design tip document will introduce some practical methods
for output ripple voltage measurement.
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1 Introduction

Modern electronic applications usually contain embedded computing and wireless connectivity functions, and these
circuits often have high pulsating and heavy loading behaviors, while requiring low input voltage ripple. The new
generations of DC-DC converters will therefore be required to have fast transient response to maintain stable output
voltage under the fast fluctuating load conditions, and their output ripple should be small to avoid deteriorating the
performance of sensitive circuits. Accurately measuring power converter output ripple can be a challenge. This
document explains DC-DC converter output ripple and provides several tips how to get more accurate measurement
results.

Important considerations are listed below:

¢ Ripple voltages are small, and the measurement equipment must have sufficient sensitivity, which sometimes
requires special probes. An oscilloscope is normally used for measuring supply voltage ripple.

¢ Ripple measurements are always specified over a certain bandwidth. 20MHz bandwidth is most commonly
used, but some applications may require a higher measurement bandwidth like 200MHz.

e The load on the supply can have a big impact on the measured ripple. This is especially important for power
supplies that operate in pulse skip or Eco mode during light load conditions. In addition, dynamic load
changes during the ripple measurement can increase the measured ripple value.

e The measurement environment can easily influence the measured value, especially when measuring with
high bandwidth settings near high frequency switching signals. Also nearby equipment or even the
measurement equipment itself can generate noise into the ripple measurement, which should not be
mistaken for DUT generated noise.
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2 Tip 1: Check your equipment and environment noise

Before doing ripple measurements, it is always good to do an environment check: Connect the measurement probe
tip to the probe ground lead and place it on the lab table as shown in the Figure 1 below: Set the scope to maximum
bandwidth, with sufficient sample rate.

Ambient noise measurement with LED light switched Ambient noise measurement with LED light switched
on off

ry
»»»»» — Tektronix il Utiity Help e e—— — Tektronix

a

A T2 A T2
U1 574 ke L er

Measurement with LED light on shows 21mVpp with After switching off the LED lamp, the noise is reduced
switching noise (10:1 probe, 500MHz bandwidth) to 10mVpp (10:1 probe, 500MHz bandwidth)
Figure 1

From the above measurement example, it can be seen that a simple 10:1 probe with ground loop at high bandwidth
setting (500MHz) can easily pick-up noise from the environment. Make sure that noisy equipment is switched off
when doing ripple measurements.
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3 Tip 2: Know what kind of ripple signal could be expected

Knowing what to expect is also helpful when doing ripple measurements, so it is a good idea to do some ripple
calculations or simulations before hooking up the scope to your board.

3.1 Continuous Conduction Mode (CCM) output ripple

For Buck converters (Figure 2), the output ripple across the output capacitor in continuous conduction (CCM) mode
is caused by the inductor ripple current flowing through the output capacitor. Since the capacitor voltage is the integral
of the capacitor current, and the Inductor ripple current in CCM is a triangle waveform, the pure capacitor ripple
voltage in CCM consists of a positive and negative parabola voltage as shown in below Figure 3.

VlnD L4 ‘
capacitor current
Q1 || || AN
sw L1

Q2
DJ # Cout <Rload

Cin

Figure 2

V-out average

l-out average e
S

I-Inductor e frorereeeea e
: i Al-nductor

V-out peak-peak

Figure 3

The inductor ripple current AlL can be found from: A, = W
IN " Fsw”*

The output capacitor ripple voltage can be found from: ACyyr (pp) = BCAILi(m’F) which is valid for low ESR MLCC
‘Lour " rsw

capacitors.
In case the output capacitor has some ESR, the ripple voltage will be increased with: ACoyr gsr (pp) = Al (pp) * Resr

In case of MLCC capacitors, be sure to use the effective capacitance including DC bias when making these
calculations.

From the formula’s, it can be seen that the load current is not present. It means that buck converter output ripple
voltage does not change when load current is changed, as long as the converter stays in CCM mode.
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3.2 Pulse Skip Mode (PSM) output ripple

Richtek’s Buck converter series often have a version that operates in PSM mode in light load conditions.

When the load current reduces, at a certain point, the inductor ripple current valley will reach zero. Parts with PSM
mode will then start to work in Diode Emulation Mode, which means that the low-side MOSFET will only be on the
positive part of the inductor current. During the time where the inductor would be negative, both high-side and low-
side MOSFETs will be off, and the switching waveform will show some damped ringing, which is caused by the
resonance of the inductor and parasitic capacitance at the switch node. The converter will stay in this low Iq sleep
mode while the output voltage is discharged by the load. A new ON time will be generated once the feedback voltage
reaches the PSM voltage reference threshold. (Figure 4)

T-on
V-out average 1
T

T-OFF ; T-Sleep

l-out average

I-Inductor ;
ZEro -- """'""",,,IiIIIIIIIIiIII;IIIIiIIIIIIIIZIIIIIIIIIIII ,,,,,,, el I\

V-out average
98 .

V-out peak-peak

V-output

Figure 4

In light load operation, the output voltage will thus be charged by the positive triangle current during ToN and TOFF,
and slowly discharged by the load current during the TsLEEP time where both MOSFETSs are off.

2 2
The output voltage ripple during PSM mode can be estimated by: AVyyr p,, = ZLTS(;" (‘Z’)’V - V,N)
urTr uT

For ACOT® converters, the ON time in PSM mode is similar to the ON time in CCM mode: T,y = - VO’;Z
IN " w

L 2 ( VIN )
2Cout = Wourt (Vin - Vour)

Current mode converters often set a certain peak inductor current during PSM: AVyy7 pp, =

PSM output ripple amplitude is depending on load current: When load increases, the ripple amplitude will reduce, as
the load current also discharges the capacitor during the ToN +ToFF period. Above formulas are valid for very light
(practically zero) load and single ON time PSM operation.

Copyright © 2024 Richtek Technology Corporation. All rights reserved. RICHTEK is a registered trademark of Richtek Technology Corporation.
ANO79 January 2024 www.richtek.com

5




RICHTEK

4 Tip 3: Understand parasitic effects

Converter output ripple can be influenced by component parasitic parameters, especially at higher switching
frequencies.

The output capacitor ESR will add a triangle voltage to the output ripple. MLCC capacitors have very low ESR, around
3~5mQ.

Polymer output capacitors have higher ESR, often ranging from 10~50mQ. For these types, the triangle waveform in
the output ripple will be more pronounced.

Output capacitors also have parasitic series inductance ESL. For MLCC types, the ESL is rather small, 0.2~0.4nH,
but polymer capacitors have higher ESL around 1~2nH. In Buck converters, the ESL will add a square wave to the
total voltage. The effect of the different capacitor parasitic parameters is shown in Figure 5.

Vin[—>

Cin

ik

Cout

e
-]

Measured waveform

ESRIANA © | ol Nt \ A

ESL I_ﬂ_ﬂ_l'L

Figure 5

Inductors have parasitic parallel capacitance, ranging from a few pF to 10~15pF depending on structure, size and
rating.

The inductor parallel capacitance will transfer some of the fast edges of the switching waveform to the output,
resulting in high frequency spikes in measured waveform (Figure 6). You need to set the scope to high bandwidth to
see these spikes.

Vin
i W
> AT
Cin = LI}
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Q2

[\’J T ¢ Measured waveform
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,J
= ESL

Figure 6
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5 Tip 4: Noise sources in switching converters that can influence ripple
measurement

Output ripple is normally small, so the oscilloscope needs to be set to high voltage sensitivity. This setting is easily
influenced by power supply generated noise. One of the most common noise sources is the stray magnetic field from
the inductor. Many of the popular cheap inductors are semi-shielded I cores with ferrite powder epoxy around the
windings. These still generate considerable stray magnetic field. Any nearby loop will pick-up some the stray-
magnetic field and the loop inductance will produce a small square-wave voltage across the loop ends.

Figure 7 shows a compact size Buck converter board with a semi-shielded coil, and the oscilloscope probe with
relatively large ground lead loop. This loop may pick-up inductor stray magnetic field, which can superimpose a
square wave into the output voltage ripple measurement.

Figure 7

Figure 8 (red waveforms) show the possible output ripple waveforms when the measurement is influenced by stray
magnetic field: It can be seen that the switching converter square-wave is super imposed upon the ripple voltage.
The super imposed waveform polarity depends on the inductor orientation and the pick-up loop orientation.

. /\/\/\

|

Depends on inductor& loop polarity

. i
NN N

Figure 8

Measured output ripple

In the bottom red waveform, the voltage step in the waveform could be caused either by the output capacitor ESL,
or the field radiation into the measurement loop of the probe tip and ground. This can be checked by moving the
probe: If the amplitude of the super-imposed square wave changes when moving the probe loop in different directions,
the noise is coming from probe loop stray field pick-up. This is why it is important to minimize the probe tip to probe
ground loop when measuring close to inductors. Another way to check is to reverse the inductor orientation on the
PCB: if the super imposed waveform polarity reverses, the voltage step in the ripple waveform is also coming from
probe loop stray field pick-up.

Copyright © 2024 Richtek Technology Corporation. All rights reserved. RICHTEK s, registered trademark of Richtek Technology Corporation.
ANO79 January 2024 www.richtek.com

7




RICHTEK

Figure 9 shows a better way to measure output ripple:
The long ground lead is replaced by the short spring around the probe tip ground ring. This significantly reduces the
area of the ground loop and reduces stray field pick-up.

Figure 9

However, in some cases, even this smaller loop will still pick-up stray-field, especially in high frequency converters,
and when the measurement point is very close to the inductor. For these cases, it is better to use a short piece of
twisted wire with very short loop area at the output capacitor side, and connect the probe some distance away from
the inductor, as shown in Figure 10. The twisted wire method also makes it easier to connect the fragile probe tip to
the measurement point. IC socked pins can be used for this.

Figure 10
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6 Tip 5: Low noise switching signal measurement

It may sometimes be desirable to measure the switching waveform together with the output ripple voltage, for
example to trigger the scope on the switching waveform. When connecting the 2nd probe to the switching signal
directly as shown in Figure 11, you'll find that this connection adds a lot of switching noise to the output ripple voltage
measurement.

Switching signal

HF noise

Figure 11

This extra switching noise in the ripple measurement is caused by the probe capacitance of the CH2 probe that is
measuring the switching waveform: The fast rise and fall times of the switching signal result in HF current pulses into
the long CH2 probe wires. This HF current causes a lot of HF radiation, and this HF noise will find its way into the
output voltage ripple measurement.

You can try to use very short ground wire for the CH2 probe connection to the switching signal, but an easier way to
solve this is to minimize the HF current in the CH2 probe. A useful switching signal can also be picked-up by placing
the CH2 probe close to the switching signal instead of directly connecting it to the switching signal. In this case, the
HF current in the CH2 probe is minimal, and the CH1 ripple measurement is not influenced. Of course, you will lose
the DC information from the switching signal, but for triggering the scope on the switching waveform capacitive pick-
up will work well. An easy way to get a stable switching signal capacitive pick-up is by soldering a piece of isolated
wire to the switching signal, pulling out the isolation partly from the wire and clamp the probe to the top part of the
isolation. The probe clamp distance to the wire inner lead will determine the amount of capacitive pick-up. See Figure
12.

Capacitive pick-up

Switching signal

Figure 12
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7 Practical example 1. RT6252A ACOT® Buck converter in 12V to 5V, 2A
small size application

The RT6252A is a cost effective 17V rated 3rd generation ACOT® buck converter with 2A output current capability

and automatic PSM mode at light load. The converter runs at 580kHz in CCM mode. The EVB schematic and layout
is shown in Figure 13.

RT6252AHGJ6F
V-in 3 6
12V VIN BOOT j_ c4
C1 100n | 4
10u 10u T O '|' 2 V-out
0805 0805 SwW 5V/I2A
= = = 4.7uH
JP2 5 . ahk T47P gguT %
’_9 EN FB 0805 0805
GND -
—4— 1 10k

C1, C2: 10uF / 16V 0805 Murata GRM;1BR61C106KE15L =
C5, C6: 22uF / 6.3V 0805 Murata GRM21BR60J226ME39L
L1: 4.7uH, 29mOhm, |-sat 3.3A, I-rms 3.1A, Mag Layers MNR5040-4R7

Figure 13

The two 22uF/6.3V 0805 MLCC output capacitors drop to 8uF at 5V DC bias, and at low AC voltage ripple, may drop
another 30%. Each capacitor has 3mQ ESR and around 0.2nH ESL (see Figure 14). For this application calculation,
we use 14pF total capacitance, 1.5mQ total ESR and 0.1nH total ESL.

DC bias characteristics - % AC Voltage Characteristics - Frequency Characteristic -x Frequency Characteristic -x

(“ i

v

Capaditance[uF]
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Inductance[H]
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~ i N /
1 4
DC Bias[V] 0 1 "
04 05 12 16 00 1k 10k 100k 1M 10M 100M 1G  10G ™ 10M 100M 16 106
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() T S22 BRSO C-OC i capnce, 25 00,
[ TR Rz BRECU2Z6ME 0. C-AC Voltage. capchange, DCOV, 25.0degC ] (TSI i GR21BRE0.226ME 22 R DGOV.250e9C 5] (TR mmGRM21ERE0.228ME S L DCIV.25029C

Figure 14

The inductor MNR5040-4R7 has a self-resonance of 43MHz, therefore C-parallel = 2.9pF.

The inductor ripple current Al, = W =1.1App
IN " I'sw

The output capacitor CCM ripple voltage ACoyr py = 2w = 47mypp

8-Cour " Fsw

The 1.5mQ ESR adds ACoyr gsr (pp) = Alrwp) * Resr = 1.7mVpp, so total CCM ripple is 18.7mVpp

Copyright © 2023 Richtek Technology Corporation. All rights reserved. RICHTEK
ANO79 December 2023

is a registered trademark of Richtek Technology Corporation.
www.richtek.com
10



https://www.richtek.com/RedirectToProduct?specid=RT9818&utm_source=RTWWW&utm_medium=RT6252A/RT6252B&utm_campaign=AN079
https://www.richtek.com/RedirectToProduct?specid=RT9818&utm_source=RTWWW&utm_medium=RT6252A/RT6252B&utm_campaign=AN079

RICHTEK

For the high frequency behavior with parasitic components, a simple LTSpice simulation shows the below results:

(Figure 15)
Viout)
Cparr 2.9p
li
L1 R2 out
4.7p 29m l Cout /J \
14p
vi ‘Efan :1 / [T buck 12V-5V_580k.rauw ‘x
Cursor 1
ESR Viout)
PULSE(0 12 0 4n 4n 0.718u 1.724u) e Hoz:[ 044.58438ns  Ve:| 4.0084045V
Rser=0.005 . Cursor 2
Viout)
Horz: [ 1.8136025 Vet:| 4.0820610V
.tran 0 1m 0.995m 0.01n Diff {Curser2 - Cursor1)
| Horz:[ @60.01763ns  Ver:| -16.34264mv
Freq:[ 1.1507246MHz  Sope:|  -18805.9
Figure 15
7.1 First measurement setup with large ground loop: (Figure 16)

We connected a 5Q (1A) load resistor for CCM operation, and the CH1 probe (yellow ring) with large ground loop to
the output capacitor. The CH2 probe (cyan ring) is used to measure the switching waveform with the capacitive pick-
up method.

A note on inductor orientation in DC-DC converters: SMD
inductors are preferably mounted in the orientation where the
start of the winding (close to the inner core) is connected to the
switching node. In Buck converters, the outer winding will then
be connected to the output capacitor node (which has low
impedance for high frequencies) and the outer winding thus
acts as a shield for the switching signal. This helps improve
EMI. When connecting the winding end to the switching node,
more high frequency electric field will be emitted by the outer
winding area.

When changing the inductor orientation, the stray magnetic

Figure 16 field will also be reversed, and this can affect the ripple
measurement.
Copyright © 2024 Richtek Technology Corporation. All rights reserved. RICHTEK s, registered trademark of Richtek Technology Corporation.
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First measurement result (Figure 17)

Output ripple measurement (note inductor orientation)

v ,

orientation)

Measurement (20MHz BW) with above inductor

Output ripple measurement (reversed inductor

A a

/ X
Measurement (20MHz) with reversed inductor

orientation orientation
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V/’\ .

f \

E>' B _"L- . e

I f

Large “negative step” in the measurement

Large “positive step” in the measurement

Figure 17

It can be seen from the measurements that the CH1 probe in this setup picks up considerable inductor stray field,
resulting in large voltage steps in the ripple voltage. There is a big difference in ripple voltage shape when reversing
the inductor orientation. The ripple measurements are therefore not accurate.

7.2

Second measurement setup with small ground loop: (Figure 18)

Here we use the CH1 probe (yellow ring) with shorter ground loop connected to the header for output voltage
measurement. The CH2 probe (cyan ring) is used to measure the switching waveform with capacitive pick-up method.
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Figure 18

Second measurement result (Figure 19)

Output ripple measurement (note inductor orientation) Oorlijetﬁ?;t%pngle measurement (reversed inductor

Measurement (20MHz BW) with above inductor Measurement (20MHz) with reversed inductor
orientation orientation
File Lttty el _ e — Tektronix il Utiity Help _ e - — Tektronix
= TSR . TEE
E T | o -- E T | e --

2y 2y

M\w’fm\wﬁwmwﬁi Q AWANAWAWS
M VRV VARV

|

: T e e T 1SRN PSS PO e ] T
Small “negative step” in the measurement Small “positive step” in the measurement
Figure 19

As can be seen from the second measurements, the smaller probe loop picks up much less inductor stray field, but
there is still some difference between the two measurements when changing the inductor orientation.
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7.3

Third measurement setup with twisted wire: (Figure 20)

Here we connected a twisted wire with very small loop to the output capacitor. The twisted wire loop at the output
capacitor was also oriented vertically to minimize inductor stray field pick-up. The CH1 probe (yellow ring) is
connected with short ground loop to the other end of the twisted wire, away from the inductor and switching traces.
The CH2 probe (cyan ring) is used to measure the switching waveform with capacitive pick-up method.

Figure 20

Third measurement result (Figure 21)

Output ripple measurement (note inductor orientation)

Measurement (20MHz BW) with above inductor

Output ripple measurement (reversed inductor

Measurement (20MHz) with reversed inductor
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There is hardly any step in the measurement.

Hardly any difference when reversing inductor.

Figure 21
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The twisted wire method shows very clean output ripple measurement, and the fact that the waveforms do not change
much when reversing the inductor orientation means that there is hardly any stray field pick-up in the measurement.
The CCM ripple measures 22.6Vpp, which is slightly higher than the calculated 18.7mVpp. Note that the ACOT
converter has some frequency jitter (OFF-time variation) which causes some irregularities in the measured ripple
amplitude.

7.4 Measurement with high bandwidth setting (500MHz): Check the influence of CH2
probe switching signal measurement

Figure 22 shows the difference between direct probe connection and capacitive pick-up method when measuring
the switching signal.

In the below measurement the CH2 probe is only
clamped to the isolation of the wire soldered to the
switching signal.

In below measurement the CH2 probe is directly
connected to the switching signal.

Measurement (500MHz BW) with direct SW node Measurement (500MHz BW) with capacitive pick-up
connection SW connection
File Uity Hely Tektronix ity Hel Tektronix
s L3 | €| s e ks i | ﬁl
° ] | D — | |0
B || _— =
- rN
@ 96 P L
“:1 ity ht F‘“‘;ﬂ o
o R r-wﬁ] ,
1 i

CH2 probe with capacitive pick-up of the SW signal
hardly adds any noise to the ripple voltage
measurement

Figure 22

The direct CH2 probe connection adds a lot of HF
noise to the ripple voltage measurement

From the measurement comparison, it is clear that the direct probe connection with big ground loop adds a lot of
noise to the measurement. Capacitive pick-up method is hardly adding any noise. The amount of capacitive pick-up
can be adjusted by changing the distance of the probe clamp related to the inner copper core of the isolated wire.
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The best way to measure in high bandwidth setting is to connect as few equipment as possible to the DUT, so only
the (resistor) load and only the CH1 probe. (See Figure 23 left side). However, if the switching waveform needs to
be viewed (i.e., for scope trigger) the capacitive pick-up method will have low impact on the HF readings.

High frequency measurement with CH1 & CH2 probe
High frequency measurement with only CH1 probe using capacitive pick-up for the switching waveform
measurement

OMHz BW)

e —

Measurement (500MHz BW)

—  — Tektronix

Tektronix File Utiicy el

The switching noise in the measurement is relatively The switching noise in the measurement is relatively
small small
Figure 23

The high frequency spike amplitudes in the above ripple measurements are smaller than the simulation results. Most
likely, the very fast (50psec) edges that show in the simulations are attenuated by the 500MHz bandwidth limit of the
oscilloscope and probes.
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7.5 PSMripple measurements

We can remove the resistor load to get low load PSM operation and measure the output ripple in the same way as

CCM mode ripple measurement.

We use the twisted wire method for ripple measurement and capacitive pick-up method for switching waveform

measurement, see Figure 24.

Figure 24
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Detail of PSM switching behavior:
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The converter operates at very low frequency: 256Hz

The ON time is 510nsec, which is less than the CCM
ON time of 750nsec. The PSM ripple amplitude is
32.8mVpp.

Figure 25

One of the special features of the RT6252A is that it reduces the ON time in PSM mode, to reduce the PSM ripple

amplitude.

The calculated output voltage ripple during PSM mode AVyyr pp, =

ripple of 28.8mVpp matches the calculation result quite well.

2 2
Ton (V’—” - V,N) = 33.2mVpp, so the measured

2LCout \VouT
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8 Practical example 2: RT5760A ACOT® Buck converter in 5V to 1.2V, 1A
small size & low ripple application

The RT5760A is a cost effective 6V rated 3™ generation low voltage ACOT® buck converter with 1A output current
capability and automatic PSM mode at light load. The 2.2MHz switching frequency, SOT563 package and small key
components allow for very small size total application footprint. The EVB schematic and layout is shown in Figure 26.

RT5760AHGHEF

L1
4 1uH Vour
VIN sw s > 12V/ 1A

EN

> PGood

2 C2, C&: 10uF/6.3V 0603 Murata GRM188R60J106ME84
L1: 1uH 45mohm Isat 2.3A LQH32PN1RONNO

Figure 26

In this small size layout, the single MLCC output capacitor C5 is located very close to the inductor, which is a semi-
shielded LQH32 type from Murata. The 10uF/6.3V 0603 MLCC output capacitor drops to 8.6uF at 1.2V DC bias, and
at low AC voltage ripple, may drop another 10%. The capacitor has 3mQ ESR and around 0.2nH ESL (see Figure
27). For this application calculation, we use 8uF effective capacitance, 3mQ ESR and 0.2nH ESL.
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The 1uH 2.3A inductor LQH32PN1RONNO has a self-resonance of 150MHz, therefore C-parallel = 1.1pF.

The inductor ripple current Al, = %":VOL"T) = 0.42App
IN" w

The output capacitor CCM ripple voltage ACoyr py = _2en) = 3 9amVpp

8-Cour " Fsw

The 1.5mQ ESR, adds ACoyr gsr (pp) = Alrpp) * Resr = 1.25mVpp, so total CCM ripple is 4.19mVpp
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For the high frequency behavior with parasitic components, below LTSpice simulation shows the results: (Figure

28)

PULSE(0 5 0 2n 2n 0.114u 0.455u)
Rser=0.001

.tran 0 400u 398u 0.01n

Cparr 1.1p

A

Viout)

Horz: | 378.01609ns Vert:[  1.1956256V

Figure 28

Viout)

Horz:|  570.08847ns Vet:[ 1.1024755v
Dff Cursor2 - Cursorl)

Horz: [ 201.07239ns Vert: [ -3.1501063my

Frea:[ 4.0733333MHz  Siope:|  -15666.5

It can be seen that the output waveform is a combination of parabolas (Cout capacitance), triangle (Cout ESR),
voltage step (Cout ESL), and the high frequency spikes (caused by inductor parallel capacitance and Cout ESL).
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8.1 First measurement with small ground loop:

Figure 29 shows the CCM output ripple measurement: We connected a 2Q (0.6A) load resistor for CCM operation,
and used the short ground loop probe connection and the PCB output voltage header (which is located some distance
from the single output capacitor C5) and capacitive pick-up method for switching waveform measurement.

Output ripple measurement (10:1 probe) Output ripple measurement (1:1 probe)
/ - v —

Measurement (20MHz BW) with 10:1 probe Measurement (20MHz) with 1:1 probe

File Uiy Help —_— Tektronix il ity Heli _— Tektronix
_— -

Due to small ripple, the 10:1 probe sensitivity is not 1:1 probe gives better sensitivity for small ripple
sufficient measurements.
Figure 29

For this very low output voltage ripple measurement, the 10:1 probe does not have sufficient sensitivity. For these
kind of low ripple measurements, a 1:1 probe gives better results.

It can also be seen that the short probe loop connection still picks up considerable inductor stray field: The measured
waveform (9.1mVpp with large voltage step) is very different from the simulated and calculated (4.2mVpp) result.
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8.2 Second measurement with twisted wire:

Figure 30 shows the output ripple measurement using the 1:1 probe with twisted wire connection directly connected
to MLCC output capacitor C5. The twisted wire is connected such that the small loop is vertically orientated to

minimize inductor stray-field pick-up.

Output ripple measurement (note inductor orientation)

Measurement (20M Hz BW) (note inductor orientation)

Output ripple measurement (reversed inductor

orientation)

Measurement (20MH2) (reversed mductor orientation)
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Measurement does not show any voltage step

Measurement still shows considerable voltage step

Figure 30

The twisted wire connection has shorter loop than the previous header + short ground loop probe connection, but it
can be seen from above measurements that there is still some difference in ripple measurement result when reversing
the inductor orientation. Therefore, it is likely that due to the very close proximity of the inductor and the high switching
frequency, it is very difficult to avoid some inductor stray-field noise coupled into the small twisted wire.

To reduce the influence of inductor stray field, we can try to move the output capacitor some distance away from the

inductor.
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8.3

Third measurement with twisted wire and capacitor moved away from the inductor:

Figure 31 shows the ripple measurement with twisted wire and output capacitor moved 8mm away from the inductor:

Output ripple measurement (note inductor orientation)

Measurement (20MHz BW) (note inductor orientation)

Output ripple measurement (reversed inductor
orientation)

L — Tektronix

T Tektronix

rae o]

= Laome ]
% Sow’

e iy

230 mds| 00

won A
BWhh | B RL gt

CVAVAVAVAVAVAYA | 2=V aAVAVAVAVAVAYA

230 myicks| o0 mviel
Mo | A
kit h || 250 WM

The measurement shows similar amplitude (4.2mVpp)
and waveform shape as the simulated case
(4.19mVpp)

Very similar waveform shape and amplitude when
reversing the inductor orientation.

Figure 31

With the twisted wire connection and the output capacitor moved 8mm away from the inductor, the ripple
measurement results now match the calculations and simulations with both inductor orientations. Note that the
ACOT® converter has some frequency jitter (OFF-time variation) which causes some irregularities in the measured

ripple amplitude.

Output ripple measurement with 1:1 probe and 500MHz scope bandwidth setting and capacitive pick-up method for

switching waveform measurement). (Figure 32)
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It can be seen that with the scope in high
bandwidth setting, the measurement does not
show much extra high frequency spikes. This is
mostly related to the 1:1 probe, which has a
useful bandwidth of 15MHz. Most 1:1 probes
have relatively low bandwidth, so they are not
really capable of showing high frequency
signals.

B> - sl

[c2 ]
260 my/div || 100 mv/div
Thin a
[svomb | S0 mEz

Horizontal

. l... l e

Figure 32
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Rillpts | w240

8.4 PSM measurement:

For the PSM ripple measurement on the RT5760A EVB, we remove the load resistor and measure the output ripple
in the same was as CCM mode ripple measurement (twisted wire method for ripple measurement and capacitive
pick-up method for switching waveform measurement), see Figure 33.

Figure 33
RT5760A zero load PSM ripple measurement: Detail of PSM switching behavior:
File Uiy el 5 | — Tekf%x File Uiy Hel § T Tekr%:
= s toaBEm e _ e
p  — \; p  — F— o
\\ o] / 10
T o ] hE
= —— S - 4 e e e e ,.{ . JF\ ;"I\J‘“\"!":?;'—{ﬂ-,_ﬁM.-_,,.‘._,..,-_,_,H;w%-gm.t
The ON time is 138nsec, which is slightly larger than
The converter operates at very low frequency: 464Hz the CCM ON time of 124nsec. The PSM ripple
amplitude is 24.4mVpp.

Figure 34

2 2
Ton (V’L - V,N) =29.4mVpp, so the measured

The calculated output voltage ripple during PSM mode AVyyr pp = 2Lcour \To
ur ur

ripple of 24.4mVpp is not too far from the calculation result.
RICHTEK
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9 Tips for DC-DC converter Gain-Phase measurement setup

Power converter control Loop Gain-phase measurements are normally done by inserting a sinewave sweep signal
into the feedback network and measuring the sine wave ripple amplitude and phase at the two sides of the sweep
signal insertion point at the output of the converter. (See Figure 35).

Buck converter Gain-Phase measurement

V,
Slope compensation = Signal
| current HS sense . inje;:tion
ransformer
—{ L
Clock —>S Vsw v \!EH'L ey
— Logic J_ i H: o
[+ ~ R 7'_{ ICDUT load %Rt % E @ :’: ‘ i g
1 : ’ 0
— — — —l— [~  locH1 onooo
Comparator - - - Vin
Rl Network Analyzer or
A Vis Frequency Response Analyzer
Vea <
C J— ~t Vrererence
COMP . R2 ] V
3 Error amplifier & — : Gain = Vour
IRWW compensation B =P & Vinl

/\/\/ Vour

Figure 35

The sine wave sweep signal amplitude must be kept small to avoid changing the operation point of the power
converter, and therefore the sine wave signal amplitudes at the measurement points are quite small. For accurate
gain-phase measurement results, the measurement should have high sensitivity and the measured signals should
have low switching noise. Therefore, the previously discussed output ripple measurement methods can also be
applied to gain-phase measurements.

The twisted wire method is very useful when doing gain-phase measurements: the sensitive measurement points
can be moved away from the switching converter, and the signal injection transformer leads, CH1 probe and CH2
probe can all be conveniently connected to the twisted wire ends some distance away from the PC board (see Figure
36).

Twisted wire
(with extra ground wire)

— 1:1 probe
=0 CH2
O
:
& EEmRy
B O
m}
CH1 ooooo
R1 1:1 probe
Network Analyzer or

Frequency Response Analyzer

R2

Figure 36
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10 Practical gain-phase measurement example

Figure 37 shows the gain-phase measurement setup for the RT6363GQW 60V/3A buck converter in a 24V to 5V/3A
application.

Figure 37

The RT6363GQW is 60V/3A rated current mode buck converter, often used in industrial applications. In this 24V to
5V/3A application, the switching frequency is set at 1MHz, and together with the 24 uF effective output capacitance,
the external compensation is set for 60kHz crossover frequency. For the gain-phase measurement, a 1.7A resistive
load is added to ensure CCM operation. A 4.7Q) resistor is inserted at the top of the feedback network, and the
sinewave sweep signal is fed across this resistor. Figure 38 shows the schematic.

RT6363GQW T fcH2
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PC
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24v [ VIN oR 00 M 4 o
T 100n
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RS T22u F22u Fioon sw [ 0 J_ j_
Ne D1 47u 4R7 c7 c8
- R7 224 29 Rload
- = = S35P6 T T ! 3 ohm
EN
— R1 A4 1
7 - 523k — = 8
COMP 5 ok <
5 FB
R3 RT/SYNC R2
10k
R& SSITR 10k
NC
J_ C5 PGood|-19 = . > PGood
T8.2n GND PAD C2, C3, C4: 2.2uF/100V 1206 Taiyo-Yuden GRM31CR71H475KA12
8 C7. C8: 22uF/18V 1206 Murata GRM31CR&1C226ME15L

L1:4.7uH 18mohm 4.1Arms, NR8040T 4R7N
D1: 60V/5A Schottky Vishay SS5P6

Figure 38
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To minimize noise in the measurement, the measurement points at the 4.7Q resistor are connected to a twisted wire,
together with a ground wire, which is connected to a clean small signal ground near the feedback network. The
insertion transformer and two 1:1 probes are connected to the other side of the twisted wire. See Figure 39.

Detail of the 1:1 probe connections. The switching Detail of the twisted wire. The ground is connected to
signal is measured using the capacitive pick-up the EVB small signal ground near the feedback
method. network

BTy

§

Below are the CH1 and CH2 measurement signals,
which have low ripple and very little noise.
S : ’e“"%“ During the gain-phase sine wave sweep measurement,

s e~ 4 | 1LiS good practice to observe the switching signal duty-
cycle variation on the oscilloscope.

2y e
| . . . L . o
@
Horieantal - CTrigger | || Acmuisitiar -
A0 mvids| 04 M| 100 Vi Wy o Moy || sampo
men | lman & 250 G5 Single: 11 W0ec203
SO0MH: | SIOMM: || S00mb: AL Mpes e

Figure 39

When doing gain-phase measurements on switching converters, it is important that the insertion sinewave sweep
signal is small, to avoid non-linear converter behavior (PSM mode or duty-cycle limiting). In low frequencies, the loop
gain is large and insertion signal can also be large to achieve sufficient low frequency sensitivity, but above the
converter LC frequency the insertion signal must be small, especially around the cross-over frequency. Most gain-
phase analyzers have adjustable insertion signal amplitude.
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shaped level x

Shaped level curve Shaped level points

Figure 40 shows the BODE-100 analyzer

To adjust the output level over frequency, double click the shaped level diagram to add
2 point and move the diagram by dlicking and dragging.
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does not saturate at low frequency. This can
be done by checking for correct sinewave
shape.

Above 1kHz the amplitude is reduced. The
sine amplitude above 10kHz is set at a fixed
low level. The exact amplitude can be checked

Close

Figure 40

by observing the switching signal duty-cycle
variation around the crossover frequency.

Below measurement shows the CH1 and CH2 signals
with 60kHz insertion signal. The amplitude of the signal
will influence the duty-cycle variation in the switching
signal. We set 19mVpp insertion signal amplitude. Due
to the low noise in the signals, the signal to noise ratio
Iooks OK.

Below measurement shows the variation in the duty-
cycle with the 19mVpp insertion signal amplitude. The
duty cycle variation is small, so there is no risk that the
converter would have any non-linear behavior.
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Figure 42 shows the gain-phase measurement result. The curve is smooth and does not show strange behavior. The
crossover frequency is 59kHz (close to the 60kHz target value) and the phase margin is 63 degrees.
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Figure 42
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10.1 Second measurement with long ground leads:

To show what happens when probe connections are used with long ground leads, Figure 43 shows the measurement
setup where the CH1 and CH2 1:1 probes are connected with long ground leads and clamps. The switching signal
is also measured by connecting the 10:1 probe (with red) ring directly to the switching signal, which adds extra noise.

Figure 43

Detail of the CH1 and CH2 probe connections to the
insertion signal and the CH3 direct connection to the
switching signal.

Below measurement shows the CH1 and CH2 signals,
which contain much more noise than the twisted wire
method.

The gain-phase measurement now shows more noise
in the low frequency range, and there is strange phase
behavior in the high frequency range. The BW and PM
still look OK.

Frequency (Ha)

The signal to noise ratio at the 60kHz insertion signal
setting is bad. It is quite remarkable that the analyzer
is still able to get correct gain and phase information

from these signals.

Tektronix

Tektronix

. .
Figure 44
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11 Summary/Practical tips

Minimize the measurement loop

When measuring output voltage ripple for DC-DC converters, the measurement loop area plays an important role in
the noise collection. Always try to minimize the probe connection loop area. Using tip and barrel method or twisted
wire method can reduce noise pick-up. Check the influence of inductor stray magnetic field by reversing the inductor

orientation.

Avoid adding noise to the measurement
Directly connecting probes to fast switching waveforms can add a lot of HF noise. Using very short ground leads or
using capacitive pick-up to check the switching signal can minimize the HF noise.

Set the acceptable sampling bandwidth

For different applications, how the critical load is sensitive to the noises, caused by the converter output ripple may
vary. For noise-sensitive applications, like high-resolution analog-to-digital converters (ADC) or audio applications, it
is recommended to measure output ripple at full bandwidth, while for noise-insensitive applications, the sampling
bandwidth of 20MHz may be chosen. Note that background noises still need to be checked at the full oscilloscope
sampling bandwidth, so that the output ripple may not be measured inaccurately.

Check signals in time domain before running gain-phase analysis.
In Gain-Phase measurements, always check the measured signals on the oscilloscope before connecting them to
the Frequency Response Analyzer. Minimize noise in the signals for best results.

For a practical example video of loop gain-phase measurement, see
https://www.youtube.com/watch?v=YHCQOGDIw6Q
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