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Note: Basic procedures such as setting-up, adjusting and calibrating the Bode 100 are described
in the Bode 100 user manual. You can download the Bode 100 user manual at
http://www.omicron-lab.com/bode-100/downloads.html#3

The J2111A does not require calibration. The J2111A comes with and uses the J2170 High
PSRR power supply.

Note: All measurements in this application note have been performed with the Bode Analyzer
Suite V2.43 SR1. Use this version or a higher version to perform the measurements shown
in this document. You can download the latest version at
www.omicron-lab.com/bode-100/downloads

You can download the latest Picotest Injector manual at
http://www.picotest.com/products _injectors.html
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1 Executive Summary

This application note shows how the phase margin of a linear voltage regulator (LM317) can be
measured using the Bode 100 and additional accessories. The same techniques can be used to
measure switching regulators as well. The measurements are performed on the Picotest Voltage
Regulator Test Standard (VRTS) testing board? using the OMICRON Lab B-WIT injection transformer
and the Picotest J2111A Current Injector.

The Current Injector, together with the Bode 100, allows direct measurement of the output
impedance, group delay and Q of the system. Using this information the phase margin of the system
can be calculated without breaking the feedback loop of the controller. This method is, therefore,
"non-invasive.”

In this application note the results of the non-invasive measurement are compared to the "classical"
Bode plot loop gain measurements.

Additionally, the influence of the output capacitor ESR? on the phase margin is investigated. Two
different output capacitors are used for the phase margin measurements and the results are
compared.

Additional information on stability measurement with the Bode 100 can be found in (OMICRON Lab,
2009): "Measurement of DC/DC Converters with Bode 100"

1 See: http://www.picotest.com/products injectors.html
2 Equivalent Series Resistance
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2 Measurement Task
The phase margin of the LM317 linear voltage regulator is evaluated using two different methods:

1 Traditional stability measurement via the Loop Gain-Phase (Bode plot)
2 Non Invasive output impedance measurement

The two measurements are then compared.

The Picotest VRTS kit is used as the basis for the testing. The VRTS can be used to perform most of
the common voltage regulator measurements using the Bode 100 in conjunction with the Picotest
Signal Injectors. The kit includes the regulators and capacitors used for the measurements in this

application note.

28
88
2

WOJ°1S31031d "MMM

5%
Voltage Regulator Test Standard board. Source: (Picotest, Voltage Regulator Test Standard, 2010)

To highlight the influence of the output capacitance on the phase margin of the regulator two different
capacitors are used for the measurements. The two capacitors are the 100 yF tantalum capacitor
(capacitor no. 1) and the 100 pF aluminum electrolytic capacitor (capacitor no. 3).
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3 Measurement Setup & Results

3.1 Stability Measurement of the Control Loop

We can measure the loop gain T(s), of the LM317 feedback system by breaking the control loop and
injecting a small-signal voltage into the feedback pin. This can be done with the B-WIT wideband
injection transformer and two 1:1 voltage probes.

A constant load current of 25 mA is achieved by switching on the positive bias current of the J2111A
Picotest Current Injector. The injector can provide positive, negative or zero bias, so that the J2111A
can operate in class A mode for use with a Network Analyzer. The negative bias is for use with
negative voltages, while the positive bias is for positive voltages. The Current Injector is normally in
parallel with the normal circuit load current and impedance. In this case, the J2111A Current Injector
is acting as a constant current load.

3.1.1 Measurement Setup

The VRTS board is powered using a universal wall adapter power supply, which comes with
interchangeable plugs for use in various countries. The J2111A is powered using the J2170 High
PSRR power supply. The LM317 IC is plugged into the board as shown below. Please make sure that
the polarity is correct as shown in the picture below! The LM317 provided with the kit is configured
with a 410 Q to 249 Q voltage divider to deliver a 3.3V output voltage. The injection resistor has a
value of =5 Q. Itis recommended that you measure the output voltage to verify its 3.3 V before
continuing.

Stability measurement of the LM317 board using VRTS, Bode 100, B-WIT and J2111A Current g g

Injector.
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The B-WIT injection transformer connects the Bode 100 to the test board BODE connectors as shown
below.

Two oscilloscope probes are connected to the same connectors as the injection transformer. The
picture below shows the connection points on the test board. It should be noted that the probe ground
connections are both connected to the VOUT connector to measure the voltage respect to the output
voltage. This is only true for floating voltage regulators, such as the LM317, since the reference
voltage is with respect to the output voltage and not to ground.

OUTPUT _ INPUT

—LM 317 _T_

33V

249 0

.||_.<—.

410

B-WIT 100

Capacitor no. 1 is a tantalum capacitor and capacitor no. 3 a standard aluminum capacitor. Both have
a nominal capacitance value of 100 pF.
The figures below show the capacitors connected to the test board output.

-
Capacitor no. 1 (tantalum) Capacitor no. 3 (aluminum)

With this setup we can measure the loop gain and determine the phase margin of
the system. For the stability measurement the Bode 100 needs to be configured g g

CorreCtly. OMICRON
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3.1.2 Device Setup

To measure the loop gain and phase, two voltages at the injection point must be measured. The Bode
response is then calculated by:

V5 (s)

T =76

This measurement can be performed directly with the Bode 100 using an external reference. The
Bode 100 is set up as follows:

Measurement Mode: Frequency Sweep Mode
Start Frequency: 100 Hz

Stop Frequency: 10 MHz

Sweep Mode: Logarithmic

Number of Points: 201 or more

Receiver Bandwidth: 100 Hz

Attenuator 1 & 2: 0dB

Level: 0 dBm
To switch on the external reference start the device configuration window “-@
and click on the external reference switch symbol:
[ Configuration @‘
Device Configuration | Connection Setup
Measuremert: * Gain/Phase { Impedance/Reflection
,i% {{; g‘:“ RECEIVER 1 Ejﬁmh RECEIVER 2
@ i .ATF‘N‘\ |1kHZ ﬂ ATFINZ
%7 20dB ~ DD.UD;:eIav 20d8 ~
0 Measurement ! |
period
3.06ms
500[}
Level
Fixed
OUTPUT
DK Cancel Help
To directly measure the Bode plot we want to display the _¥ Trace 2(TR2)
magnitude in dB and the phase of the loop gain T.
To do so, the second trace in the Bode Analyzer Suite has to be Diagram Setup
activated. By setting the correct Diagram Setup the phase can be " Ado
displayed in a separate diagram. ¢ Aways Two Diagrams
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Trace 1 & 2 Settings:

[ Trace 1(TR1)

Calor »

Measurement | Gain v

D|E|a Data -
Format |Mag (4B) hd

Yz |2ﬂ‘ﬂ'ﬂ dB

Ymin |-100,00 dB

Y-Scale * Lin
© Log TRI
" Log [TR1I

Data -> Memory 1 ‘

Main | Advanced | Memory

Trace 1 settings
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||7 Trace 2 (TR2) |||7 Trace 2 (TR2) |
Color [N ~| | Unwrapped Phase
—
Unwrapped Phase v
Measurement m]
= Begin 0000kHz:
Display |Uata |
End 10,000 MHz v

Format |Ph353 (y] q

Tmae  |L00 00

Ymin |-200.00 7
Y-Scale * Lin
" Log TR2
' Log [TR2

Data -= Memary 1 |

Main | Advanced | Memory

Trace 2 settings

Main I Advanced ll'u'lernoryl

3.1.3 Calibration

A calibration has to be performed if the two voltage probes are not identical. As we are measuring a
voltage gain we need a THRU calibration. To do so both probes are connected to the same injection
point as shown in the left picture below and the THRU calibration is started.

THRU calibration setup Measurement setup

The calibration removes differences between the two probes. It is recommended that you check the
influence of the THRU calibration. To do so, you can switch off the calibration and check the influence
of the calibration. If the calibration influence on the measurement results is high even if two similar
voltage probes are used the measurement setup may be inaccurate.

%, Probe Calibration... GAIN ON

The calibration can be switched ON
and OFF by clicking on the

“X. Probe Calibration... calibration indicator.
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We will first measure the Bode plot with the tantalum capacitor.
Starting a single sweep leads to the following Bode plot: b @

80

60

40+

AR
N

/,

S 20
i r \
20 N L]
[ \J\\_/
-40
-60-+
102 103 104 108 108 107
flHz
mmmmm TR1: Mag(Gain)
250
200 T
: / \
o150 /
[qV]
m \
100

N ~ A

\

M

102 103 104 10%

flHz

mmmmm TR2: Unwrapped Phase(Gain)

108 107

The marked ranges indicate that the measurement result is not correct. The distortions are due to the
excessive measurement level which causes nonlinearities of the system to be measured. This is not a
result of the analyzer, but is due to large signal effects within the regulator (Steven M. Sandler, 2011).
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The injection signal level needs to be decreased. Reducing the measurement level to a value of
—27dBm leads to the following Bode plot:

80
6
40E 5\

m ¢ \
S 20
S N\
X of \ Jatin. NUNRY
. NI ~
-20-+ e o
-40-+
-60 -+
102 103 104 105 108 107
flHz
mmmmm TR1: Mag(Gain)
250
200+ LTI

10° 108 107

flHz

mmmm TR2: Unwrapped Phase(Gain)

Now two unwanted effects appear.
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Due to the low injection level the measurement shows more noise in the high gain magnitude range.
However, in the more interesting zero gain area the measurement level is still too high. The output
level of the Bode 100 can further be reduced by connecting an external attenuator between the Bode
output and the B-WIT input. In this example we are using the Picotest J2140A Attenuator. Connecting
a 20dB attenuator between the Bode 100 output and the B-WIT and restarting the measurement
leads to the following result:

80|

60 ]
AOAM Mﬁw‘
20
i : \\ o~

20! \\w i

-60+

TR1/dB

10? 108 104 10° 106 107
flHz
mmmmm TR1: Mag(Gain)
250
200 e anitthns

o 5ol Iy ) )M \
il \
/ \
- Nl

10? 108 104 10 106 107
flHz

mmmmm TR2: Unwrapped Phase(Gain)

The nonlinearities disappear while the noise on the measurement increases.

To check if the output level is small enough it should be possible to increase the output level about
+6 dB without the nonlinear effects reappearing on the measurement and without shifting the
crossover frequency.

To reduce the measurement noise the shaped level function of the Bode 100 can also be used. The
Bode 100 also allows averaging and selectable Receiver Bandwidth for noise reduction.
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Activate the Shaped Level feature as shown in the following picture:

Configuration
'-e“' E , 27.00dBm
P

Level 0dE

Shaped Level [;
0dE A
Receiver Bandwidth | 100 Hz hd
Configuration
e —.
‘ Shaped eI ’ 0.00 dBm
N ———

Next the shaped level function has to be entered.

In the Shaped Level window frequency and the associated level can be entered. This enables the
Bode 100 to reduce the level only at the points where a reduction is necessary and to increase the

level in regions were the measurement shows too much noise.

Shaped Level @
File Tools Help
& OK 0 Cancel |55 Print ﬂ Print Preview | @)
Output Level
Reference Level 0.00 dBm
Frequency Detta Level Output Level
4 100.000 Hz 10.00dB 10.00 dBm | )
500.000 Hz 10.00dB 10.00 dBm | )
2,000 kHz -27.00 dB -27.00 dBm )
20.000 kHz -27.00dB -27.00 dBm | )
30.000 kHz -5.00dB -5.00 dBm ||
*
Preview Dutput Lewvel
10 ‘\
0
= T
m |
T _qp |
]
i
\ |
-20 ".‘ 1
L
10 10 10 10° 10
fiHz

It is possible to use an optimal measurement level for every frequency range using a shaped level as

shown in the picture above.
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3.1.5 Measurement Result

Measurements using the 100 pF tantalum capacitor:

60w
= flHz TR1/dB
| Cursor 1[ 8815k 0,000
40

N

ot LI,

10? 103 10* 10° 108 107

mmmmm TR1: Mag(Gain)

250
r flHz | TR2/?
" Cursor 1| 8,315k 21,757
200 / \

o150 %4 /
N L

o i

100

o N / \

~ N

102 108 104 108 108 107
flHz

mmmm TR2: Unwrapped Phase(Gain)

The loop gain Bode-plot with a 100 pF tantalum capacitor shows a phase margin of ¢,, = 21.8° at the
crossover frequency of f, = 8.3 kHz. In the higher frequency range additional crossover frequencies
can exist. The Bode 100 performs measurements up to 40 MHz allowing investigation of these high
frequency effects, which are often related to capacitor, PCB or connection parasitics.
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Measurements using the 100 uF electrolytic capacitor:

B0 e iz || TR
| Cursor 1 [ 59378k -28,422f |
40
gcj i
20
50 ~
m .
l_ 0 I //\
20~
10? 103 10* 10° 106 107

flHz
mmmmm TR1: Mag(Gain)

250
r flHz TR2/°
" Cursor 159,178k 91,409

200 -
o 150" IZatlI BN
(q\] L
o B / \
100 - \\M \ \
50 - \
ol
102 103 10 105 106 107

flHz

mmmmm TR2: Unwrapped Phase(Gain)

The loop gain Bode-plot with a 100 pF electrolytic capacitor shows a phase margin of ¢,, ~ 91.4° at
the crossover frequency of f. = 59.2 kHz.
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3.2 Output Impedance Measurement

Together with the Picotest J2111A Current Injector the Bode 100 offers a simple and non-invasive
method to measure the output impedance of a regulating system. The output impedance data
provides a measurement of the phase margin without the need to inject a signal into the control loop.
This is the only way to measure the phase margin of a fixed voltage regulator, where the control loop
is not available for a traditional Bode measurement.

QUTPUT
© %%
9 Bode 100 ° MmicRos

Network Analyzer

Input Regulator or Switcher ‘

Power

In DL T 1T 1T 1
Current T T T Tl
Monitor Signal =

DUT

FiIterT& Load

Modulated Injector
m—d Current Output

(Simple Voltage Connection)

Analyzer Modulation (Oscillator)

J2111A - Solid State
Current Injector

High PSRR Power
Adapter

Output impedance measurement using the J2111A. Source (Picotest, Signal Injector Documentation, 2010)

3.2.1 Measurement Setup

The figure above shows the basic measurement setup to measure the output impedance of a
regulator system with the Bode 100 and the Picotest J2111A Current Injector. The output of the Bode
100 is connected to the modulation input of the J2111A (MOD). A signal at the MOD input of the
injector leads to a change in load current according to the input signal at a gain of 10 mA/V .

The monitor output of the injector then delivers a voltage signal that is proportional to the current
flowing through the injector output (1 A = 1 V) when terminated with 50 Q.

This signal is measured at channel 1 of the Bode 100. The output voltage is measured using a 1:1
probe with channel 2. Performing a gain measurement with an external reference leads to the output
impedance:
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Output impedance measurement example

3.2.2 Device Setup

Current Injector J2111A:

The positive bias of the current injector has to be switched on (+bias) as the Bode output voltage
does not have an offset and the LM317 is a positive voltage regulator. The positive bias will provide a
25 mA offset current, allowing the current injector to operate in class “A” mode. For best

performance, the output wires from the J2111A should be twisted or a coax. They are shown here
untwisted for clarity.

Bode 100:

The Bode 100 is set up as follows:

Measurement Mode: Frequency Sweep Mode

Start Frequency: 100 Hz

Stop Frequency: 10 MHz

Sweep Mode: Logarithmic

Number of Points: 201

Receiver Bandwidth: 3 Hz

Attenuator 1 &2: 0dB

Level: 0 dBm

cL
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To switch on the external reference start the device configuration window
and click on the external reference switch symbol.

Page 17 of 24

In addition, the input impedance of channel 1 has to be set to 50 Q, while channel 2 stays in high

impedance mode:

QuTPUT

Configuration lé]
Device Configuration | Connection Setup
Measurement:  © Gain/Phase  {  Impedance/Reflection
SOURCE Recei
" Auto eceiver
Fvew & o RECEIVER 1 Bardwidth RECEIVER 2
" Off I [30Hz2  ~+| I
@ ATTN 1 ATTN 2
0dB  ~ DUT delay 0de
0.00s
{ | Measurement
| | period
30.67 ms
S0 D
Level
Ficed

Cancel Help

Trace 1 & 2 settings:

[V Trace 1(TRY) |

Colar li‘ ﬂ

Measuremant m
Display |Data -
Format |Mag (dB) -

Yz W

*fmin W

Y-Scale ™ Lin
" Log TR1
" Log TR

Data -> Memory 1 |

Main ﬂdvanced] Memnr'_.rl

Smart Measurement Solutions®

| W Trace 2 (TR2)

Color | ~| |
Measurement | Gain -

Display |Data -

Format  [G{Ta) -

Ymax |3.00
Ymin |1.00m

Y¥-Scale  Lin
" Log TR2
* Log [TR2

Data - Memany 1 |

Main Fnd'l.ranced] Memor'_.rl
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3.2.3 Phase Margin Calculation:

According to reference (Erickson & Maksimovic, 2004) the phase margin ¢, is related to the quality

factor Q by:
_ J€osom
¢ Snom

The quality factor at the crossover frequency can be calculated from the measured group delay by
Q(Tg) =m- f - T,. Hence, the phase margin at crossover frequency can be calculated from an output
impedance measurement using the above relationships.

The Bode Analyzer Suite supports the direct phase margin calculation from the output impedance
measurement. There are two different ways to measure the phase margin:

1. Basic PM Calculation (single cursor)
2. Advanced PM Calculation (two cursors)

The basic PM calculation uses one cursor value to determine the phase margin value from the Q(7y)
peak. This method is very accurate for low phase margin values below approximately 40°.

For higher phase margin systems the output impedance peak will not exactly occur at the same
frequency as the Q(7,) peak. The advanced PM calculation accounts for this difference in frequency.
Therefore it needs two cursor values to calculate the phase margin. One cursor must be placed at the
peak of the output impedance magnitude and the other cursor must be placed at the peak of Q(Ty).

In the following we use the Basic PM Calculation (single cursor). As you will see later this method is
sufficient in this case since the peak in impedance and the peak in Q(7,) occur at the same
frequency.

The basic PM calculation is activated by right clicking in the cursor area of the Bode Analyzer Suite as
shown in the figure below:

Frequency TR1: MagDB TRZ QTg TRZ: P |nformation
Curzor 1 8.241 kHz 5513 dB 2120 250057 Place cursor at the OTg peak
M Cursar 2 |
delta C2-C1 2% Jump To Mext
| c',"o Cut X
20 Copy 1
@ Paste
15
0
I
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Activating the cursor calculation leads to an additional line in the cursor table showing the results of
the calculations:

Frequency ITFH'I: tagDB ITHE: [ATg ITHE: Prd IIr'|fn:|rn'|atin:|r'|
Curzor 1 2,042 kHz -4521 dB 2,354 22,7487 Place cursor at the GTg peak
M Curzor 2
delta C2-C1
Q(Tyg) PM
Note:

The phase margin calculation is only available if one trace measurement format is set to Q(7y).

Note:

Q(Ty,) is a function of group delay Tj. T, is calculated by numerical differentiation. Therefore we
recommend not to choose too many points in the sweep. 201 points is the recommended choice.
Furthermore sometimes we recommend to use the logarithmic Y-scale for a better visibility of the
meaningful result areas.

Y-Scale © Ln
"

(¢ log[TRH

Data - Memory 1 |

Main | Advanced | Memory

3.2.4 Measurement

First we measure the phase margin with the tantalum output capacitor. Starting a single sweep leads
to the following measurement result:

20 1 12,5
10 ~2,0
m o I \ / 15
2 I i —
E‘ 7 —1,0 g
|— '10 : il
-20 | /-/ \\m ;4),5
MMMMM Mm’“\w/ \/\//\MQRlldE/?%Rzz PM
30 Cursor 18,042k 521 2,359 22,748° 0,0
102 103 104 105 106 107

flHz
mmmm= TR1: Mag(Gain) = TR2: QTg(Gain)

Setting the cursor to the resonance peak in the output impedance leads to the crossover frequency
and the calculated phase margin which are displayed in the cursor table.
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The output impedance measurement with a 100 pF tantalum capacitor shows a phase margin of
®m = 22.7° at the crossover frequency of f. = 8.0 kHz. These results are in agreement with the results
from the loop gain measurement (¢,, = 21.8° and f, = 8.3 kHz).

Next, we connect the electrolytic capacitor to the output and restart the measurement.

20 . 0,6
| __Aos
10 =
1 / 0,4
0 | I
s ° | 703 o
Zo Py, 02 R
N N
X 10 . IW pal / 02
7 % / AN / ik
201 ! e N Y o0
L - flHz TR1/dB TR2 TR2: PM '
Cursor 1 50,878k -294,401m 255,658m >71° |
-30 1 1 0,1
102 103 104 105 106 107

flHz
e TR1: Mag(Gain) = TR2: QTg(Gain)

The aluminum capacitor has a very high ESR which results in high damping. As the phase margin is
>71° the damping is very high and no resonance peak appears in the output impedance.

This output impedance curve therefore shows a very stable system with high damping and the display
indicates a phase margin of ¢,,, > 71°.
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3.3 Equivalent Series Resistance

The great difference in stability of the system depending on the output capacitor is caused by the
different ESR of the capacitors.

The ESR of the two capacitors is shown in the following figures. The measurements were performed
using the Bode 100 with the B-WIC impedance adapter (see also (OMICRON Lab, 2010)). The
tantalum capacitor has a very low resistance of about 50 mQ in the vicinity of the crossover
frequency. The electrolytic capacitor has a series resistance of about 1.5 Q.
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3.4 Step Load Response

The same measurement setup used for the output impedance measurement can also be used to
measure the step load response. The Bode 100 output has to be replaced with a function generator
and the inputs with an oscilloscope.

The chosen step size is 10 mA around the 25 mA operation point.

2.00mvAh M40.0us A J 36.2mA

- 17 Dec 2010
+¥ —400.000ns 07:46:54

Step load response with tantalum output capacitor

5.00mVA M40.0us A J 36.2mA

- 17 Dec 2010
+¥ —400.000ns 07:43:51

Step load response with electrolytic aluminum capacitor.

The step load response shows that the electrolytic capacitor suppresses ringing. The measurement
with the tantalum capacitor shows ringing at a frequency of about
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4 Conclusion

The Bode 100 can be used to measure a traditional Bode response as well as a non-invasive output
impedance measurement when combined with the Picotest J2111A Current Injector. The non-
invasive measurement has been shown to be in excellent agreement with the traditional
measurement, offering a simple and reliable method to evaluate the stability of voltage regulators
without breaking the feedback loop.

The non-invasive method, therefore, allows the stability of regulators to be assessed when the
feedback loop is not accessible, as in the case of a fixed voltage regulator.

In addition, it can be seen that the equivalent series resistance has a very high influence on the
stability of the voltage regulator. As the ESR is not always specified in the high frequency range it can
be useful to measure the ESR. The Bode 100 with the impedance adapters offers an easy way of
measuring the ESR.
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