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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.

The J2111A does not require calibration. The J2111A comes with and uses the J2170A High
PSRR power supply.

Note: All measurements in this application note have been performed with the Bode Analyzer Suite
V2.31. Use this version or a higher version to perform the measurements detailed in this
application note.

You can download the latest version at http://www.omicron-lab.com/downloads.html.

You can download the latest Picotest Injector manual at https://www.picotest.com/support.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, considered

"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 (1): "Measurement of
DC/DC Converters with Bode 100."

1 See: http://lwww.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.
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Voltage Regulator Test Standard board. Source: (2)

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 a 100uF tantalum capacitor and a
100uF aluminum electrolytic capacitor. Each of six (6) capacitors in the VRTS kit is numbered. We are

using Capacitor 1 and Capacitor 3 in this example.
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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 25mA 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 J2170A 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
to 249Q voltage divider to deliver a 3.3V output voltage. The injection resistor has a value of = 5Q. Itis
recommended that you measure the output voltage to verify it is 3.3V before continuing.

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

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

CH2

Capacitor 1 is a tantalum capacitor and Capacitor 3 a standard aluminum capacitor. Both have a nominal
capacitance value of 100uF.

The figures below show the capacitors connected to the test board output.

=
Capacitor 1 (tantalum) Capacitor 3 (electrolytic)

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 correctly.
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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:

V> (s)
Vi(s)

T(s) =

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: 401 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 Corfiguration | Connection Setup ]

Measurement: % Gain/Phase " Impedance/Reflection

SOURCE
" Adto Receiver
Eom |6 ae RECEIVER 1 Bandwidth RECEIVER 2
 Of I [1kHz  ~] I
ATTN 1 ATTN 2

DUT delay 20dE
0.00s

Measurement
period
3.06ms

&
v

]

Level

Fixed

OuUTPUT

OK Cancel Help

It is advisable to switch on the Full Speed Mode to achieve a higher measurement
speed, since we are measuring in a low frequency range.

To directly measure the Bode plot, we want to display the magnitude in dB and the phase of the loop gain
T - ¥ Trace 2 (TR2)

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  Auto

displayed in a separate diagram. & Aways Two Diagrams
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The Trace 1 and 2 settings are as follows:

- Trace 1(TR) — -V Tace2(TR2) ————————— ¥ Tmce2(TR2)
Colar Calor Uni
- - Unwrapped Phass v
Measurement IGaln vl Measurement IGaln vI
Begn | 10.000kHz ¥
Fomat [MagldB) || Fomat [Phase() || End [ 10.000MHz ¥
Yma ] v T |MM
Ymin I-'Iﬂ'D.ﬂ'DdB Ymin I-ZDD.W’
¥-Scale: ' Lin ¥-Scale: @ Lin
" Log TR i Llog TR2
" Log [TR1| " Log [TR2|
Data-=Memary Data->Memon |
Main IAdvanced | Main IMVEInced I Main lM\ranced ||
Trace 1 settings Trace 2 settings

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.

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.

A Probe Calibration... < GAIN ON ) The calibration can be switched

ON and OFF by clicking on the

2% Probe Calibration... (T GAIN OFF ) calibration indicator.

v
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3.1.4 Measurement
We will first measure the Bode plot with the tantalum capacitor.
Starting a single sweep leads to the following Bode plot:
80
RANRRN
40 - N\
m, \\ N
3TN\
Eo N o~

102 108 104 10° 106 107

flHz
I TR1: Mag(Gain)

250

200 I / \
100 ‘\\ % ™ N / \
50 E M ;),L,/ \

102 103 104 105 106 107
flHz

[
a
o
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The marked ranges indicate that the measurement result is not correct. The distortions are due to the
excessive measurement level, which causes nonlinearities in the system to be measured. This is not a
result of the analyzer, but is due to large signal effects within the regulators.

The injection signal level needs to be decreased. Reducing the measurement level to -27dBm leads to the
following Bode plot:

3 Article, Power Electronics Technology Magazine: Why Network Analyzer Signal Levels Affect
Measurement Results, Sandler, Steven, Boehler, Tom
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Now, two unwanted effects appear.

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:
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The nonlinearities disappear while the noise on the measurement increases.

107

To check if the output level is small enough, it should be possible to increase the output level about +6dB
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.

Activate the Shaped Level feature as shown in the following pictures:

'-e‘é' E ’ 27.00 dEm
P

Corfiguration

Level

Shaped Level [;

Receiver Bandwidth

1/4/2011

0dB

0dB

100 Hz
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Configuration
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Next, the shaped level function has to be entered. In the Shaped Level window, frequencies and the
associated levels 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 Iﬁ
File  Tools Help
49 OK M Cancel | ik Print ﬂ Print Preview | @
Output Lewel
Reference Level 0.00 dBm
Frequency Defta Level Qutput Level
3 100.000 Hz 10.00dB 10.00 dBm ||
500.000 Hz 10.00dB 10.00 dBm ||
2.000kHz -Z7.00dB -27.00 dBm |®)|
20.000 kHz -27.00dB -27.00 dBm ||
30.000 kHz -5.00dB -5.00 dBm ||
*
Preview Dutput Level
10 \
I'\I
o \
3 \
i) |
© 10 |
|
i
\ |
-20 1 |
\ |
VL f
0% 10* 104 10 10° 107
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 Results

Measurements using the 100uF tantalum capacitor:

Application Note
Stability Measurement

60 N \
40 : N
D, N
220
o L
= ool /T~
-20 : \\\___//
102 103 104 105 106 107
flHz
Emm TR1: Mag(Gain)
250
200 : //——-\
: // \
0 : T
102 103 104 105 108 107
flHz
Em TR2: Unwrapped Phase(Gain)
Frequency Trace 1 Trace 2
Cursar 1 8.314 kHz 0.002 dB 21.756

The loop gain Bode plot with a 100uF 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.

1/4/2011
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Measurements using the 100uF electrolytic capacitor:

60

102 103 104 10° 106 107

flHz
I TR1: Mag(Gain)

250

0
102 108 104 10° 106 107
flHz
Em TR2: Unwrapped Phase(Gain)
Frequency Trace 1 Trace 2
Cursor 1 59172 kHz 0.002 dB 91.415°

The loop gain Bode plot with a 100uF 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.
Ll
I Bode 100 o7 oamerot

Network Analyzer
T 1 11
DUT . Current
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Monitor Signal -
Filter & Load

Modulated Injector

Current Output
(Simgle Voltage Connection)

High PSRR Power J2111A- SolidState
Adapter Current Injector
Output impedance measurement using the J2111A. Source (3)

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 input of the injector leads to a

change in load current according to the input signal at a gain of L0mA/V.

The monitor output of the injector then delivers a voltage signal that is proportional to the current flowing
through the injector output (14 = 1V).

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:

Vchz A Vout A

Vchl Iout
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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 25mA

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

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

r Y
Configuration lé]

Device Configuration | Connection Setup

Measurement: % Gain/Phase  ( Impadance/Reflection

SOURCE Receiver

" Auto
Sweep & On RECEIVER 1 Bandwidth RECEIVER 2
® @ | [H ] I
@ ATTN 1 ATTN 2
]@ DUT delay 06 <]
[poos
Measurement
period
30.67 ms

s00 H

Level

Fixed

QUTPUT

Cancel Help

The Trace 1 and 2 settings are as follows:

- Trace1(TR) —M8M8M8M8M8— — ¥ Trace 2(TR2)
% Color Color -:
Measurement m Measurement m
TR > TR ~1
Fomst m] Fomat [ls =]
Ymax |£0.00db Ymax [10000 s
Ymin IW Ymin W
-Scale: ¢ Lin -Scale: ¢ Lin
" Log TRI " Log TR2
" Log [TR1| " Log [TR2
Data->Memory | Data->Memoary |

Main | Advanced Main | Advanced
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3.2.3 Phase Margin Calculation:

According to reference (4) the phase margin ¢,, is related to the quality factor Q by:

0 = {om

sinm

The quality factor at the crossover frequency can be calculated by Q = nfT,. Hence, the phase margin at
the crossover frequency can be calculated from an output impedance measurement using the above
relationships.

The Bode Analyzer Suite supports the phase margin calculation from the output impedance
measurement. To enable this function, the "Cursor Calculations" can be activated.
The "Enable Cursor Calculations" checkbox can be found under Tools — Options.

f Options @1

Startup Corrfigumtion‘ Measuremert )CS\-" Export ]

Measurement
% {+ Measurement Range 10 Hz - 40 MHz
" Measurement Range 1 Hz - 40 MHz

(increased calibration time)

Cursor Calculations

0K | Cancel Help

If the cursor calculations are enabled, they can be activated by right clicking in the cursor area of the Bode
Analyzer Suite, as shown in the figure below:

Frequency Trace 1 Trace 2
7.870 kHz- % cut D@ 96.876 s
n Copy
delta C2-C1 B Paste

Cursar Calculations ~

B
*E Hide Calculation Row
1

Activating the cursor calculation leads to an additional line in the cursor table showing the results of the
calculations:

Frequency Trace 1 Trace 2
7943 kHz -4.773dB 9E.307 ps
Phaze Margin C1 7943 kHz / y 227"
0 PM

Note:
The phase margin calculation is only available if one trace measurement format is set to T, (group delay).
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First we measure the phase margin with the tantalum output capacitor. Starting a single sweep leads to
the following measurement result:

300
10 -~
I / 2500
0 200
S /L o
3 \ A 15003
" i wn
= / \ / ~100u
20 / AN B e
7 / \ N 500
-304A \ 0
102 108 104 105 108 107
flHz

I TR1: Mag(Gain) wmm TR2: Tg(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:

The output impedance measurement with a 100pF tantalum capacitor shows a phase margin of @,, =
23.1° at the crossover frequency of f, = 8.1 kHz. These results are in agreement with the results from the
loop gain measurement (¢,, = 21.8 ° and f. = 8.3 kHz).

Note: the group delay, T, is calculated by numerical differentiation. Choosing the right combination of the
number of points and the receiver bandwidth can improve the result quality significantly. Next, we connect

the electrolytic capacitor to the output and restart the measurement.

20
10 ._/ i
@ o
®)
E I /
—10 //
-20 /
-30
102 103 104

I TR1: Mag(Gain)

f/Hz

107

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.

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

1/4/2011
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3.3 Equivalent Series Resistance

The great difference in stability of the system is caused by the different ESR’s of the output 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 (5)). The tantalum capacitor has a very
low resistance of about 50mQ in the vicinity of the crossover frequency. The electrolytic capacitor has a
series resistance of about 1.5Q.

ESR of capacitor 1 (tantalum capacitor):

1.0

0.8

0.6 k
EOA \
AN

1/Ohm

L T ——
0.0
102 108 104 10° 106 107
flHz
s TR1: Rs(Impedance)
ESR of capacitor 2 (electrolytic capacitor):
207 \
21.5 § ]
= T
1.0+
=
0.5+
0.0
102 108 104 10° 106 107
flHz

s TR1: Rs(Impedance)
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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.

2.00mv*y M40.0us A S 36.2mA

17 Dec 2010
i+~ —400.000ns 07:46:54

Step load response with tantalum output capacitor

[CEN] S5.00mv?y M40.0pus A £ 36.2mA

17 Dec 2010
B+~ —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
1 1
=== ~ 9.4 kH
f =T = 106 s z
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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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