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Considerations for Measuring Loop Gain 
in Power Supplies 

Manjing Xie

AbstrAct

Loop gain measurements show how stable a power supply is and provide insight to improve output 
transient response. This presentation discusses the theory of open-loop transfer functions and empirical 
loop gain measurement methods. The presentation then demonstrates how to configure the frequency 
analyzer and prepare the power supply under test for accurate loop gain measurements. Examples are 
provided to illustrate proper loop gain measurement techniques.

I. IntroductIon

Loop gain is the product of all gains around a 
feedback loop. Figure 1 shows a simple system 
with negative feedback.  

Figure 1 – Block diagram of a feedback system.

The loop gain of this system is defined as: 

(1)

A. Feedback Loop of a Power Supply
A power supply is usually a more complicated 

system than what is shown in Figure 1.  Figure 2 
shows a typical buck converter with voltage mode 
control.  

Figure 2 – A voltage mode buck 
converter control system.

Figure 2 includes a power stage, the output 
feedback resistor divider, pulse width modulation 
(PWM) comparator and error amplifier with 
compensation network. The power stage contains 
the power devices, magnetics and capacitors, which 
transfer energy from the input source to the output. 
The output is sensed by the feedback resistor divider. 
The error amplifier with the compensation network 
forms the compensator which amplifies the error 
between the output feedback (FB) and the reference 
voltage, VREF. The output of the compensator, 
COMP, is modulated by the PWM comparator 
which converts COMP, a continuous signal, into a 
discrete driving signal. When the driving signal is 
high, the buck converter low-side MOSFET is 
turned off and high-side MOSFET is turned on. 
When the driving signal is low, the buck converter 
high-side MOSFET is turned off and low-side 
MOSFET is turned on. For a voltage mode buck 
converter, the modulation gain is one divided by the 
amplitude of the ramp signal. The amplitude of the 
ramp signal is in reverse proportion to VIN to 
maintain a constant DC gain over the input range. 
This technique is called input feed forward. 

The loop gain, T(s), of the buck converter 
control system is the product of all the gains:

     (2)

GPS (s) is the power stage gain from the duty-cycle 
to the output. GCOMP (s) represents the transfer 
function of the error amplifier, compensation 
network and resistor divider. Fm is the PWM 
modulation gain. 
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B. Loop Gain Relation to System Stability
Loop gain, T, varies with frequency and can be 

expressed in the form of a Bode plot.  Figure 3 
shows the loop gain measured in Bode plot format 
for a buck converter. 

Figure 3 – Bode plot for loop gain 
of a buck converter.

A Bode plot is a combination of a magnitude 
plot and a phase plot, both as a function of 
frequency. The blue plot in Figure 3 is the 
magnitude plot in dBs and the red plot is the phase 
shift in degrees. The phase margin (PM) is the 
difference between the phase and 0° at zero dB 
gain. When phase margin is zero or negative, the 
system is unstable.

Gain margin (GM) is another measure of loop 
gain that indicates the stability of the system. Gain 
margin is the amount of gain increase required to 
make the loop gain unity at the frequency where 
the phase shift is -180°. In other words, the gain 
margin is 1/G if G is the gain at -180° phase shift 
frequency. 

In Figure 3, the phase shift measurement 
includes an additional phase-shift of 180° due to 
negative feedback.  While a system is theoretically 
considered stable with even 1° phase margin, 
component variation or load/line variation can 
affect the frequency response and make the system 
unstable.  The phase margin requirement is usually 
from 45° to 60°. The phase margin of this converter 
is only 15° at 22 kHz and the stability is considered 
marginal. Figure 4 shows the corresponding output 
load transient response. The purple trace is the load 
current waveform. The blue trace is the AC-coupled 
output voltage. The output voltage ringing after the 
load transient indicates that the system is on the 

brink of instability.  In addition, this converter is 
also considered conditionally stable since the phase 
is less than 0° when the gain is greater than 1. The 
Bode plot gives the power supply designer 
information regarding the stability that can be used 
to adjust the compensation network accordingly.

     IOUT VOUT (AC)

Figure 4 – Output load transient response of a 
buck converter with 15° phase margin.

C. Loop Gain Bandwidth Relationship to 
Output Transient Response

When the system is stable, the output transient 
response is closely related to the bandwidth of the 
loop gain, as discussed in [1] and [2]. The loop 
gain bandwidth, fC, the frequency at which the 
magnitude of the loop gain equals one. Output 
transient overshoot and undershoot is inversely 
proportional to the loop gain bandwidth. Figure 5 
shows a typical output load transient response. 

Figure 5 – Output load transient response 
of a buck converter [1].
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The overshoot or undershoot, VP, can be 
estimated with:

 (3)

where:
ΔITRAN is the transient load current step,
fC is the loop gain control bandwidth and
COUT is the power supply output capacitance. 

The delay time from the start of the current 
transient to the output transient peak or valley, tP, 
can be approximated by:

(4)

Thus, the loop gain measurement assists the 
power supply designer in tuning the compensation 
network to improve the output transient response 
performance.  

Given the importance of the loop gain, it is 
necessary to ensure loop gain measurement 
accuracy. This paper focuses on the methods and 
considerations for measuring loop gain 
experimentally. The goal is to provide guidelines 
for accurate loop gain measurement on which 
power supply designers can rely for compensation 
network design.
 

II. Loop GAIn MeAsureMent 
Methods

By definition, a transfer function gain is the 
ratio between the output response and the input 
signal. Theoretically, loop gain can be measured 
by opening the loop, applying a DC bias and an 
input signal to point A, and then measuring the 
response at point B, as shown in Figure 6. 
However, it is impractical to measure loop gain in 
an open-loop setup.  

The error amplifier usually has high DC gain 
for good output regulation. Even a small error 
applied to the input of the error amplifier would 
result in a tremendous error at the power supply 
output that could lead to damage. R.D. 

Middlebrook proposed measuring loop gain in a 
closed-loop setup in [3]. With the feedback loop 
closed, a small test voltage source or test current 
source is injected into the loop. By measuring the 
resulting response of the two points across the test 
voltage source or current source into the two 
points, the loop gain can be derived. Since the 
voltage injection method is the most practical and 
widely adopted method, this paper focuses on the 
voltage injection method.

Figure 6 – Measuring loop gain of a power 
supply in open-loop setup.

When the feedback loop is broken at any 
point, such as that shown in Figure 6, looking 
backward, i.e. looking into point B, and applying 
Thevenin’s theory, the circuit is equivalent to a 
voltage-controlled voltage source (VCVS) in 
series with an output impedance, Z2, as illustrated 
in Figure 7.  The VCVS is controlled by the 
voltage of point A with a gain of –M(s).

Figure 7 – Equivalent circuit of a power supply 
looking backward from the breaking point.
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Equation (7) specifies the relation of ṼINJ(s), 
ṼA(s), and ṼB(s).

               (7)

The responses at point B and point A are 
derived as:

(8)

(9)

The loop gain of the system is the ratio between 
the responses at point B and point A:

              (10)

Using the voltage injection method, the 
feedback loop is still closed and the DC operating 
point is maintained. The loop gain is derived from 
the closed-loop response of the control system.

III. test setup And exAMpLes

Figure 10 shows a typical loop gain 
measurement set up. 

  
Figure 10 – A typical loop 
gain measurement setup.

Two test instruments are required: a frequency 
analyzer and an injection isolator. Then an 
appropriate injection point needs to be identified. 
Finally, we connect the equipment and the power 
supply together and start measurements over the 
frequency range of interest.

The circuit looking forward from point A is 
equivalent to a network with an impedance, Z1, as 
shown in Figure 8. 

Figure 8 – Equivalent circuit of a 
power supply with feedback loop.

The system loop gain, T, is the product of the 
gain of the VCVS and the ratio of the divider, Z1 
and Z2, when the loop is closed.

                      (5)

If we find a point where Z2 is zero, the loop 
gain, T(s), equals the VCVS gain, M(s).

T(s) = M(s)    (5)
              

With Z2 = 0 Ω, an AC voltage source, Ṽ̃INJ(s), 
is injected between point B and point A as 
illustrated in Figure 9. 

Figure 9 – Equivalent circuit of a 
feedback system with voltage injection.

The response at point B, the output of the 
VCVS, is dependent on the voltage at point A:

                   
(6)
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A. Setting Up the Frequency Analyzer
The frequency analyzer (FA) is the essential 

instrument for loop gain measurement. Figure 11 
shows a typical frequency analyzer. 

  

Figure 11 – Frequency analyzer 
from AP Instruments. (Image reproduced with 

permission from AP Instruments, Inc.)

The FA performs three functions for loop gain 
measurement. First, the frequency analyzer 
provides an AC voltage source for injection. 
Secondly, the frequency analyzer measures the 
response at point B and point A. Finally, the 
frequency analyzer calculates the loop gain using 
Equation (10) above. Since the AC voltage source 
has an output resistance of 50 Ω and the voltage is 
coupled through an injection isolator, the voltage 
source of the frequency analyzer is not equal to the 
voltage injected between point B and point A. 
Setting the amplitude of the AC voltage source 
will be discussed in detail in a later section.

When measuring voltage signals, all frequency 
analyzers have limitations. For example, the 
frequency analyzer shown in Figure 11 is capable 
of measuring voltage signal amplitudes as low as 
5 μVRMS [4].  For accurate loop gain measurement, 
the amplitude of signals at point B and point A 
must be greater than 5 μVRMS. In the previous 
section, we know that the response at points A and 
B is a function of the loop gain, T, and the injected 
voltage,  ṼINJ(s). To illustrate how the voltages at 
point A and point B respond to ṼINJ(s) over the 
frequency range, a buck converter with voltage 
mode control is used as an example.  Figure 12 
shows the magnitude plot of the transfer functions 
from  ṼINJ(s) to  ṼA(s) and from  Ṽ̃INJ(s) to Ṽ̃B(s).

Figure 12 – The magnitude plots of 
transfer functions from   Ṽ̃INJ(s) to   Ṽ̃A(s) 

and from  Ṽ̃INJ(s) to   Ṽ̃B(s).

Most power supplies have high DC gain to 
maintain good output line/load regulation. Thus, at 
low frequencies, Equation (9) can be approximated by:

(11)

If the magnitude of the loop gain, T, at DC is 
60 dB, to keep the amplitude of  ṼA(s) greater than 
5 μVRMS, the injected voltage across points A and 
B, ṼINJ(s), should be greater than 5 mVRMS. 

At frequencies above the loop gain bandwidth, 
fC, the magnitude of T is much less than 1. 
Equation (8) can be approximated by:

(12)

When the magnitude of T is -20 dB, to keep 
the amplitude of  ṼB(s) greater than 5 μVRMS, 
the amplitude of  ṼINJ(s) should be greater than 
50 μVRMS. 

To demonstrate the impact of the injection 
voltage amplitude, a 2 A LDO, TPS7A8300, is 
used as an example.  Figure 13 illustrates a 
TPS7A8300 loop gain measurement setup.

Figure 13 – A TPS7A8300 loop 
gain measurement setup.
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An AC voltage source with constant amplitude 
is injected. The measurement results with different 
amplitude levels are shown in Figure 14. While 
the two measurement results match well at 
frequencies over 10 kHz, there are significant 
discrepancies at low frequencies. The DC gain is 
much lower than expected for the TPS7A8300, an 
LDO with good output regulation. The phase shift 
at low frequencies is also abnormal.

Figure 14 – Loop gain measurement results with 
different source voltage amplitudes.

The voltage injection level is greatly increased. 
Results are shown in Figure 15. 

The gain at lower frequencies is greatly 
improved by increasing the voltage injection level.  
However, it is also noted that the loop gain 
magnitude drops at high frequencies. 

While insufficient voltage injection causes 
signal measurement error, too much voltage 
injection can cause problems as well. Injecting a 
voltage source into the loop causes a corresponding 

fluctuation in the power supply. For the 
TPS7A8300, too much voltage injection at high 
frequencies results in the LDO saturating. 

Figure 15 – Loop gain measurement results with 
different voltage source amplitude.

For an LDO, it could be the transistor, the gate 
driver or the error amplifier that saturates during 
the measurement. When these circuits saturate, the 
gain drops. The measurement result does not 
represent the actual loop gain.

For a switch-mode power supply, too much 
voltage injection could saturate the duty-cycle or 
error amplifier, falsely triggering over-current 
protection. 

The frequency analyzer used in the 
measurement provides a programmable voltage 
source level.  Figure 16 shows the graphic user 
interface (GUI) of the frequency analyzer. The 
green curve shown in the window sets the voltage 
source level over the frequency range and can be 
adjusted by dragging. 
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Figure 16 – User interface of AP300.
(Image reproduced with permission from Ridley 

Engineering Inc.)

In Figure 16, the voltage source amplitude is 
high at low frequency and decreases as the frequency 
increases. At frequencies much higher than the 
bandwidth, the amplitude is increased slightly. 
Figure 17 shows the comparison of the measurement 
results with a programmed amplitude versus low 
amplitude over the complete frequency range. With 
increased voltage injection at low frequencies, 
measurement accuracy is much improved. 

In Figure 18, the measurement results with the 
programmed voltage source versus the high-
amplitude voltage source are compared.

Figure 18 – Loop gain measurement 
results with programmed voltage injection 

versus high voltage injection.

With a reduced voltage source at high 
frequencies, the measurement result is more 
accurate.

There are frequency analyzers that do not offer 
amplitude programmable voltage sources. They 
offer other means to adjust the voltage source 
amplitude over the frequency range. 

Figure 19 shows the control menu of the model 
3120 frequency analyzer by Venable. By enabling 
the servo control, the 3120 frequency analyzer can 
adjust the voltage source amplitude automatically.  
First, enter the AC volts out value. The AC volts 
out sets the initial voltage source amplitude for 
each measurement step. Use a small value, usually 
less than 10 mV to avoid circuit saturation. 
Secondly, enable Servo on and select “Smaller of 
CH1, 2” for Channel. AC volts in sets the servo 
threshold and AC out step size sets the adjustment 
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step. When the measured signal root mean square 
value is less than AC volts in, the voltage source 
amplitude is increased by AC out size until the 
measured signal RMS value is greater than AC 
volts in. To avoid damaging the circuit or 
equipment, set Max AC volts out to be less than 
50% of the output voltage.

Figure 19 – Control menu of frequency
analyzer 3120 from Venable as generated by 

Venable Instruments’ Stability Analysis Software.
(Image reproduced with permission

from Venable Instruments)

The other important loop gain measurement 
setting is the intermediate frequency (IF) band-
width (BW) as shown in Figure 20 or Integration 
time as shown in Figure 19.  Both are related the 
sweep speed.

Figure 20 – Menu of Frequency analyzer AP300.
(Image reproduced with permission from Ridley 

Engineering Inc.)

The higher the IF BW, the faster the sweep 
time. The narrower the IF BW, the better the noise 
immunity is.  Figure 21 shows the loop gain 
measurement with two different IF BW settings.

Figure 21 – Loop gain measurement results
 with different BW settings.

Integration time is an equivalent setting to IF 
bandwidth. The longer the integration time, the 
better the noise immunity is.

Some systems, such as a power factor 
correction (PFC) converter, have low loop gain 
bandwidth. When measuring loop gain for these 
systems, narrow IF bandwidth or long integration 
time is necessary for accurate results.

B. Selecting the Right Injection Isolator
Besides the frequency analyzer, another  

necessary instrument is the injection isolator. 
There are different types of injection isolators, 
passive injection isolators, such as shown in Figure 
22 and Figure 23, and active injection isolators 
that support DC transfer function measurement, as 
shown in Figure 24.
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Figure 22 – Injection Isolator 
by Ridley Engineering. (Image reproduced with 

permission from Ridley Engineering Inc.)

Figure 23 – Injection isolator with signal 
receiver’s cable connected. (Image used with 

permission from Venable Instruments)

Figure 24 – Active injection isolator. (Image used 
with permission from Venable Instruments)

Injection isolators are designed to function 
over different frequency ranges, so select an 
injection isolator with the proper frequency range.

C. Preparing the Power Supply for Testing
Figure 9 illustrates an ideal loop gain 

measurement setup using a voltage injection 
method. In a real testing situation, it is difficult to 
find an ideal point with Z2 = 0 Ω. Also, the voltage 
source injected into the loop has output impedance 
and is not an ideal voltage source.

i. Identify the Correct Voltage Injection Point
Figure 25 shows an equivalent feedback 

system with voltage injection where Z2 is not 
zero. Let’s exam how Z2 and Z1, the impedance 
looking backward and forward respectively from 
the injection point, affect loop gain measurement.

The loop gain, T, of the system in Figure 25 is 
the product of the divider ratio of Z1 and Z2 and 
the gain of the voltage-controlled voltage source 
when ṼINJ(s) = 0 V.

(13)

Figure 25 –  Equivalent circuit of a feedback 
system with voltage injection.

When an AC voltage,  ṼINJ(s), is applied 
across points B and A, the AC current through Z1 
and Z2 is:

  (14)

The voltage at point B is

(15)

The measured loop gain, TM(s) is the ratio of  
ṼB(s) and  ṼA(s):

(16)
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To ensure the accuracy of loop gain 
measurement, the injection point should meet the 
following requirement:

 |Z2 (s)|<<|Z1 (s)|  (18)
 
Besides the requirement specified by (18), the 

voltage injection point should also be practical and 
accessible. In Figure 26, four possible injection 
points are shown for a buck converter with voltage 
mode control. Let’s examine each point. 

  
Figure 26 – A buck converter with voltage mode 
control and possible voltage injection points for 

loop gain measurement.

Point j is between the phase-node of the buck 
converter and the output inductor.  The impedance 
looking backward, Z2, is the equivalent 
on-resistance of the two MOSFETs while the 
network looking forward is the output inductor, L, 
in series with the output capacitor, COUT.  Z2 
ranges from several mΩ to tens of mΩ. |Z1| is 
usually much greater than |Z2|, meeting the 
impedance requirement.  However, it is not a 
practical injection point. First, the voltage source 
of the frequency analyzer or the small resistor 
inserted in the loop could not survive the high 
current stress caused by the output inductor 
current. Secondly, the voltage at the phase-node is 
a pulse and not continuous.

Point k is between the output of the converter 
and RTOP, the top resistor of the feedback resistor 
divider. |Z2| can be approximated by the impedance 

of the output capacitor, COUT, while |Z1| can be 
approximated by the impedance of RTOP. RTOP is 
usually several kΩ.  It meets the impedance 
requirement that |Z2|<<|Z1|.

Point l is between the middle point of the 
resistor divider and the inverting input of the error 
amplifier.  Looking backward from this point, the 
impedance is that of the two resistors in parallel 
which is usually in kΩ. Because the op amp has 
negative feedback, the inverting input of the op 
amp is virtually the same as the positive input, 
which is a DC reference voltage, VREF.  VREF 
appears as an AC short, making the equivalent 
impedance looking forward almost zero. This 
violates the impedance requirement for loop gain 
measurement.

Point m is between the output of the error 
amplifier and the PWM comparator. The op amp 
output can be considered as an ideal voltage source 
with low output impedance while the input 
impedance of a comparator is almost infinite. This 
injection point meets the impedance requirement. 
However, this point is usually not accessible from 
outside of the controller. Thus, it is not available 
for loop gain measurement. 

Thus, point k is the most widely used voltage 
injection point for loop gain measurement. For 
controllers with differential remote sensing, the 
preferred injection point is between the remote 
sensing point and the input of the remote sensing 
differential amplifier.

Figure 27 shows a realistic loop gain test setup 
example. 

Figure 27 – A real example of loop gain 
measurement setup.
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RINJ is a small resistor connected between 
point B and point A. VSRC(s) is the voltage source 
generated by the frequency analyzer and coupled 
across point A and point B through the injection 
isolator. ROUT is the output resistance of the 
voltage source. C is the DC blocking capacitor of 
the injection isolator.

ii. Includes All Output Feedback Paths
Loop gain is not only a stability indicator.  

Loop gain measurement results also assist the 
power supply designer to improve the compensation 
network design and output transient performance. 
This section will discuss how to measure loop gain 
so that it is useful for load transient response 
improvement.

The load transient response closely correlates 
to the peak output impedance of the power supply 
[2].  The lower the peak output impedance, the 
better the load transient response is.

A power supply system can be simplified as the 
block diagram in Figure 28. 

Figure 28 – Simplified block diagram of a 
power supply system with output load transient.

ZOUT(OPEN) is the open-loop output impedance 
of the power supply with the feedback loop 
disabled. The closed-loop output impedance of the 
power supply is the open-loop impedance divided 
by one plus the loop gain, T(s):

(19)

At frequencies lower than the control 
bandwidth, the high loop gain reduces the output 
impedance.  At frequencies higher than the control 
bandwidth, the feedback loop cannot provide a 
benefit to reducing output impedance. Thus the 
higher the control bandwidth, the lower the peak 
closed-loop output impedance and thus the better 
the output transient response [2].

+ILOAD(s)~
ZOUT(OPEN)(s)

T(s)

T(s)

VOUT(s)~

  A power supply designer can improve the 
output load transient response by increasing the 
bandwidth of the loop gain, T(s), as long as the 
system has sufficient stability margin.  For a 
system with multiple feedback paths, this 
statement is true when T(s) is the sum of all the 
feedback path gains as indicated in Equation (20) 
and Figure 29.

(20)

Figure 29 – Simplified block diagram of multiple-
feedback system with output load transient.

When the loop gain is measured with one or 
multiple feedback paths remaining closed, the 
measured loop gain, TM(s), as shown in Figure 30 
might no longer be useful for output transient 
improvement.

Figure 30 – Multiple-feedback system loop gain 
with partial feedback path closed.

The measured loop gain TM(s) in Figure 30 is:

(21)

TM(s) measured with the setup shown in 
Figure 30 is not useful to assist the power supply 
designer for load transient improvement. 

+ILOAD(s)~
ZOUT(OPEN)(s)

H1(s) + H2(s)

T(s)

VOUT(s)~

ZOUT(CLOSED)(s) = 
ZOUT(OPEN)(s)

1+T(s)

T(s) = H1(s)+H2(s)

+

H2(s)

H1(s)

ILOAD(s)~

TM(s)

VOUT(s)~
ZOUT(OPEN)(s)

TM (s) = 
H1(s)

1+H2(s)
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The following examples show different ways 
to measure the loop gain of a power supply with 
multiple output feedback paths. 

The first example is an isolated converter 
using a shunt regulator, TL431, for secondary-side 
output regulation and compensation.  Figure 31 
shows the secondary-side error amplifier and 
compensation network with voltage injection for 
loop gain measurement.

 

Figure 31 – Secondary-side error amplifier and 
compensation network of an isolated converter 

with voltage injection for loop gain measurement.

There are two feedback paths from the output 
of the converter. One passes through the resistor 
divider and TL431, the error amplifier. The other 
path goes through the opto-coupler pull-up resistor, 
Rup and the TL431. In Figure 31, the injection point 
includes both feedback paths.  Figure 32 shows the 
loop gain bandwidth to be 15kHz with the setup 
from Figure 31.

The total output capacitance is 424 μF. Using 
Equation (3), we can estimate the overshoot and 
undershoot with a load step of 3.2 A.

   

Opto-Coupler

TL431

R1

2

RUP

VOUT

ID

C

  

COMP

R

Z

Figure 33 shows that the experimental 
overshoot and undershoot are about 80 mV, 
excluding the switching output ripple. Experiment 
results match the calculation well. 

  

Figure 32 – Measured loop gain with 
test setup of Figure 31. 

Figure 33 – Measured load transient response. 

The second example is loop gain measurement 
of a buck converter with D-CAP™ control. Figure 
34 shows a simplified block diagram of a buck 
converter with D-CAP control. Additional ripple 
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 Figure 36 – Loop gain measurement 
setup 2 for D-CAP™ control.

Both setups in Figure 35 and Figure 36 meet 
the impedance requirement. The voltage injection 
point in Figure 35 includes only the path through 
RTOP. The voltage injection point in Figure 36 
includes both feedback paths. The loop gain 
measurement results are different, as shown in 
Figure 37. 

Figure 37 – Measured loop gain 
with two different setups.

injection is necessary when low equivalent series 
resistor (ESR) ceramic capacitors are used for 
output capacitors.  Resistor, RP, and capacitor, CP, 
are connected between the phase-node and output 
and a triangular ripple is formed across the 
capacitor, CP.  This triangular ripple is AC-coupled 
by the capacitor Cff to the FB pin. The FB pin 
voltage is compared to the internal reference 
voltage generating the PWM gate drive.  From the 
output voltage to the FB pin, there are two 
feedback paths: one is through the resistor, RTOP, 
of the divider and the other is through the ripple 
injection circuit capacitors, CP and Cff.

Figure 34 – Block diagram of a buck converter 
with D-CAP™ control. 

Figure 35 and Figure 36 show two different 
loop gain measurement setups for the buck 
converter with D-CAP control.

 
Figure 35 – Loop gain measurement 

setup 1 for D-CAP™ control.
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The bandwidth of the loop gain measured with 
the voltage injection point in Figure 35 is 14 kHz. 
Using Equation (4), the time delay from the start 
of load step to the peak of the overshoot, tP, is 
predicted to be 17.9 μsec. The bandwidth of the 
loop gain measured with the voltage injection 
point in Figure 36 is 52 kHz. The predicted tP is 
4.8 μsec.

An output load transient response was 
conducted and Figure 38 shows the transient 
response waveform of the same buck converter.

Figure 38 – Output load transient response of a 
buck converter with D-CAP™ control.

The measured tP is 5.2 μsec. The loop gain 
measured with setup 2, which includes both output 
feedback paths, matches the load transient 
response result. The power supply designer can 
use the loop gain measured with setup 2 to tune 
the value of RP, CP and Cff to improve the load 
transient response.

To make the measured loop gain useful for 
compensation network tuning and load transient 
performance improvement, it should use a voltage 
injection point that includes all output feedback 
paths. 

iii. Maintain Static Operating Point
Many power supplies have a frequency 

response that varies with the DC operating point. 
When conducting loop gain measurements, it is 
desirable to keep the DC operating point the same 
or similar to that during normal operation. Thus, a 
small resistor, RINJ, is connected between point B 
and point A as shown in Figure 27.  By adding 
RINJ, regardless of the DC output resistance of the 
injection isolator, the resistance between point B 
and point A is smaller than RINJ. While a small 

RINJ is desired to keep the output DC voltage close 
to that in normal operation, RINJ being too small 
would make the amplitude of VINJ lower given the 
same source voltage. It is recommended that RINJ 
is selected so that the output change due to adding 
RINJ is less than 2% of the output at normal 
operation but not less than 10 Ω. When a small 
value RINJ is used, it is necessary to adjust the 
amplitude of the voltage source.

For advanced control topologies in which the 
FB is used for PWM modulation directly, the 
ripple at the FB pin affects the output DC set-
point. The slope of the ripple also affects the 
frequency response. It is necessary to keep the 
ripple during testing the same or similar to that 
during normal operation.

D-CAP control is one of the advanced 
topologies that use the voltage at FB for PWM 
modulation.  Figure 39 shows the simulated 
voltage waveforms of the buck converter in Figure 
34 with RP = 2 kΩ and CP= 100 nF. The amplitude 
of the triangular ripple across the capacitor, CP, is 
13.9 mV. The ripple voltage at FB is the sum of the 
output ripple and the ripple across CP. When low 
ESR ceramic capacitors are used for output 
capacitors, the output ripple can be ignored. The 
ripple voltage at FB is dominated by the ripple 
across CP. In this case, the amplitude of the ripple 
at FB is 13.9 mV. 

 

Figure 39 – Simplified waveforms during normal 
operation with RP = 2 kΩ and CP = 100 nF.

The amplitude of the ripple at FB affects the 
output set-point voltage. The falling slope of the 
ripple at FB determines the PWM modulation gain 
and thus affects loop gain.

Figure 37 in the previous section shows the 
proper voltage injection point for D-CAP control. 
A 20 Ω resistor is inserted as shown in Figure 40.

VOUT, 20 mV/div

ISTEP, 2.5 A/div

tp = 5.2 µsec

VFB 
VREF 

PWM 
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Figure 40 – Loop gain measurement setup for a buck 
converter with D-CAP™ control with RINJ=20 Ω.

At the switching frequency, the impedance of 
CP is much smaller than RP and RINJ and the 
pulsating voltage from “Phase” to VOUT is 
distributed between RP and RINJ. With RP = 2 kΩ 
and RINJ = 20 Ω, the amplitude of the ripple across 
RINJ is approximately 120 mV. The ripple across 
RINJ and CP is coupled to the FB pin by the 
capacitor Cff. 

Figure 41 shows that the ripple at FB is greatly 
changed from Figure 39 because of the pulsating 
ripple across RINJ. The ripple voltage at FB is so 
high that it even triggers the over-voltage 
protection.  It is necessary to minimize the ripple 
introduced by RINJ during loop gain measurment.

 

Figure 41 – Simplified waveforms 
with RINJ = 20 Ω, RP = 2 kΩ and CP = 100 nF.

One way to reduce the ripple across RINJ is to 
use a larger value for RP. This also requires a 
smaller value for CP to keep the same time constant 
of the ripple injection circuit. Figure 42 shows the 
simulated voltage waveforms with RINJ = 20 Ω, 

RP = 10 kΩ and CP = 20 nF.  To further minimize 
the ripple across RINJ, a bypassing capacitor can 
be added in parallel to RINJ as shown in Figure 42. 
Figure 43 shows that the ripple across FB is 
greatly reduced by the bypass capacitor. The ripple 
at the FB pin is similar to that during normal 
operation as shown in Figure 39.

 
Figure 42 – Loop gain measurement 

setup for a buck converter with D-CAP™ control 
with RINJ = 20 Ω and a 0.22 µF bypassing 

capacitor in parallel to RINJ.
 

 
Figure 43 – Simulation waveforms with 

RINJ = 20 Ω, CPASS = 220 nF, RP = 10 kΩ 
and CP = 20nF.

The red curve in Figure 37 is the magnitude 
plot of the loop gain measured with RINJ = 20 Ω 
with a 220 nF bypass capacitor in parallel. It 
proves that with the 220 nF bypass capacitor and 
the proper voltage injection point, the loop gain of 
the advanced control topology is measurable. 

D. Considerations for Connection Wires
With the equipment ready and the power 

supply prepared for the loop gain measurement, 
we can connect them together to conduct the 
measurement. 
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i. How Connection Wires Affect Loop Gain 
Measurement

Connection wires are soldered to the two ends 
of the resistor, RINJ, with the injection isolator and 
signal receivers clipped to the other end of the 
wires. Figure 44 is a photo of a real setup with one 
pair of connection wires.

  

Figure 44 – Loop gain measurement setup with 
one pair of connection wires.

With one pair of connection wires, the loop 
gain is measured with different connection wire 
lengths. Results are compared in Figure 45.

  
Figure 45 – Loop gain measurement results with 

different connection wire lengths.

The two measurement results have 
significant discrepancies at high frequencies. 
While the measurement results with long wires 
show only 8 dB gain margin, the result with short 
wires shows less phase drop at high frequencies.  
The gain margin is greater than 10 dB. 

It is necessary to understand how the 
connection wires affect loop gain measurement. 
Figure 46 shows a detailed block diagram of a 
power supply under a loop gain measurement in 
which the connection wire impedance is taken into 
consideration. 

  

Figure 46 – Block diagram of a power supply 
under loop gain measurement.

The two connection wires are in series with the 
RINJ. When a voltage source is applied to the 
connection wires, there is a voltage drop across 
the wires. The voltage across RINJ is ṼINJ(s). The 
voltage drop across the wires is:

(22)
 

ZL(s) is the impedance of the connection wire and 
ZINJ(s) is the impedance between point B and 
point A. The signal receivers A and B include this 
voltage drop in the measurement. 

The voltage measured by receiver B is:

(23)

 The voltage measured by receiver A is:

(24)
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The measured loop gain, T’M(s) is 

(25) 

At low frequencies, when |T(s)|>>1, the 
measured loop gain can be approximated by:

(26)

At high frequencies, when |T(s)|<<1, the 
measured loop gain can be approximated by:

(27)

When                                       , Equation (27) 

can be further simplified by:

 (28)

Equations (26) and (28) help explain the 
discrepancy of the loop gain measurement results 
in Figure 45.  It is obvious that lower wire 
impedance will render better measurement 
accuracy. 

While shortening the connection wires will 
improve measurement accuracy, there are 
occasions where the connection wires cannot be 

shortened. For those occasions, a second pair of 
connection wires is recommended as shown in 
Figure 47.
  

Figure 47 – Loop gain measurement setup with 
two pairs of connection wires.

By using separate wires for the voltage 
injection and signal measurement, the voltage drop 
across the connection wires is excluded from the 
signal measurement, as illustrated in Figure 48.
  

Figure 48 – Block diagram of a power supply 
under loop gain measurement with two pairs of 

connection wires.

To verify the proposed solution, the loop 
gain is measured with two pairs of connection 
wires 6 inches long and compared to the earlier 
measurement in Figure 49. The measurement 
results with two pairs of connection wires and 
with one pair of short connection wires are similar.

TM
' ( s )= −

!VB
' ( s )
!VA
' ( s )

=
ZINJ ( s )⋅T( s )+ ZL( s )⋅(1+T( s ))
ZINJ ( s )+ ZL( s )⋅(1+T( s ))

TM
' ( s )=

ZINJ ( s )⋅T( s )+ ZL( s )⋅(1+T( s ))
ZINJ ( s )+ ZL( s )⋅(1+T( s ))

          ≈
( ZL( s )+ ZINJ ( s ))+T( s )

ZINJ ( s )+ ZL( s )+ ZL( s )⋅T( s )

          = T( s )

1+ ZL( s )
ZINJ ( s )+ZL( s )

TM
' ( s )=

ZINJ ( s )⋅T( s )+ ZL( s )⋅(1+T( s ))
ZINJ ( s )+ ZL( s )⋅(1+T( s ))

          ≈
( ZINJ ( s )⋅T( s )+ ZL( s )⋅(1+T( s ))

ZINJ ( s )+ ZL( s )⋅(1 )

          = T( s )+
ZL( s )

ZINJ ( s )+ ZL( s )

|T(s)|<<
ZL( s )

ZINJ ( s )+ ZL( s )

TM (s) ≈ T( s )+
ZL( s )

ZINJ ( s )+ ZL( s )
≈

ZL( s )
ZINJ ( s )+ ZL( s )

FB

VOUT

VREF
COMP

R BOTTOM

RTOP

R INJ

A       B

Frequency Analyzer

A

B

  ̶ +

+

̶

Injection
IsolatorError Amp

Compensator

Power Stage

VSRC
~

VB
~

VDROP
~

  ̶+ VDROP
~

ZL

ZL

VINJ
~

VA
~

V B
~

V A
~

A

B



6-18

To
pi

c 
6

Figure 49 – Loop gain measurement results of 
short and long connection wires and two pairs of 

connection wires.
 

ii. Considerations for Bode™ Box 
Frequency analyzer vendors provide injection 

isolators, such as the Bode™ box, with the signal 
receiver connection in Figure 23. They are 
convenient tools that reduce the total connection 
points from six to three as shown in Figure 50. 

 

However, the signal receivers are connected to 
the output of the injection isolator. Thus, voltage 
drops across the cables from the output of the 
injection isolator to the power supply are included 
in measurements. Figure 51 compares the loop 
gain measurement results using a Bode™ box 
with 3 feet long cables to that with two pairs of 
connection wires. The voltage drop along the 
cable gives an erroneous gain margin of 1.3 dB. 

Figure 51 – Loop gain measurement results with two 
pairs of connection wires and with Bode™  box.
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Figure 50 – Block diagram of the loop gain measurement setup with Bode™ box.
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For better accuracy, keep the connection cables 
as short as possible. For occasions when the 
connection cable length cannot be reduced, it is 
recommended to connect the signal receivers 
directly to the power supply.

 
E. Designate the Correct Reference Point

A reference point must be designated for all 
other nodes to refer to. For a loop gain 
measurement, the reference leads should be 
connected to the designated reference point. In 
most applications, this reference point is the 
ground. Figure 52 shows a BNC cable used for 
loop gain measurements. 

Figure 52 – A BNC-to-alligator coax cable used 
for receiver A and B.

The black clip is connected to the reference 
point while the red clip is connected to the signal 
point. Figure 53 is a photo of an actual loop gain 
measurement setup. 

Figure 53 – A photo of a loop gain measurement 
setup. (Image used with permission from Venable 

Instruments and Ridley Engineering)

For a single-ended system it is recommended 
to connect the reference leads to the signal ground 
of the controller. For a controller with an output 
remote differential sensing amplifier, it is 
recommended to use the negative input of the 
differential amplifier as the reference point and 
inject voltage at the positive input of the differential 
amplifier.

There are applications that the reference lead 
for the loop gain measurement is not connected to 
the system ground. Figure 54 shows an application 
circuit of shunt regulator LM4041-ADJ.

 

Figure 54 – An application circuit 
of LM4041-ADJ.

The loop gain was first measured using the 
typical measurement setup shown in Figure 10. 
Figure 55 shows the loop gain measurement result.

 

Figure 55 – Loop gain measurement 
results using ground as the reference point 

and voltage injected between VOUT and 
top of the feedback resistor divider.

The loop gain measurement result does not 
provide direct information on stability. It is 
necessary to examine the functional block diagram 
of LM4041-ADJ. 

Voltage Injection Point A and B 

Receiver A, B Coaxial Cables 
Reference Leads 

Typical Circuit 12 V 

10 k  

10 k  

10 k  
LM4041-ADJ 

VOUT 

220 nF 
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Figure 56 – Functional block diagram of 
LM4041-N in [5].

According to Figure 56, if the system ground 
is designated as the reference point, there are two 
feedback paths from the anode and the output. 
One is through the resistor divider; the other path 
is through the internal bandgap, VREF, as shown in 
a simplified block diagram in Figure 57. The latter 
path is inside of the silicon and thus cannot be 
included in the voltage injection point.  As 
discussed in Section III.C.ii on page 6-12, for a 
loop gain to be useful for compensation network 
tuning, all feedback paths should be included in 
the voltage injection point. 

 

Figure 57 – Simplified block diagram of Figure 
54 using the ground as the reference point.

To solve the problem, the cathode, VOUT, is 
designated as the reference point and the voltage 
injection point is between the ground and the 
bottom of the resistor RBOTTOM as shown in 
Figure 58.

 Figure 58 – Simplified block diagram of 
Figure 54 using the VOUT as the reference point.

In Figure 59, the positive error amplifier input 
is the virtual AC ground and the cathode is the 
output of the power supply. There is only one 
feedback path. The curves in Figure 59 are the loop 
gain measurement results with the test setup 
illustrated in Figure 58. Phase margin is only 20°.  
Based upon loop gain measurements, the output 
capacitor value is reduced and a phase-boosting 
forward capacitor is added in parallel to the bottom 
resistor to improve stability.

 

Figure 59 – Loop gain measurement results 
with setup in Figure 58.

F. Measuring Loop Gain for Power Factor 
Correction Converter

Power factor correction (PFC) converters are 
required for many AC/DC adaptors and front-end 
converters. The PFC converter poses unique 
challenges for loop gain measurement because of 
the low loop gain bandwidth, high output voltage 
and the alternating input voltage. 
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First, the injection isolator should have a 
frequency range as low as 1 Hz. All PFC converter 
voltage loops have a bandwidth lower than 10 Hz 
to avoid distortion from the 100 Hz to 120 Hz 
output ripple. The frequency range can be found 
on the injection isolator as shown in Figure 22, 
Figure 23 and Figure 24.

Secondly, the frequency analyzer can 
accommodate a common mode voltage range 
greater than 400 V. Most PFC converter outputs 
are around 400 V.  Figure 60 shows the control 
menu of a frequency analyzer with the input signal 
voltage range selection. “AC < 500V” is selected 
for  Input coupling and sets the frequency analyzer 
to support up to 500 VDC voltage. It is a must to 
confirm that the frequency analyzer can support 
the high input voltage range and to set up the 
frequency analyzer correctly.

Figure 60 – Control menu of frequency analyzer 
3120 with input signal voltage range selection.
(Generated by Venable Instruments’ Stability 
Analysis Software and reproduced here with 

permission from Venable Instruments.)

When a frequency analyzer with a high voltage 
rating is not available, an oscilloscope can be used 
for loop gain measurement. Please refer to [6] for 
instructions on how to measure loop gain with an 
oscilloscope. Figure 61 shows the oscilloscope 
screen shot of the resulting response at point A and 
point B with voltage injection. 

The magnitude and phase shift of the loop gain 
can be derived from the oscilloscope waveforms. 
The input of the PFC converter is a semi-sinusoidal 
waveform.  To make the measurement more accurate, 
a DC input is recommended for the loop gain 
measurement. 

Figure 62 shows the measured loop gain of a 
PFC SEPIC converter at different DC input voltages.

Figure 61 – Using oscilloscope for loop gain 
measurement [6].

 

Figure 62 – Measured loop gain 
of PMP5242, a PFC SEPIC converter, 

under different input DC voltages.

IV. MeAsurInG Loop GAIn oVer the 
WhoLe operAtInG rAnGe

For most power supplies, the frequency 
response varies with DC operating conditions. 
Figure 63 shows the loop gain of an active clamp 
forward converter under different load conditions 
as an example. Loop gain varies dramatically 
when the converter enters discontinuous current 
mode (DCM).

Compensation networks should be designed so 
that the power supply is stable over the whole 
operating range. Loop gain should be measured to 
verify stability over the following ranges, 
including, but not limited to:

1. Input voltage range
2. Output load current range
3. Temperature range
4. Output voltage range if output is adjustable.
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Figure 63 – Loop gain of an active clamp forward 
converter under different load conditions.

V. suMMAry

This paper reviewed the voltage injection 
method to measure the loop gain of a power 
supply.  Equipment limitations and practical issues 
were discussed and analyzed. Solutions were 
proposed and explained. Following the guidelines 
provided in this paper will result in accurate loop 
gain measurements. The measurement results are 
then used to verify system stability and to guide 
the design of the compensation network to achieve 
the best transient performance.  

reFerence
[1] Sheehan, Bob, “How to determine bandwidth 

from the transient-response measurement,” 
Power Tips Blog, Nov. 22, 2016. 

[2] Betten, John “Calculating capacitance for 
load transients,” Power Tips Blog, May 17, 
2015. 

[3] Middlebrook, R.D., “Measurement of loop 
gain in feedback systems,” INT. J. 
Electronics, Vol. 38, No. 4, pp. 485-512, 
1975.

[4] AP Instruments, Model 300 Manual, 2007.
[5] Texas Instruments, LM4041-N Datasheet, 

Revised January 2016.
[6] Texas Instruments, “AN-1889 How to 

measure the loop transfer function of power 
supplies,” Application Report, Revised April 
2013.



TI Worldwide Technical Support

The platform bar and E2E are trademarks of Texas Instruments. All other trademarks 
are the property of their respective owners.

TI Support
Thank you for your business. Find the answer to your support need or get in 
touch with our support center at 

www.ti.com/support

China: http://www.ti.com.cn/guidedsupport/cn/docs/supporthome.tsp

Japan: http://www.tij.co.jp/guidedsupport/jp/docs/supporthome.tsp

Technical support forums
Search through millions of technical questions and answers at TI’s E2E™ 
Community (engineer-to-engineer) at 

e2e.ti.com

China: http://www.deyisupport.com/

Japan: http://e2e.ti.com/group/jp/

TI Training
From technology fundamentals to advanced implementation, we offer 
on-demand and live training to help bring your next-generation designs to life. 
Get started now at 

training.ti.com

China: http://www.ti.com.cn/general/cn/docs/gencontent.tsp?contentId=71968

Japan: https://training.ti.com/jp

A011617

Important Notice: The products and services of Texas Instruments Incorporated and its 
subsidiaries described herein are sold subject to TI’s standard terms and conditions of sale. 
Customers are advised to obtain the most current and complete information about TI products and 
services before placing orders. TI assumes no liability for applications assistance, customer’s 
applications or product designs, software performance, or infringement of patents. The publication 
of information regarding any other company’s products or services does not constitute TI’s approval, 
warranty or endorsement thereof.

SLUP386



IMPORTANT NOTICE FOR TI DESIGN INFORMATION AND RESOURCES

Texas Instruments Incorporated (‘TI”) technical, application or other design advice, services or information, including, but not limited to,
reference designs and materials relating to evaluation modules, (collectively, “TI Resources”) are intended to assist designers who are
developing applications that incorporate TI products; by downloading, accessing or using any particular TI Resource in any way, you
(individually or, if you are acting on behalf of a company, your company) agree to use it solely for this purpose and subject to the terms of
this Notice.
TI’s provision of TI Resources does not expand or otherwise alter TI’s applicable published warranties or warranty disclaimers for TI
products, and no additional obligations or liabilities arise from TI providing such TI Resources. TI reserves the right to make corrections,
enhancements, improvements and other changes to its TI Resources.
You understand and agree that you remain responsible for using your independent analysis, evaluation and judgment in designing your
applications and that you have full and exclusive responsibility to assure the safety of your applications and compliance of your applications
(and of all TI products used in or for your applications) with all applicable regulations, laws and other applicable requirements. You
represent that, with respect to your applications, you have all the necessary expertise to create and implement safeguards that (1)
anticipate dangerous consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that
might cause harm and take appropriate actions. You agree that prior to using or distributing any applications that include TI products, you
will thoroughly test such applications and the functionality of such TI products as used in such applications. TI has not conducted any
testing other than that specifically described in the published documentation for a particular TI Resource.
You are authorized to use, copy and modify any individual TI Resource only in connection with the development of applications that include
the TI product(s) identified in such TI Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE TO
ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.
TI RESOURCES ARE PROVIDED “AS IS” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING TI RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS.
TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY YOU AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS EVEN IF
DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT, SPECIAL,
COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH OR
ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER TI HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.
You agree to fully indemnify TI and its representatives against any damages, costs, losses, and/or liabilities arising out of your non-
compliance with the terms and provisions of this Notice.
This Notice applies to TI Resources. Additional terms apply to the use and purchase of certain types of materials, TI products and services.
These include; without limitation, TI’s standard terms for semiconductor products http://www.ti.com/sc/docs/stdterms.htm), evaluation
modules, and samples (http://www.ti.com/sc/docs/sampterms.htm).

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2018, Texas Instruments Incorporated

http://www.ti.com/sc/docs/stdterms.htm
http://www.ti.com/lit/pdf/SSZZ027
http://www.ti.com/lit/pdf/SSZZ027
http://www.ti.com/sc/docs/sampterms.htm



