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ABSTRACT 
 
Few factors may contribute to the stability of a linear voltage 
regulator (LVR). Among them is the value of the capacitor 
connected to the output terminal of the LVR, with the primary 
factor being the parasitic element of the capacitor, namely, 
equivalent series resistance. The LVR operation is based on 
the closed-loop system mechanism. LVR stability can be 
analyzed through two types of responses, namely, transient 
and frequency. This research focuses on the frequency 
response of the closed-loop system in terms of the phase 
margin at the unity gain frequency. Frequency response 
generates a more accurate outcome than transient response. 
The transient response can be acquired while the system is in 
the closed-loop condition, whereas frequency response can 
only be obtained in the open-loop condition. In this study, a 
noninvasive method is applied to obtain the LVR frequency 
response while the system is in the closed-loop condition. 
LTSpice software is utilized to simulate the LVR circuit. The 
simulation result is used as a reference for the actual hardware 
circuitry tests. The obtained outcome shows that the phase 
margin from the circuit simulation is similar to that of the 
hardware circuitry. Therefore, the noninvasive stability 
measurement method is valid for analyzing LVR stability by 
measuring the phase margin even in the closed-loop 
condition.  
 
Key words: Linear voltage regulator, stability, noninvasive, 
phase margin.  
 
1. INTRODUCTION 
 
Nowadays, voltage regulators are widely used in electronic 
devices. Therefore, its stability plays a vital role in providing 
a stable output voltage and minimizing noise as much as 
possible. The two types of voltage regulators are the linear 
voltage regulator (LVR) and switching voltage regulator. 
This research focuses on LVR as it is more straightforward, 
 

 

has less noise, and requires less cost for development than the 
latter. Electronic devices, which require a constant and stable 
voltage supply and less noise, use this type of regulator [1], 
[2].  
 
LVR manufacturers commonly provide LVR characteristics 
and specifications in their datasheets. One of the most critical 
parameters is the stable range value of the equivalent series 
resistance (ESR) of output capacitors [3]-[7]. The output 
capacitor, connected to the LVR output terminal, has a unique 
stable range of ESR values for each LVR mode. An optimum 
ESR range is essential in determining the life expectancy of a 
capacitor.  
 
LVR stability mainly depends on the ESR, which is the 
internal parasitic element of every output capacitor connected 
at the LVR output terminal. ESR values may vary due to 
aging and temperature factors [1], [2]. Therefore, a stable 
range of ESR values is required to ensure LVR stability [4], 
[8]. LVR manufacturers frequently characterize this ESR 
range in the manufacturing plant. A unique graph, called an 
ESR tunnel graph in the datasheet, tabulates the outcomes. 
The graph summarizes the ESR range for a stable LVR.  

1.1 Basic Operation of Linear Voltage Regulator 
Figure 1 depicts a basic LVR circuit. In this example, the 
LVR receives an input voltage of 5 V and produces a constant 
output voltage of 3.3 V. The internal elements of the LVR 
consist of active components, such as a high gain differential 
amplifier that controls the pass element, either MOSFET or 
BJT transistors. The differential amplifier compares the 
output voltage through feedback resistors using a reference 
voltage [9], [10]. 
 
LVRs have been widely used in electronic devices where the 
load requires a constant and stable input voltage. One of the 
factors that affect LVR stability is the output capacitor with 
specific ESR values, which is connected to the LVR output 
terminal. The LVR datasheet describes stable ESR values to 
reach stability. The output voltage produced by the LVR must 
be constant and stable even if a disturbance occurs. 
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Figure 1: Basic Circuit of an LVR 

 

1.2 ESR Characterization 
Output capacitors connected to the output terminal of LVRs 
are mostly the electrolytic type due to its popularity and low 
cost. Such capacitors must contain a stable range of ESR for 
the LVR to produce a stable output voltage. Figure 2 presents 
an example of the ESR tunnel graph, which is a graph of the 
output capacitor ESR versus the output current of an LVR. 
The LVR manufacturers perform this ESR characterization 
during LVR production for user reference. Given the 
extensive range of resistors connected in series to the output 
capacitor for simulating the ESR values, this characterization 
is manually conducted, an approach which consumes 
considerable time. When the characterization is 
accomplished, the result is specified as an ESR tunnel graph 
in the datasheet [7], [11]-[13].  
 

 
 

Figure 2: Example of an ESR Tunnel Graph for an LVR with an 
Output Capacitor of 100 µF 

 
The ESR is characterized based on LVR stability. The output 
capacitor with a specific ESR is the main parameter of LVR 
stability. Only a specific value of the ESR can stabilize the 
LVR and produces a stable output voltage. Moreover, the high 
demand for LVR is due to its application in most current 
electronic devices; therefore, its stability criterion is crucial 
[14]-[16]. 
 
 

1.3 Stability Analysis of LVR 
LVR stability can be analyzed through two types of responses: 
(a) the load transient response in the time domain or (b) the 
frequency response in the frequency domain. The load 
transient response of the LVR can be ascertained while the 
system remains in a closed-loop condition. Meanwhile, the 
frequency response of the LVR can be obtained when the 
system is in the open-loop condition. However, stability 
measurement based on the frequency response via a phase 
margin generates an accurate stability indicator of the system. 
 
As shown in Figure 1, the LVR system is typically packaged 
in a closed-loop condition; therefore, yielding its load 
transient response is straightforward [17]. Frequency 
response can yield more accurate stability measurement than 
transient response because it indicates the phase margin of the 
system [18]. However, the frequency response can only be 
obtained while the system is in the open-loop condition, 
during which breaking the loop in the actual LVR is 
challenging. 
 
Prior research has broken the loop of the LVR system through 
the invasive method. However, this method is meticulous and 
time-consuming. Hence, a noninvasive method is used in the 
present research to obtain the LVR frequency response while 
the system remains in the closed-loop condition [5], [19]. 
 
2. METHODS 
 
Figure 3 shows the overall flowchart for the noninvasive 
method conducted in this research. The LTSpice circuit 
simulation software was used to simulate the LVR circuit and 
identify its frequency response through invasive and 
noninvasive techniques. This work analyzed two test circuits. 
One is the LVR circuit that was constructed using discrete 
components. Another test circuit was based on commercial 
LVR. 

2.1 LVR Circuit Constructed Using Discrete Components 
First, the LVR circuit was constructed using several discrete 
components to compare invasive and noninvasive methods. 
The invasive method was implemented by connecting a 
coupled inductor and capacitor to the output of the differential 
amplifier. Figure 4 depicts the LVR circuit for the invasive 
technique to obtain the frequency response. The coupled 
inductor and capacitor were utilized to close the loop in the 
DC mode and open the circuit in the AC mode. The 
simulation shorts all inductors and opens all capacitors to 
recognize the DC bias point connected to the power amplifier. 
Therefore, when the simulation recognizes the DC bias point, 
the system will be in the closed-loop condition through the 
coupled inductor. However, the system is in the open-loop 
through the coupled capacitor, thereby causing the circuit to 
be in the open-loop condition and eventually obtaining the 
frequency response.  
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Figure 3: Flowchart of Noninvasive Method 
 

 
 

Figure 4: Invasive Method to Obtain the Frequency Response of the 
LVR Circuit Constructed Using Discrete Components 

 
After obtaining the frequency response of the LVR by using 
the invasive technique, the noninvasive technique for the 
same LVR circuit was implemented. The noninvasive 
technique refers to a technique to obtain the frequency 
response of the system (in this case, the LVR system) without 
breaking its loop. Figure 5 shows the noninvasive technique 
for obtaining the frequency response of a simple LVR circuit 
constructed using discrete components and is similar to the 
circuit depicted in Figure 4. 
 
A small signal was injected into the LVR system in the 
noninvasive method to measure the signal that enters and 
exits the loop [20]-[24]. The system loop is broken at a low 
impedance output point. The point is usually above the upper 

resistor, which is located in the feedback path of the LVR 
circuit. Therefore, one side of the injection point should have 
high impedance, and other sides should have low impedance. 
Such a condition creates a satisfactory injection point because 
a transfer function of the system can be obtained. These points 
are labeled points va and vb. A small resistor with a value of 5 
Ω was used to separate these two points electrically. The 
reason is that a small resistor will negligibly influence the 
output voltage of the LVR, thereby allowing the establishment 
of system measurement. 

 

 
 

Figure 5: Noninvasive Method to Obtain the Frequency Response 
of the LVR Circuit Constructed Using Discrete Components 

 
When everything has been set up, as shown in Figure 5, the 
circuit is powered up, and the signal is passed through point 
vb and out through Point va. The function generator connected 
at the secondary side of the injection transformer, L3, was set 
to produce a sine wave signal for an easy phase margin 
measurement. If test points va and vb were connected to the 
oscilloscope channels, then a sinusoidal wave will appear on 
both channels. However, both channels will not show the 
same sinusoidal wave. That is, both channels will have 
amplitude gains different from each other. The frequency on 
the function generator was adjusted until the same amplitude 
was on both channels. At this point, the gain for the system’s 
loop is 1 or the unity gain. The adjusted frequency when the 
amplitudes are equivalent is the frequency of the 0 dB 
crossover of the system or the unity gain frequency. 

 
Both sine waves from the two channels have phase differences 
from each other, where one of the sine waves is shifted to 
another. This amount of phase shift represents the value of the 
phase margin of the system. If invasive and noninvasive 
approaches produce the same results, then the noninvasive 
method is proven to be valid in this research.  
2.2 LVR Circuit Constructed Using Commercial LVR 
The second test circuit was tested, wherein the LVR circuit 
was constructed using a commercial LVR of model LT1963A 
from Linear Technology [25]. This circuit was simulated in 
the LTSpice software and subsequently constructed in the 
hardware circuitry form. Data were collected from these two 
approaches. Figure 5 depicts this LT1963A LVR circuit for 
testing and validating the noninvasive stability measurement 
method in this work. The manufacturer datasheet indicates 
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that the range of the input voltage (Vin) should be from 2.2 V 
to 20 V. The output voltage (Vout) of LT1963A can be varied 
by using equation as follows,  
 

VOUT = VADJ (1+R2/R1) + IADJR2,    (1) 
 

where VADJ = 1.21V and IADJ = 3µA. The output voltage can 
be determined by selecting the appropriate values of R1 and 
R2. The selected output voltage should be in the range of 1.21 
to 20 V. The selected output capacitor in this research was 10 
µF, and based on the datasheet, the maximum value of the 
ESR for a stable LVR was 3 Ω.  
 

 
 

Figure 6: Noninvasive Method to Obtain the Frequency Response 
of the LVR Circuit Constructed Commercial LVR 

 
The ESR values varied from 2 Ω to 4 Ω per load with an 
increment of 0.1 Ω. The loads used were 3.33 Ω, 10 Ω, and 5 
kΩ. The output current calculated based on Ohm’s law was 
1.5 A, 0.5 A, and 1 mA. For the hardware circuitry, the same 
methods were applied by using the same components utilized 
in the LTSpice simulation. A simple resistor with values 
ranging from 2 Ω to 4 Ω was connected in series with the 
output capacitor to represent the ESR value. When the LVR 
characteristics were obtained from the simulation and 
hardware circuitry approaches, the results were compared for 
validation. 
 
3.  RESULTS AND DISCUSSION 
 
In this research, the output voltage of an LVR is considered 
stable if it has a maximum of three oscillations in its transient 
response. Furthermore, the output voltage must have a 
maximum swing of ±0.2 V. Conversely, in the frequency 
response, the output voltage should have a minimum phase 
margin of 45°. A phase margin value of more than 45° 
indicates a further stable LVR. Figure 7 and 8 show the 
frequency responses obtained from invasive and noninvasive 
methods, respectively, for the LVR circuit constructed using 
discrete components. Both approaches were implemented and 
compared to validate the noninvasive method proposed in this 
work, even though it did not represent an actual LVR. Figure 
7 and 8 show that the invasive and noninvasive methods yield 
a phase margin of 25.35°. These outcomes prove that the 
noninvasive method is valid and can be used to obtain the 
frequency response of the LVR system, even one in a 
closed-loop condition. 
 

 
 
 
 
 
 
 
 
 

 
Figure 7: Frequency Response Obtained from the Invasive Method 

for an LVR Circuit Constructed Using Discrete Components 
 

 
Figure 8: Frequency Response 

Obtained from the Noninvasive Method for an LVR Circuit 
Constructed Using Discrete Components 

 
The next approach was conducted using the LVR model 
LT1963A. Figure 9 and 10 show the load transient responses 
obtained from LT1963A through software simulation and 
hardware circuitry, respectively. The load transient response 
through software simulation and hardware circuitry yields the 
undershoot of 0.216 V and 0.182 V, respectively. These 
outcomes show that the LVR is stable, but this time-domain 
approach is not accurate compared with the frequency 
response approach. The frequency response approach 
measures the system’s phase margin, as shown in Figure 11 
and 12. Correctly, Figures 11 and 12 present the frequency 
response yield from software simulation and hardware 
circuitry, respectively, for the LT1963A LVR. 
 
Figure 11 presents the difference between the peak-to-peak 
values from both waveforms in the time domain (µs). It is 
divided by a full cycle’s period, which is 10.95 µs, and 
multiplied by 360° to obtain the value in degrees for 
indicating the phase margin. Figure 13 shows the period for 
one full cycle. For example, the computed phase margin is 
(2.716 µ/10.95 µs)*360° = 89.23°. The phase margins for 
software simulation and hardware circuitry are 89.23° and 
101.6°, respectively. The accuracy of the noninvasive stability 
measurement based on the frequency response is 87.8%. This 
deviation may be due to the inaccurate measurement of ESR 
values in the output capacitor and the actual wiring 
connection. However, this outcome is significant for 
measuring LVR stability through the phase margin. All phase 
margin comparison is depicted in Table 1. 
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Figure 11: Frequency Response from the Software Simulation of an 

LT1963A Circuit 
 
 

 
 
Figure 12: Frequency Response from the Hardware Circuitry of an 

LT1963A Circuit 
 

 
 
Figure 13: Period for One Full Cycle of the Output Voltage from an 

LT1963A Circuit 
 

Table 1: Phase Margin Comparison 

 

5. CONCLUSION 
The noninvasive method for measuring LVR stability is 
proven to be valid and can be used to identify the phase 
margin from the frequency response of the LVR, even one in 
the closed-loop condition. The ESR and output capacitor 
considerably contribute to LVR stability; thus, ESR 
measurement in the output capacitor is crucial before 
analyzing LVR stability.  
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