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Abstract: Low drop-out (LDO) voltage regulators are widely used in many portable applications, such as cell phones,
laptops, and earplugs. However, the design and simulation of the circuit takes a long time. Hence, the behavioral model for an
LDO regulator is greatly needed. In this paper, the hybrid modeling method has been illustrated for generating a behavioral
model for an LDO regulator circuit. The hybrid modeling method integrates a table-based modeling method and a circuit
simplification method for generating an LDO linear regulator behavioral model. Based on research of the automation
topologies and algorithms a behavioral model generation tool for an LDO linear regulator, LDOCad, is also described,
including the software architecture and different modules of LDOCad. This tool provides the modeler, or circuit designer, with
an approach to quickly and automatically generate a behavioral model for an LDO linear regulator. When the netlist processing
algorithm, the table generation algorithm, and the modeled node and topology device extraction algorithm are executed, the
hybrid model can be generated through the model topology formulator. The algorithms are generic and robust. The models
tested demonstrate an accurate match with the performance of the original circuits and achieve from a 5 to 19 times speed

improvement in simulations.
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1. Introduction

With the advancement in silicon technology, it is possible
to design a circuit with significantly large gates and high
clock frequencies. Hence, it takes a lot longer to verify the
large and complex design if the transistor level simulation is
performed. One of the most common methods for solving his
problem is to replace the large and/or complex blocks with
behavioral models that describe the input and output
relationship of the functional block [1]. Then the behavioral
model of the system is simulated for verification and
evaluation purpose. Often the simulation of the behavioral
model of the circuit is much faster than the original design,
which in fact decreases the design cycle of a mixed-signal
system significantly [2].

There are two difficulties with the above methodology.
The first one is the identification and division of the actual
mixed-signal system. The research on analog circuit
identification has been done for decade, but even so, not

much progress has been made. Also, it is very challenging to
model the wide variety of mixed-signal blocks that are
available in today’s circuits. One of the most popular method
for creating behavioral models is manual abstraction and
synthesis with many modeling techniques that are available
currently, such as symbolic modeling techniques [3], numeric
model order reduction techniques [4], root localization [5],
table lookup method [6], circuit simplification and template
modeling [7].

The hybrid modeling method joins the table lookup
method and the feedback topology of an LDO linear
regulator. Several algorithms are developed for generating
the hybrid model automatically starting from the LDO
regulator circuit netlist. Based on the research of the
automation topologies and algorithms, the LDOCad is
designed. This tool now provides the modeler or circuit
designer with an approach to quickly and automatically
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generate a behavioral model for an LDO linear regulator.

2. LDO Linear Regulator

“The voltage regulator is an electronic device that provides
a specified and well-regulated voltage for powering other
electronic devices” [8]. LDO regulators are composed of four
basic components: a voltage reference, an error amplifier, a
pass element, and a feedback network. Figure 1 shows the
basic block diagram of an LDO regulator [9, 10].

Figure 1. Basic Block Diagram of an LDO Regulator.

3. Model of the LDO Linear Voltage
Regulator

For the behavioral modeling of an LDO linear regulator, a
new behavioral modeling method is created, the hybrid
behavioral modeling. The hybrid behavioral model joins the
table based modeling method and the circuit simplification
method. Both tables and the core part of the circuit are used
in the model, which is the reason why it is named the hybrid
modeling method. The table data is generated through
Spectre [11] DC simulation. The topology devices in the
model are extracted by the algorithm developed for this
research, which will be illustrated later in this paper.

The hybrid modeling method joins the advantages of both
the circuit simplification method and the table based method,
with the good static and dynamic simulation of the simplified
circuit and the simplicity of the table. At the same time, this
method avoids the disadvantages of both the circuit
simplification method and the table based method. This
method does not need much circuit identification and also
has the dynamic performance which is hard to get using the
table based method only. Figure 2 shows the hybrid model
topology of one of the LDO regulator circuits under research.

Compared with the LDO regulator circuit, the error
amplifier is removed for the hybrid model. The more
complex the structure is, the more difficult it is to identify.
Hence, it is relatively easy to identify the devices that are in
the hybrid model. Also, it reduces the simulation time. At the
same time, the simulation results of the model without the
error amplifier are just as good as the error amplifier

available. The simulation speed of the hybrid model is up to
5 to 19 times, compared with that of the original circuit with
the same test benches. The hybrid model shows very good
line regulation, load regulation, transient line regulation, and
transient load regulation. All the simulations are within 5%
error, which meets the requirement for a behavioral model of
an analog circuit. The hybrid model is composed of table
based biases and the feedback stage. The voltage bias in the
model is obtained by running DC simulation of the original
circuit. Therefore, it is relatively easy to establish the table.

Figure 2. Hybrid Model Topology of an LDO Regulator Circuit.

4. Model Automation Methodologies and
Algorithms

In order to automate the modeling of the LDO linear
regulator, some model automation methodologies have been
created and the corresponding algorithms are implemented
with Python [12] programming language. These algorithms
include Signal Path Tracing (SPT) [13] and Feedback Path
Tracing (FPT), Modeled Node and Topology Device
Extraction, Table Generation and Model Topology
Formulation, as shown in Figure 3. Figure 3 is the flow chart
for LDO circuit hybrid model automation.

1. Input/Output
2. Pass Device

3. SUbCKT Name
4. Netlist

5. Others

- 1. Signal Path Tracing

Spectre Simulation
L 2. Feedback Path Tracing

Figure 3. Flow Chart for LDO Hybrid Model Automation.
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The function description of each algorithm is listed below:
1) Spectre Simulation Data Generator: this module is used
to control simulation for extracting tables.
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2) Modeled Node Extraction and Topology Device
Extraction: this module is used to extract topology
devices and modeled nodes. The topology devices are
the devices that are extracted from the original netlist to
be left in the model, which make up the primary
feedback loop in the model. The modeled nodes are the
break points between the tables and the primary
feedback loop. Tables are used to model the
characteristics of the secondary nodes.

3) Table Generator: this module is used to encapsulate
tables into a sub-model.

4) Model Topology Formulation: this module is used to
combine the information extracted above, form the
model topology and generate model code.

The most critical module is the Modeled Node and

Secondary Modeled Nodes and
Topology Devices Extraction

Topology Device Extraction algorithm, which is illustrated in
Figure 4. The flow chart shows the procedure for identifying
the modeled nodes and the devices. For resistors, BJTs,
capacitors, diodes and MOSFETs, a similar way is used for
extracting the modeled nodes and topology devices. Only the
MOSFET extraction procedures, therefore, are shown in the
Figure 4. Signal path segments (signal transmission direction:
start -> end) of a MOSFET device could be: G->D, G->S, S-
>D, D->S.

The primary nodes are the nodes in the primary feedback
loop specified by the user through the GUI of LDOCad. The
devices connected directly to the primary nodes are
considered as the key devices from the aspect of modeling of
the circuit. If a MOSFET device among them satisfies
conditions below, it should be kept as a topology device.

Primary
feedback paths

l

Primary nodes and
Devices in node_devices.ix! (e connecled devices
extraction
T
Extract
: : _|Xx_flattened Path_seg in
pnm;;ymsslgnal "| _sorted.txt primary signal paths Not select

Figure 4. Flow Chart for Topology Device and Modeled Node Extraction Algorithm.

1) A signal path segment (end port of the device connected
to a primary node) is available;
2) The signal path segment can be found in primary signal
paths.
The following illustrates how the secondary modeled
nodes are extracted:

1) Terminals connected to primary nodes are end ports;

2) From an end port search the start port according to the
signal transmission direction [14]. The node
corresponding to the start part of signal path segment is
the secondary modeled node;

3) For example, if a device is MOSFET, its drain
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connected to a primary node, then the drain is
considered as the end port from the view of the signal
transmission. Therefore the start ports of the signal
transmission are the gate or the source. There two signal
path segments (G->D, S->D) associated with this device.
If the segments can be found in the primary signal paths,
then the corresponding node of the start part of the
segment is considered as a secondary modeled node.

5. LDO Software Design

A modular approach is used in the software design of the
LDOCad tool. One algorithm is implemented with the
Python programming language and tested, and then the next
algorithm is designed, implemented and tested. Hence, each
of the algorithms is able to function independently.

5.1. Software Architecture

The data flow diagram in Figure 5 shows the detailed
software architecture of LDOCad by describing the
communication of its components and the data files.

First, the user needs to input an experiment name and
browse for the netlist, for which a model needs to be created.
Once the netlist is browsed, the sub-circuit names are
available for the user to choose. The node extraction module
is used to generate input and output nodes of the circuit, and
the gate, the source and the drain of the pass device. Next,
the feedback extraction module uses the former user inputs to
extract all the feedback paths for the user to specify the
primary feedback path that determines the feedback topology
of the hybrid model. Then the Spectre simulator is called to
run the DC simulation for generating the dc.dc file, which is
used by the Table Generation module to generate 1-D tables.
Meanwhile, the topology formulator module is called to
generate the hybrid behavioral model netlist.

Experiment
Name(test1)

(Ido.scs)

Netlist

.../tmpltest1/
test1.subcktName

test1.scs

NETLIST_NODE
GENERATION

test1.node

test1_flattened.scs

test1_flattened.
feedback_paths

NETLIST_SETTING

de.dc

TABLE_GENERATION

parSPT

table folders, tables
and veriloga.va

modeled_nodes.txt ——

topology_devices.txt|

Sub-Circuit
Names Browse for
Circuit Netlist
Input Nodes

Oumcu;t Nodes —

[ o Extraction
Source
Drain
Input Nodes
Output Nodes

Feedback | Feedback
Paths Extraction

Spectre . _
Simulator Simulation

Table
Generation

Input Nodes
Output Nodes
TOPOLOGY_F
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Figure 5. Detailed Software Architecture of LDOCad.

5.2. GUI Design

Figure 6 shows how each page of the GUI of LDOCad is
connected. The data generated in the left big rectangle will be
used when different buttons in the right big rectangle are

clicked.
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Figure 6. LDOCad GUI Window Connection.

The first window, shown in Figure 7, asks the user to give
an experiment name. A folder with the experiment name will
be created under the “tmp” folder, which stores all the data
generated by LDOCad. Also, the user need to browser for an
LDO netlist that he/she wants to make a behavioral model for.
Once the netlist is selected, the sub-circuit names of the
circuit will be displayed in the sub-circuit name list box. The
user needs to select the sub-circuit name that is required to be
flattened.

- LDO Medeling Tool x
Model Inf ion - Circuits ion and Si i

Experiment Name [test]

Circuit Netlist  pO_Modeling_Toolicircuitsido scs

Browse for Circuit Netlist|

Please choose Sub-Circuit Name:

NCH_DE_A_75A_LV_LVT IS0

< Back | Hext > I

Figure 7. First Window of LDOCad.

Cancel

In Figure 8, there is a Node Extraction button, which is
used for extracting all the circuit nodes. After clicking it, all
the nodes of the circuit will be displayed on this window and
the next window shown in Figure 9. The user needs to select
the input node (s) and the output node (s) based on the
understanding of the circuit.

] LDO Modeling Tool *x
Model information - General

Node extraction and circuit information selection:

Input Nodes Output Nodes
Node Extraction 0 - 0 -
Q r—  [woo
EN EN
FLD1 FLD1
HPVDD
12u 2zu
UM M
LDo1 Lpo1
LDo2 LDO2
LDO3 LDo3
NC1 NC1
ND_1 ND_1
ND_2 5l ND_2 =

Help < Back I HNext > I

Figure 8. Input/Output Selection Window.

Cancel

The window in Figure 9 is used for users to select the three
terminals of the pass device of the LDO regulator. The
selected information is used for extracting feedback paths.

- LDO Modeling Tool x
Pass Device Information

Please select pass device information:

Gate Source Drain
b = il = NC1 B
AVDD ND 1
EN EN ND 2
FLD1 FLD1 ND 3
HPVDD HPVDD ND 4
zu 2u NL"
ILIM ILIM NLZ
=2
Loo2 PRE
LDo3 LDO3 0
NC1 NC1 VE1
ND_1 ND_1 vez
ND_2 =l ND_2 El VB3 5
Help < Back I Next > I Cancel I
Figure 9. Pass Device Terminal Selection.
- LDO Modeling Tool x
Feedback Extraction and Selection
Click “Foor to extract paths and then select:
Foedback Paths
Feedback Extraction | HPVDD OUT FLD) LDOZ AVDDI] B
HPVDD OUT FLDI LDOZ NL1 AVDD(
HPVDD OUT FLD1 LDOZ NL1 net0229 ILIM AVDDD
HPVDD OUT FLDL LDO2 NL1 net0229 NL2 NC1 AVDD(
HPVDD OUT Neto283 PRE VB3 net0135 VB4 AVDO(
HPVDD OUT net0283 PRE VB3 net0135 VB4 LDOZ AVDD]
HPVDD OUT net0283 PRE VB3 net0135 VB4 LDO2 NL1 AY
HPVDD OUT net0283 PRE VB3 net0135 VB4 LDOZ NL1 no
HPVDD OUT net0283 PRE VB3 net0135 VB4 LDO2 NL1 no
HPVDD OUT net0283 PRE VB3 net0135 VB4 VBS ILIM AVI
HPVDD OUT net0283 PRE VB3 nat0135 VB4 VBS ILIM LD
HPVDD OUT net0283 PRE VB3 netD135 VB4 VBS ILIM LDt
[T ST mntaaay AAr ins ins e i e s
Help I = Back I Next > I Cancel I

Figure 10. Feedback Extraction and Selection.

The Feedback Extraction button on this window, shown in
Figure 10, is for extracting all the feedback paths of the
circuit. Once it is clicked, all the feedback paths will appear
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in the list box on the right for users to choose. The user needs
to specify one feedback as the primary feedback path based
on the study of the original circuit.

Figure 11 shows the last GUI window of LDOCad. The
user needs to click the three buttons one after another
because the data generated by clicking the “Simulation”
button will be used when the later two buttons are clicked
and the data generated by clicking the “Table Generation”
button are used by running “Model Generation”.

- LDO Modeling Taol x
Model Generation

Please click the "simulation” button to simulate the netlist:

Simulation |

Please click the "Table Generation® button to generate tables:

Table Generation I

Please click the "Model | moded:

" button to g a

“Model Generation I

= Back |

Help

Cancel

Figure 11. Model Generation Window.

6. Model Test and Verification

The test and verification of the behavioral model generated
by LDOCad are illustrated in this section. An LDO linear

regulator circuit from Texas Instruments (TI) has been used
as an example.

6.1. Model Code

The model file is composed of four parts, which are device
models, table instances, topology devices, and the Verilog-A
table inclusion, as shown in Figure 12. This model is
packaged as a symbol with three terminals, which are
“AVDD”, “HPVDD”, and “EN”. The user can use this
symbol directly when a test bench is created for simulation.

6.2. Model Verification

To verify the behavioral model of the LDO regulator,
simulations for both the original circuit and the model should
be compared.

6.2.1. DC Sweep Analysis

For the DC sweep analysis of the LDO linear regulator, the
line regulation and the load regulation performances are often
compared between the model and the circuit from the stand
point of behavioral modeling for an LDO regulator. The line
regulation is shown in Figure 13 and the load regulation is
shown in Figure 14. The solid curve represents the circuit
simulation result, and the dot curve represents the model
simulation result. The line regulation of the model fits the
circuit very well, with very little error before the output
voltage is regulated. The load regulation curves of the model
and those of the circuit overlap.

device models for the following: NCH_7V_ISO, NCH SV_ISO, PCH DE A

7SA_LV, PCH_7V, PCH SV, RES M3

// Library name: LDC_Hybrid Model

// Cell name: Hybrid Model
// View name: schematic

subckt Hybrid Model AVDD HPVDD EN

I1 (AVDD VB3 GND) VB3
I2 (AVDD net0283 GND) net0283
I3 (AVDD VBS GND) VBS
I4 (AVDD VB4 GND) VB4
IS (AVDD NL1 GND) NL1
MN MIRS ldo_1pl

(0 FLD1 VB3 0) NCH 7V_ISO m=1 _parO="NHVTA ...

MN_MIR6_ldo_1pl (0 FLD1 VB3 0) NCH_7V_ISO m=1 _parO="NHVTA_...
MPS_ldo_1pl (OUT FLD1 net0283 OUT 0) PCH_7V m=1 _parO="PHVIA ...
MN_CC3_ldo_1ipl (0 LDO2 VBS FLD1) NCH_5V_ISO m=1 _parO="NHVIA ...
MP_MIR4 ldo_1pl (AVDD LDO2 VB4 AVDD 0) PCH_DE_A_75A LV m=1...

MP SD3_1ldo_1pil
MP_5D4_ldo_1pl
MP_OUT_1ldo_1pl
MP_SEN 1do_1ipl
Rel 1do_1pl

(AVDD LDO2 EN AVDD 0) PCH_7V m=1 _parO="PHVIA ...
(AVDD LDO2 EN AVDD 0) PCH 7V m=1 par0="PHVIA ...
(AVDD OUT LDO2 AVDD 0) PCH 5V m=1 parO0="PHVIA ...
(AVDD OUT LDO2 NL1 0) PCH 5V m=1 par0="PHVIA ...

(0 BPVDD OUT) RES M3 _par0="RES M3 LBC7" bodyR=0.500...

ahdl_include "VB3/veriloga.va"
ahdl_include "net0283/veriloga.va"
ahdl_include "VB5/veriloga.va"
ahdl_include "VB4/veriloga.va"
ahdl _include "NL1l/veriloga.va"
ends Hybrid Model

// End of subcircuit definition.

Figure 12. Model Code of Example LDO Regulator.
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Figure 14. Load Regulation.

6.2.2. Transient Analysis

For the transient response of the LDO linear regulator,
often the line transient regulation and the load transient
regulation are tested for an LDO behavioral model. For the
line transient response, as shown in Figure 15, the input
changes from 2.8 V to 3.3 V. The output changes from about
1.81 V to about 1.84 V, correspondingly. Not only does the
line transient response curve fit that of the circuit, but also
the oscillation peaks fit very well.

For the load transient response of the LDO regulator, the
output resistance changes from 500 Ohms to 250 Ohms. The
output voltage of the model changes from about 1.848 V to
about 1.846 V, which fits the performance of the circuit well,

shown in Figure 16.

6.2.3. Simulation Speed Comparison

The simulation speed of a behavioral model is another
important parameter for the evaluation of the model. For the
system level verification of a circuit design, it is crucial to
have a relatively fast behavioral model, since that’s one of
the most important applications of the behavioral model — to
decrease simulation time. For some big and complicated
designs, the simulation of the system may take days. Hence,
to shorten the simulation time to a reasonable amount of time,
such as a few hours, the circuit designer benefits a lot and it
makes their work more efficient [15].

The hybrid model of the LDO linear regulator has a much
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faster simulation speed compared with that of the original
circuit. As shown in Table 1, the model speeds up at least 5

times that of the circuit among all the simulations.

Line Transient Response

187 7APVOD Wodel T JAPVDD _Circun L

-

350 400

450
time {us)

Figure 15. Line Transient Regulation.

Load Transient Response

1.6 1.7 1.8
time {ms)

Figure 16. Load Transient Regulation.

Table 1. Simulation Speed Comparison.

Test Bench Simulation Time for the Circuit Simulation Time for the Hybrid Model Speedup
Line Regulation 250 ms 30 ms 83X
Load Regulation 280 ms 30 ms 93X
Line Transient Regulation 1.17 s 220 ms 53X
Load Transient Regulation 550 ms 100 ms 55X
AC Analysis 170 ms 20 ms 8.5X

7. Conclusions

As a behavioral modeling tool, LDOCad can help

modelers to generate a behavioral model in a very effective
way. The whole process is highly automated and convenient
to use. With basic knowledge of the LDO linear regulator, the

user can use the tool to generate a hybrid model. The Spectre
simulator has been integrated into the LDO Modeling Tool to
support Verilog-A and generate 1-D tables.

Modeling approaches, modeling automation methodology
and algorithms, software design and implementation, and
examples for demonstrating LDOCad are included in the
paper. The hybrid modeling method is adopted to model the
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LDO linear regulator because of its superiority in terms of
model simulation speed and feasibility of automation
among all the modeling approaches. Several concepts and
algorithms are used or developed to automate the modeling
process. These algorithms include netlist processing,
signal/feedback path tracing, modeled node and topology
device extraction, table generation, and model topology
formulation, etc. With all these algorithms executed,
topology devices together with tables can be obtained and
integrated automatically. This makes up the hybrid model
for an LDO regulator.

The LDOCad tool for generating a hybrid model for an
LDO regulator has been successfully designed and
implemented. It provides the platform for the user to enter
circuit information for generating a hybrid model. LDOCad
development includes the software architecture design and
the GUI design. With the advent of LDOCad, the behavioral
model of an LDO linear regulation can be automated. Cost
and time saving are enormous for generating an LDO
regulator model with the help of this tool.

Example circuits have been used to demonstrate the
LDOCad tool. The hybrid models generated by the tool are
also tested and compared with the modeled circuits. The
generated models meet the behavioral model requirements
for an LDO regulator. The models represent the most
important electrical performances of the LDO regulators. At
the same time, they have fast simulation speed and good
accuracy.
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