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Abstract
The emergence of new communication standards has put a key challenge for
semiconductor industry to develop RF devices that can handle high power
and high data rates simultaneously. The RF devices play a key role in the
design of power amplifiers (PAs), which is considered as a heart of basestation. From economical point of view, a single wideband RF power
module is more desirable rather than multiple narrowband PAs especially for
multi-band and multi-mode operation. Therefore, device modeling has now
become much more crucial for such applications. In order to reduce the
device design cycle time, the researchers also heavily rely on computer
aided design (CAD) tools. With improvement in CAD technology the model
extraction has become more accurate and device physical structure
optimization can be carried out with less number of iterations.
LDMOS devices have been dominating in the communication field since
last decade and are still widely used for PA design and development. This
thesis deals with the optimization of RF- LDMOS transistor and its
evaluation in different PA classes, such as linear, switching, wideband and
multi-band applications. For accurate evaluation of RF-LDMOS transistor
parameters, some techniques are also developed in technology CAD
(TCAD) using large signal time domain computational load-pull (CLP)
methods.
Initially the RF-LDMOS is studied in TCAD for the improved RF
performance. The physical intrinsic structure of RF-LDMOS is provided by
Infenion Technologies AG. A reduced surface field (RESURF) of lowdoped drain (LDD) region is considered in detail because it plays an
important role in RF-LDMOS devices to obtain high breakdown voltage
(BVDS). But on the other hand, it also reduces the RF performance due to
high on-resistance (Ron). The excess interface state charges at the RESURF
region are introduced to reduce the Ron, which not only increases the dc
drain current, but also improve the RF performance in terms of power, gain
and efficiency. The important achievement is the enhancement in operating
frequency up to 4 GHz. In LDD region, the effect of excess interface
charges at the RESURF is also compared with dual implanted-layer of ptype and n-type. The comparison revealed that the former provides 43 %
reduction in Ron with BVDS of 70 V, while the later provides 26 % reduction
in Ron together with BVDS of 64 - 68 V.
v
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In the second part of my research work, computational load pull (CLP)
simulation technique is used in TCAD to extract the impedances of RFLDMOS at different frequencies under large signal operation. Flexible
matching is an issue in the design of broadband or multi-band PAs.
Optimum impedance of RF-LDMOS is extracted at operating frequencies of
1, 2 and 2.5 GHz in class AB PA. After this, CLP simulation technique is
further developed in TCAD to study the non-linear behavior of RF devices.
Through modified CLP technique, non-linear effects inside the transistor
structure are studied by conventional two-tone RF signals in time domain.
This is helpful to detect and understand the phenomena, which can be
resolved to improve the device performance. The third order intermodulation distortion (IMD3) of RF- LDMOS was observed at different
power levels. The IMD3 of −22 dBc is obtained at 1-dB compression point
(P1-dB), while at 10 dB back off the value increases to −36 dBc. These
results were also verified experimentally by fabricating a linear PA.
Similarly, CLP technique is developed further for the analysis of RF
devices in high efficiency operation by investigating the odd harmonic
effects for the design of class-F PA. RF-LDMOS can provide a power
added efficiency (PAE) of 81.2 % in class-F PA at 1 GHz in TCAD
simulations. The results are verified by design and fabrication of class-F PA
using large signal model of the similar device in ADS. In fabrication, a PAE
of 76 % is achieved.

Keywords: RF-LDMOS, power amplifiers, technology CAD, load-pull,
non-linear analysis, and switching analysis
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Preface
This thesis presents research work performed during my PhD studies from
May, 2005 to September, 2010 at Semiconductor Materials Group in the
Division of Material Science at the Department of Physics, Chemistry and
Biology (IFM), Linköping University, Linköping. Some partial work is done
in collaboration with Division of Electronic Devices, Department of
Electrical Engineering (ISY), Linköping University, Sweden and Microwave
Group of National Engineering and Scientific Commission (NESCOM),
Islamabad, Pakistan.
This thesis is mainly composed of two parts. First part covers
introduction, RF-LDMOS transistor design and its optimization in TCAD
and PA characterization. The main motivation behind this work is accurate
large signal characterization of RF-transistors using Computational Load
Pull (CLP) techniques in TCAD and its validation with experimental data.
The second part of the thesis presents our research results which are
append in form of published and submitted papers.
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Chapter 1

Introduction
1.1 History of RF- Devices
In RF communication system, the power amplifier (PA) is considered a vital
component. Its functionality is directly related with the performance of the
RF-devices. The emerging communication standards demand for high
performance RF-devices.
Historically, vacuum tubes were used to amplify the signal. First three
terminal (triode) vacuum tube was reported by Lee De Forest in 1906 [1].
While the basic principle of first solid state semiconductor device was a
surface field effect transistor (FET), patented by Julius Edgar Lilienfeld in
22nd October 1925 [2]. Later on, Dr. Oscar Heil described the possibility of
above theoretical FET transistor (British patent in 1935) in a realistic way by
controlling the resistance in semiconducting material with an electric field
[3]. Bipolar junction transistor (BJT) is considered as first working transistor
reported by John Bardeen, Walter Brattain and Walter Shockley at Bell Labs
in California in 1947 [1]. Though the theory of the FET transistor was older
(~ 20 years) than the BJT, because at that time good semiconductors and its
fabrication process was not mature enough to fabricate FET devices. First
bipolar transistor was made on germanium, but soon silicon replaced the
germanium in 1960 due to ease in fabrication process, by the passivation of
SiO2 layers [4]. Meanwhile the Jack Kilby and Robert Noyce proposed the
idea of integrated circuits “integration of multiple devices on a single chip”
by photolithography to implement multiple layers with specific properties in
1958. Just two year later (in 1960), D. Kahng and M. M Atalla developed
the first working metal oxide semiconductor FET (MOSFET) based on

1
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Shockley’s theories [5]. Even after the development of first MOSFET, the
commercial MOS devices took one more decade to resolve the fabrication
problems.
In the beginning, germanium based BJTs were used in communication
systems upto 1 GHz applications [4]. Later on, Si based BJTs enhanced the
operation upto 3 GHz. Meanwhile for improved performance, III-V
compound semiconductors, GaAs, AlP, InP, InSb, AlGaAs, GaAsP etc.,
were studied to design the RF devices (BJTs, MESFET, HBTs etc.). In 1951,
Shockley patented the basic principle of hetro-junction bipolar transistor
(HBT) [6]. In 1970’s, first GaAs based BJT was developed for high
frequency RF applications to counter the Si -BJTs limitations. But it had two
major problems to cater with. 1) Noise factor due to low mobility of holes in
the p-type base of BJTs, and 2) high cost. In 1980, GaAs based metal
semiconductor FET (MESFET) devices were developed based on the
principle of Schottky diode. It achieved some commercial success as lownoise and medium power transistor and operated upto 12 GHz, but was still
costly. Today such devices are operating upto 50 GHz [7].
Before1980, the wireless communication system was mostly used only
for broadcasting radio, TV and radars communication both for commercial
and military applications rather than point –to- point communication. In
1990, the cellular communication system brought a new start up of
technologies in wireless communication system by introducing transfer of
data and voice conversation together at high operating frequencies. Hence,
we can say that cellular communication systems enhanced the production
and development of the solid state devices rapidly to meet the low cost goals
with higher performance.
In 1996, laterally diffused metal oxide field effect (LDMOS) transistor
replaced the silicon BJTs [8] due to advantageous properties such as, low
inter-modulation, higher gain and reduced thermal effect [9]. In LDMOS
devices, its substrate provides large area contact to dissipate heat exclusively
compare to other devices and this also resulting only two terminals (gate and
drain) left on top, suitable to reduce the effect of source inductance enabling
the transmission lines easier. This is the reason that LDMOS devices have a
dominant role in the communication field (low frequency applications upto 4
GHz). They are used in RF amplifier for more than a decade in various
systems e.g. HF, UHF and VHF, cellular and WiMAX base stations [10] –
[16].
2
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In recent years, wideband gap (WBG) semiconductors, SiC and GaN, are
promising semiconductors for future RF applications due to their physical
properties like high breakdown electric field, and thermal conductivity etc.
[17]-[22]. Such properties of WBG semiconductors are helpful to reduce the
size of devices and beneficial for portable military applications, where the
reduced size is also important along with high performance. Though GaN
devices provide 10 times higher power density as compare to Si-LDMOS
devices, but cost factor is not comparable. Secondly, high power density is
not beneficial until the package of the device can manage the thermal
management properly. Hence GaN devices are mainly focused in the
communication market at those frequencies which are not handled by SiLDMOS devices. Nowadays, GaN devices are grown on Si wafers to reduce
the cost for commercial aspect, but there is a compromise on thermal
conductivity. Table -1.1 [23] shows comparison among physical properties
of the different semiconductors. It shows that future RF devices can be
designed on III- V semiconductors, such as GaAs and GaN, but these
devices are not comparable with LDMOS devices below 4 GHz, due to low
fabrication cost.
Table- 1.1 Comparison among physical properties of semiconductors for RF
applications

Physical properties

Si

GaAs

InP

4HSiC

GaN

1.1

1.42

1.35

3.26

3.28

1400

8500

5400

900

2000

0.3

0.4

0.5

3.0

5.0

2.3

4.4

3.9

1.9

2.1

1.5

0.5

0.7

3.7

1.3

HBTs
MOSFET

BJTs
MOSFET
HBTs

MESFETs
HEMT
HBTs

MESFETs
HEMTs
HBTs

MESFETs
HEMTs

MESFETs
HEMTs

High

low

high

v. high

v. high

v. high

SiGe

Band Gap
0.84- 1.1
(eV)
Mobility
1400-4315
(cm2/ Vs)
Critical Electric Field
0.3
(MV/cm)
Electron thermal velocity
2.4
(107 cm/s)
Thermal conductivity
0.8-1.3
(W/cm.K)
BJTs
Transistor Type
Cost
per mass fabrication
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1.2 Figure of Merit for RF Transistor Design
Figure of merit (FoM) is a straightforward way to study the performance of a
transistor. It provides the performance comparison of different devices from
different manufacturers having same technology. It is also helpful to
compare the technologies based on different semiconductors (e.g. Si, GaAs
and GaN etc) as well as devices (e.g. MOSFET, LDMOS, MESFET,
HEMTs and HBT etc.). FoM is derived by dc, small-signal and large signal
analysis to analyze the device accordingly to the RF applications.
DC analysis is taken by input (gate) and output (drain) current-voltage (IV) characteristics as shown in Fig. 1, dc analysis provides the drain -source
breakdown voltage (BVDS), on-resistance (Ron), knee voltage (Vk) and
transconductance (gm). The BVDS is shown by circle in Fig. 1.1(a), while Ron
is calculated from the slop of the linear part of the drain current-voltage (IV) characteristics (Fig. 1.1(a)). The knee voltage (Vk) of the FET transistor
is an important factor to improve the drain efficiency of the device together
with Ron. Because small Vk provides large swing of RF voltage at the given
drain bias.
The transconductance (gm) of MOSFET in a saturation region is defined
by following equation [24];

g

m

=

∂I D ( sat )
∂VG

=

Z .Cox. µ n
(VG − VT )
L

(a)

(1.1)

(b)

Fig. 1.1 I-V characteristics of LDMOS transistor at (a) Output (drain) b) input (gate).
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Where Cox is the gate capacitance, µ n is the channel mobility and Z, L
represents the width and length of the gate respectively. Fig. 1.1(b) shows
the gm curve of an LDMOS transistor which is defined by above equation
(∂ID/∂VG). (Note: In LDMOS devices, gm curve is reduced in the
compression region due to low doped drain (LDD) region [25].)
In RF – transistor design, the frequency of operation is a key feature
which depends on transition frequency (fT) and maximum oscillation
frequency (fmax), extracted through small- signal analysis. The fT provides
how rapidly a transistor can transfer charge in its channel from gate to drain.
Therefore the value of fT depends on gate –source capacitance (Cgs) and
transconductance (gm) written as following;

g
m
f =
T 2.π .C
gs

(1.2)

And fmax is defined by unilateral gain (U) of the transistor [26]:
f
U =  max
 f

f
max

f
= T
2





2

(1.3)

Rout
Rin

(1.4)

In principle fmax gives the intrinsic switching speed which depends on
high output and input resistance (Rin). The Rout can be approximated by the
slop of the drain current in saturation region of the transistor from dc I-V
characteristics, while Rin is calculated from the real part of the input Yparameter (Y11).
The most important FoM in RF- transistor design is its accurate largesignal analysis for optimal bias point selection, which can affect the
performance of PAs. Therefore, PA designers mainly focus on large signal
analysis of the RF -transistor and try to extract an accurate equivalent circuit
model. Load -pull (LP) measurement is common to extract the parameters of
5
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the transistor for PA design in terms of RF-output power (Pout), power gain
(G), drain efficiency (ηd), power added efficiency (PAE) and the distortion
behaviors etc. [7].

1.3 Future trends of RF-Technology
RF-technology has a major share in wireless communication market. Today,
various commercial communication standards are in use. For future aspect,
there is a need to operate several RF applications with signal solution having
low cost, smaller in size and high market potential. Therefore, the demand of
RF- devices are continuously increasing from the last decade and it will
remain in future as well.
Nowadays, PA designers face new challenges due to rapid enhancement
in the cellular communication technology, for example need to fabricate
good RF devices with higher power levels and operate at higher frequencies
but with low cost as well. Thus the future trend demands an accurate
characterization of RF devices both at circuit and device level to enhance the
system performance at an optimal condition in a reduced time. There is also
a need to couple the RF characterization both at circuit and device level in
order to utilize the active device adequately.
Technology computer aided design (TCAD) is a versatile tool to design
the semiconductor devices prior to fabrication and its optimization [27]-[28].
TCAD software is based on physical models to describe the active device in
terms of the carrier transport equations together with geometrical limitations.
Physical models need larger computational resources compare to the
equivalent circuit models due to a huge set of the transport equations, but
provides a valuable insight view of the device and characteristics to be
closely related to the device structure [29]. Today computers having faster
clock speed and large capability of data storage in memory tracks. So, it is
possible for device designers to study the device’s operation before
fabrication in a reduced time. This may also reduce the number of iterations
required for an optimized design, hence saving the cost. Therefore, currently
PA designers are focusing on TCAD approaches for the large signal analysis
of RF-transistor as an alternate method and its capability has already been
demonstrated on different devices for different communication systems [2931].
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In this research work, our emphasis is to establish new TCAD methods
that could be useful for the characterization of physical structure of RFpower transistor in PAs design.

1.4 About Thesis
This research work is composed of two parts. First part covers RF-LDMOS
transistor design, to enhance the RF performance in terms of RF power and
operating frequency [Paper-I]. The optimization of RF-LDMOS is studied
in two different techniques; i) surface doping technique and ii) excess
interface charges technique at the RESURF (reduce surface field) of low
doped drain (LDD) region in order to compare the most important trade - off
Ron and BVDS, which is also important factor for achieving good RF
performance [Paper-II].
The second part of the thesis is about large signal characterization of RFtransistors using computational load-pull (CLP) techniques in TCAD for
design and development of PAs. Large signal time domain CLP technique is
a useful method to extract the large signal parameters as well as to identify
the performance-killing phenomenon to predict the transistor’s performance
in a real circuit context [31]. Through CLP technique, both input and output
impedances can be tuned at various frequencies which are helpful in the
design and development of broadband / flexible PAs [Paper-III & VI]. The
CLP simulation technique is further developed in TCAD to study the nonlinear behavior of RF devices. Through modified CLP technique, non-linear
effects inside the transistor structure are studied by conventional two-tone
RF signals in time domain. This is helpful to detect and understand the
phenomena, which can be resolved to improve the device performance
[Paper-IV]. The demand of transferring the high data rate increases in
present and future communication systems. Therefore, CLP technique is
extended to study the switching behavior of RF- transistor for high
efficiency PAs e.g. class F mode [Paper-V]. All these techniques are useful
for PAs and to characterize the RF- transistor with large signal operation
adequately, which is helpful to reduce the design time of cycle important for
rapid enhancement from industry point of view.
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Chapter 2

Technology Computer Aided Design (TCAD)
TCAD is a branch of the electronic device and circuit design automation to
model the semiconductor device performance before fabrication. The
concept of TCAD was first introduced for the physics-oriented challenges of
bipolar transistor in the beginning of 1970s for process control issues
through the modeling approaches in one- and two-dimensional solutions [1].
The TCAD standards initiated by S. G. Duvall in 1988 [2]. Now TCAD
tools are playing key roles in the development of new type of semiconductor
technology. It provides technology development in especially, for deep submicrometer devices to see insight during device operation, what is
comparable to the measurement of device after fabrication. In this way, the
optimization of device is much easier with less financial and manpower
resources required by the no. of experiments. Moreover it is also helpful to
speed-up the technology for integration [3]. Now TCAD is considered a
versatile tool for the development of semiconductor technology and provides
realistic process steps for the fabrication, such as, diffusion, ion
implantation, etching, metallization as well as explores the electrical
properties based on semiconductor physics models.
The aim of TCAD simulation is to obtain an accurate prediction of
device performance with respect to physical parameters, such as the
thickness and doping concentrations of different layers and regions, and
stress distribution in the device geometry [4-5]. A designed device, e.g. FET,
is represented in TCAD device simulator as a “virtual” device whose
physical properties are defined by grid or mesh. The simulations in 2dimensions with defined boundary conditions are performed to analyze the
basic behavior of the device carefully from intrinsic to final stage including
parasitic effects before fabrication. The hydro-thermal model in TCAD can
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also be used to obtain self heating effect due to current flow in the device
while the transient analysis provides the small and large signal analysis.

2.1 Device Simulation
TCAD modeling is an art to study the electrical behavior of virtual designed
devices by critical analysis and detailed understanding based on computer
simulations with device engineering, process development and circuit
design. Device simulation helps to realize the behavior in an obvious way
and also show the physical limitations at process and manufacturing level.
When the device structure is designed in TCAD, either in 2-D structure
editor (MDRAW in Synopsys) or process simulator, the device simulator
(e.g. DESSIS is in Senturus TCAD) solves the Poisson equations by coupled
systems of partial differential equations (PDEs) under selected boundary
conditions.
The grid file provides the description of the various regions regarding
material type, doping concentrations and the location of electrical contact to
the device simulator for the analysis (dc, AC analysis, Noise, transient and
large signal cyclic analysis) on the basis of device physics in cylindrical
geometries, drift diffusion, thermodynamics, full band Monte Carlo,
mobility models [6]. In device simulation, the mesh of the device is a part of
the design to create the nodes at different regions for electrical measurement.
The dense mesh is always required at regions of high current density and
electric field for obtaining accurate results close to experiment. In case of
LDMOS the channel and low doped drift region need comparatively dense
grid than other regions. A typical design flow of the device simulator is
shown in Fig. 2.1.

Fig. 2.1 Design flow for device simulation
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A mixed device and circuit level simulation in TCAD provides a suitable
solution to study the performance in a real circuit perspective. In this way
the circuit stresses on the transistor can be studied in detail and also helpful
to adjust the critical issues like packaging and related device parasitic.

2.2 TCAD Advantages over other CAD Tools
TCAD simulations have a significant role to reduce the design time for the
technology development. To develop the devices and circuits precisely, its
friendly graphical user interface (GUI) provides a reasonable information
and understanding to device designers, semiconductor researchers and
process engineers. This is the main reason; nowadays TCAD tool has a
dominant place in semiconductor industry for technology development. Its
main advantages are;
• Provides information about the wafer state such as topography, dopant
profile and current density for the optimal device development which
is not clear in other CAD tool (mostly defining the layout only).
• On the basis of wafer state a desired device can be processed
satisfactorily with the help of process simulator and also ensures the
design reliability. Thus, the time and cost in technology development
reduces with practical approach.
• TCAD provides a simplified method to describe the circuit behavior
based on complex device equations into an analytical form [7].
• Mixed mode TCAD simulate the device with spice circuit models for
better reliability, because the effects of electro-migration, ESD
(electro-static discharge), hot carrier, oxide breakdown and latch-up
phenomena which is not possible to study in other CAD tool.
• With the help of TCAD, the circuit designers can investigate the
feasibility and impact of process modification to increase the
performance of the technology.

2.3 TCAD Applications in Different Areas
The prediction of future trends and the direction of technology is always a
hard proposal, because in technology development the rate of change
devices depends on the high performance in compact size. But it is not easy
to control the device scaling issues properly according to technology roadmap defined by Moore’s law. Sometimes theoretical approach provides a
12

32

pre-defined concept about the device design but the fabrication has its own
limitations and may need more time for proper implementation (e.g. the
concept of FET device came in 1925, but its practical implementation was
done in 1958). Now the use of TCAD tool provides a better approach for
both device design and its fabrication that, what is the next technology or
transistor demand and how it will be processed in a better way, such as its
yield and reliability etc. Some examples about the role of TCAD in different
areas are;
•

Nowadays, MOS technology having dimensions about 45 nm is in
production while 32 nm or below are in process. TCAD provides a
detailed statistics of dopant distributions with conventional methods
under different growth conditions, and also provide the alternate doping
methods and technologies for junction formations to overcome the
problems of process such as shallow junctions, controlling thresholds,
and compound problem of gate stack scaling such as spacer. Now
simulations are focused on nano-device scale modelling e.g. 10 nm
devices [8].

•

As semiconductor devices are approaching at atomic scales, therefore
devices can also have dimensions comparable to many biological
microstructures. TCAD has potential to give an overview to solve the
challenges in modeling of electronics with the domains of
biotechnology. Recently, biosensors in molecular identification and
quantification applications were studied in TCAD [9]-[10].

•

In recent years, the use of wireless communication increases gradually
in different areas such as broadcasting, local area networks, cellular
telephone systems, ultra-wideband and low cost low power radios, wide
area wireless data services and portable military applications etc. All
these applications directly or indirectly depend on the functionality of
the RFICs (such as transreceiver, power amplifiers) to operate with
multi-bands and multi-standards as well as need compact solution. For
RFICs, the designers struggle to improve the functionality of RFtransistors with different ways such as designing of RF devices with
new semiconductors SiGe, SiC, GaN, AlGaN, and ZnO or by
implementing the new architectures such as envelope tracking, and
envelope elimination restoration. TCAD tool provide a reasonable
platform to study the performance of RF- transistor in both way by
material [11-13] as well as architectures with the help of some
computational techniques at device level [14]-[17].
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TCAD uses finite element method or matrices to solve the
semiconductors physics equations together with virtual device structure. It
takes a lot of computational resources and time as compare to other CAD
tools. To overcome this drawback, the computational techniques are also
developed to characterize the RF-device properly prior to fabrication at
device level as mentioned in paper-I, III, IV, V, and VI. Through
computational technique in TCAD, it is possible to predict the device
performance adequately for PA design. Thus, it provides an initial ground
work and can be able to study the performance killing factors of the
transistor with parasitic effects. The detailed discussion about how TCAD
approach is beneficial in PA design for RF –characterization is discussed in
Chapter 4.
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Chapter 3

Power Amplifiers (PAs)
High performance power amplifiers (PAs) are always demanding in wireless
communication systems with superior linearity and high efficiency, both for
narrow and broadband applications. In PA design, the power performance is
directly depending on the RF power-transistor behavior, which is the key
component [1]. Therefore, proper selection of the active transistor is very
important, this means, device should have low on-resistance, high output
current, higher drain-source breakdown voltage, low harmonics behavior
together with desired operating frequency and bandwidth. For optimal PA
design, the best approach is to study the real behavior of RF-transistor from
device to circuit level. Usually, RF-designers built an equivalent circuit
model of the active transistor, based on small and large signal. For example
high gain and low noise amplifiers can easily be designed on the basis of
small signal S-parameters because are utilized in the receiver where the
available signal level is low. The large signal analysis is performed in power
amplifiers because it is used in transmitters where high RF power is desired.
It is therefore, challenging to predict an accurate large signal model due to
several variables with respect to input RF signal [2].
The main goal of small and large signal analysis is similar; to obtain
proper impedances both at the input and output ports of device under test
(DUT). The difference is only in the impedances measurement techniques.
Current–Voltage (I-V) characteristics are sufficient in case of small signal
analysis because the signal level is small and close to quiescent or bias
points, while in the case of large signal analysis, techniques, such as passive
or active load-pull and two ports large signal S-parameters characterization
etc are required [3].
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3.1 PA Design Considerations
RF-transistors play a key role in PA design; therefore are especially
designed to deliver the desired RF output power, high gain and efficiency.
For this purpose, optimization of various manufacturing process and
package parameters has vital role. Normally, high RF output power is
achieved by parallel placing of many transistors (or gate fingers) on a single
chip/die and in a package which is often a gold plate heat sink to remove the
generated heat from chip.
RF - LDMOS transistor is used in this research work, widely utilized in
the following telecommunication bands (e.g. GSM, GSM- PCS, and WLAN
802.11b applications) as shown in Fig. 3.1.

Fig. 3.1 Frequency spectrums with communication bands [4]
A single stage amplifier setup is shown in Fig. 3.2 in which amplifier
configuration with transistor is represented by a box at the centre. The input
(IMN) and output matching networks (OMN) are parts of the amplifier to
reduce unwanted reflections. Pin is input RF power to the amplifier while PL
is the RF power to the load. Гin and Гout are the reflection coefficients at the
input and output. Similarly ГS and ГL are the source and load reflection
coefficients respectively [5]. dc biasing network is used to bias the transistor
of an amplifier for a specific performance and class of operation.
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Fig. 3.2 A single stage amplifier set-up [5]
Usually 28 V dc supply is used for the base station PAs. (Note: High power
rating of LDMOS transistors will be available soon for the base-station
applications with 50V dc power supply upto 1 kW handling power claimed
by both NXP and FreeScale [6] - [7]). In normal telecommunication system,
IMN and OMN are equal to the characteristics impedances (normally 50 Ω).
The following characteristics are important in PA design;

3.1.1 Output Power
RF- transistor is the most important part, because high output power is
always important to transmit the signal to a long distance. In this way, the
number of mobile telephone base stations is reduced in numbers, and this is
one example since mobile telephone is one of the biggest market in wireless
communication system. This is the reason; why designers are forced to use
the low cost transistor in PA design with higher RF output power. LDMOS
devices provide power in the transmitter for GSM base station in the range
320 – 640 W [8].
a) Output Power at 1-dB compression point
Compression point 1-dB is referred to the point in output power curve of an
amplifier when the power gain of the amplifier is reduced by 1-dB. This
point is often used to define the output power performance of an amplifier.
The gain is constant in the linear region where the input signal is small to
medium. The saturated power at which the power gain is 1 dB less from
small signal regime is called 1-dB compression point [9], this point is
illustrated in Fig. 3.3 [Paper –VI].
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Fig. 3.3 Power sweep to study the 1- dB compression point of PA

3.1.2 Power Gain (G)
There are various definitions of the power gain such as transducer power
gain, unilateral power gain and operating power gain etc. These definitions
are used to understand the critical phenomena of an amplifier functions.
Usually the Power gain or Operating power gain (G) is mostly considered
in the designing of power amplifier, which defines the ratio of the power
delivered to the load and the power supplied to the amplifier.
G =

power deliverd to the load
P
= L
power supplied to the amplifer Pin

(3.1)

For optimal performance of PAs, constant gain is important with large
input signal span. 18-20 dB of power gain at 2 GHz as reported for a modern
100 W Si- LDMOS [10].

3.1.3 Efficiency
The ability to convert the dc power into RF output power is called the
efficiency of the transistor or amplifier. There are two main definitions
widely used in PA design; drain efficiency (ηD) and power added efficiency
(PAE).
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Drain Efficiency (ηD) is defined by the ratio of the RF output power to
dc input power [11]

ηD =

PRF(out)
PDC

(3.2)

Where PDC = Vdc* Idc
Power Added Efficiency (PAE) is a useful term to define the efficiency
with net boost given to a signal that passes through an amplifying stage. This
is an important parameter in PA design system where dc power is limited or
overall heat dissipation is of prime concern [9]. PAE is defined by:
PAE=

PRF ( out ) − Pin
PDC

(3.3)

PAE and ηD is almost same. From eq. (3.2) and (3.3), the efficiency is
directly affected from biasing of the transistor. Theoretically, the efficiency
increases with reduced conduction angle (Ө). For example, class A can have
a maximum efficiency upto 50 % (Ө is 3600), while class AB (Ө is above
1800) and C (Ө is 00) has theoretical values upto 78.5 and 100 %
respectively [11].

3.1.4 Linearity
Linearity is an important parameter in PA design; especially in case of new
standards in communication systems. Since by definition, transistor is a nonlinear device, therefore non-linear behavior is not possible to remove
completely. Thus, an amplifier works linearly upto a certain level of input
signal. After this PA operation goes in a compression region and generates
harmonic signals. An additional filter circuit is required to dump such
harmonic signals, but closely spaced signals are not easy to filter out directly
and may cause distortion, referred as, intermodulation distortion (IMD).
The compression point shown in Fig. 3.3 gives a rough assistance about
the maximum available linear RF output power. For more precision
normally a multi-tone input signals are applied to study the non-linear
behavior or IMD products relative to considering the reference point,
typically measured by two-tone test. Two closely tones f1 and f2 with narrow
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frequency spacing are simultaneously applied. Due to PA nonlinearity, IMD
side bands will appear at the output signal as illustrated in Fig. 3.4.

Two-tone signal

Output Signal

Fig 3.4 Two-tone power spectrums with IMD3 and IMD5 [16]
In practice, more side bands often appear at the both sides (e.g. 2nd, 3rd,
5 , 7th and so on), but normally the designers consider 2nd and 3rd IMDs
only, because it lies inside the bandwidth of the channel and not easy to
remove or filtered [8], [12]. Fig. 3.5 shows 3rd order intercept point based on
an idealized two - tone measurement.
th

Fig. 3.5 Illustration of two-tone test results, 3rd order input/ output intercepts point
(IIP3/ OIP3) together with IMD product [16]

The designers are trying to suppress IMD levels upto -70 dBc to meet
high demand of multi–carrier mobile telephones by increasing the linearity.
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This is a main reason, linearity received intense attention. To my knowledge,
the maximum reported value of IMD in LDMOS is around -57 to -60 dBc
for WCDMA carrier signal, + 10MHz offset frequency at 2.14 GHz [14].

3.1.5 Stability
The amplifier can become unstable due to the combination of the different
load and source impedances. The cause of instability is the gain to drain
coupling, and layout of the amplifier. To avoid the expansion of inherent
device feedback capacitances, the designer embedded 50 Ω value for source
and load to stabilize the transistor operation. Otherwise there is possibility
that the PA can start oscillating [11].
The stability is usually defined into two types; unconditional and
conditional. If |Гin| and | Гout| < 1 for all passive source and load, then the
circuit will be Unconditionally Stable, while if |Гin| and | Гout | > 1 for a
certain range of passive source and load is called Conditionally Stable [15].
The stability is also defined by the stability factor (K), for example if

2

K=

If

∆ p1

the

1 - S11 2 − S 22 + ∆2
2 S12 .S 21

amplifier

will

(3.4)

f1

be

unconditionally

stable,

(Where ∆ = S11S 22 − S12 S 21 ).

3.2 PA Classification
PAs are mainly divided into two parts; linear PAs (e.g. class-A, B and
AB) and non-linear or switching PAs (class-C, D, E and F so on). This
section described briefly about general classification of PAs along with their
merits and demerits.
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3.2.1 Linear PAs (Class A, B and AB)
Class- A PA operates for a certain desirable (high) linearity at the expense of
efficiency across the full input and output range. To achieve the full period,
Q-point is adjusted at mid of the maximum drain current (Id).
In class-A, peak-to–peak sinusoidal voltage is around 2VDD. The
maximum drain efficiency (ηD) will become 50 %. In practical design, it will
be less than 40 % [16].
Class-A provides linearity at the expense of efficiency and relatively
large device stress. Normally, it is used in low–level applications or as early
stage of a cascade design.
In class-B, the bias point (Q-point) is adjusted to the output of active
device at every half cycle (50 %) to enhance the efficiency. The drain
current (id) is sinusoidal for the first half cycle and zero for the other half
cycle. Output power is approximately same as class-A PA operation while
2
dc power will be 2VDD . Hence the efficiency is around π/4 = 78.5 %. In
ΠR

practice, it is not possible to achieve the exact conduction angle (Ө) of 1800.
Therefore, class-B is considered as theoretical and its concept is useful for
the classifications. However, some example exits in class-B PA operation in
form of push–pull amplifiers, which is normally used for audio applications.
The dissipated power is higher in class-A to limit the efficiency, while
the class-B is not feasible. Therefore, class-AB PAs represents a reasonable
solution to compromise between class-A and B in terms of linearity and
efficiency. In that case, the transistor is normally biased close to threshold
voltage. Today class-AB PAs are famous, and in use for linear PA
applications in the telecommunication technology. LDMOS devices are most
favorable up to 3.5 GHz, and mainly used in this class.

3.2.2 Switching PAs (Class C - F)
Switching PAs are attractive due to high efficiency as well as reducing the
operational cost. In switching PAs, the efficiency is critical instead of
linearity, such as in case of class-C, D E, F or F-1 [3]. The idea of the
switching PA was first proposed by Ewing, G. in 1964 [17].
Class- C: In this class, RF transistor is switched on for less than half
cycle (Ө < 1800), it means amplifier operates as a switch. A tank circuit is
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used at the output to create a sinusoid signal. If Ө assumes at zero, then the
current drawn from the device is assumed to be a piece of the input signal
and the output voltage is a sinusoid with a peak voltage to VDD. At this
condition, ηD will be 100 % and the actual power delivered to the load will
be proportional to Ө defined by following relation;
PRF ∝

θ − sin θ
1 − cosθ

(3.5)

The true class-C is not suitable for transreceivers, because if the ηD is 100
% then the peak output power, power handling capability and gain
approaches to zero [11],[16]. These entire factors forced to use this class for
less than 100% efficiency in piratical applications (not in an ideal condition).

Class-D: utilizes the output power for a half of the period as turned “on”
and remaining half as turned “off” (as switching mode). It works similar to
push-pull class-B with two transistors; the only difference is that the
transistors work in switching mode rather than linear amplifications. During
operation, if one transistor goes to zero voltage than other is forced to a
voltage of 2VDD, as a result transistors act like a switch and have ηD of 100%
theoretically. It is also known as digital amplifier and most favorable with
square wave signals.
The power handling capability is around 1/π (0. 32) much better than all
above classes). Thus good ηd can be achieved with less stress on devices.
The only drawback is non-zero saturation voltage has static dissipation in
switching behavior, this is the reason it will perform well below cut-off
frequency (fT) [11].

Class- E: To obtain the ideal high efficiency (100%), the idea of class E
amplifier was first presented by N. Sokal [18]. In such class, high efficiency
is obtained along with delivering a good output power which has an
advantage over class-C PA operation. Class-E deals with finite input and
output transition times by proper load. As discussed in class D, the static
dissipation will degrades the efficiency; therefore proper harmonic loading is
required to force a zero switching for non-zero interval of time. Hence it
exhibits a trade-off between efficiency (η) and output harmonics.

25

45

Another disadvantage of class-E is large peak voltage that the switch can
sustain in the “off” state (~ 3.56 VDD) [18]-[19]. The maximum output power
will be taken as following:
PRF =

2
2
 VDD

 VDD





≈
0
.
577
2 


R 
π  R 

1+
4

2

(3.6)

The power handling capability is quite low ~ 0.098. Due to high
switching stress, it is not implemented gracefully with trend of low power
technologies (for example in CMOS technology). However, Class E has an
excellent performance with discrete components [11].
Class-F or F-1: The basis of these modes consists of loading the active
device output with appropriate terminations at fundamental and harmonic
frequencies to improve efficiency (similar to class-E). But, when the drain
voltage waveform adds odd harmonics to build the shape of the square wave,
than the drain current waveform will add even harmonics to build the shape
towards half sine wave. In this way, no power is generated at the harmonics
because there is either no voltage or no current present before at a given
harmonic. Therefore, ideal efficiency (100%) can be achieved together with
desired (high) output power by proper controls of the harmonic loads.
Alternately, in case of class- F-1, the drain voltage can be used for a half sine
wave by adding the even harmonics while drain current creates a square
wave [20]-[21].
In class-F, total peak-to-peak voltage is seen to be twice, so the
fundamental component will be equal to (4/ π).2.VDD. Therefore, the output
power delivered will be [11]:

4 )V )
(
(
= π

2

PRF

DD

2R

(3.9)

Since, class F or F-1 has no power dissipation in switching behavior;
therefore, they are capable of maximum efficiency and also superior to
class-E due to twice of power handling capability.
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At the end, a summary about the state-of-art PA classifications based
on Si- LDMOS device is illustrated in Table- 3.1.
Table 3.1 State-of- art in different classes of PAs based on LDMOS devices
Class
A
AB
C
D
D
D-1
E
E
E
F
F
F-1

Freq.
(GHz)
3.5
2.69
0.88
1.8
2.5
1.0
1.0
2.14
3.7
0.5
2.1
1.0

Pout
(dBm)
34.2
36
30.3
47.0
60.3
43.0
39.1
39.8
--49.0
35.9
41.2

G
(dB)
12.9
12.6
28.7
-15.5
15.1
14.8
13.8
8.3
-24.0
16.0

PAE/ηD
(%)
21.1/--39 /44
64 / ----- / 63
59.7/----/ 71
73.6 / 76.1
--- / 65.2
74 / 87
--- / 76.6
77 / --71.9 / 73.7

Ref.
(Year)
[26] (2008)
[27] (2010)
[28] (2004)
[29] (2005)
[51] (2010)
[23] (2006)
[22] (2006)
[24] (2007)
[52] (2009)
[20] (2005)
[30] (2008)
[25] (2006)

There are some other high efficiency classes also exits such as G, H and
S etc. Such classes use different techniques to increase the efficiency. For
example, G and H use resonators and multi power-supply voltage to reduce
the power. While class-S uses a similar switching technique like class D, and
E.
All above PA classes directly depends on the performance of power
transistor and design considerations. Each classification of PAs is limited by
the physical limitations of the active devices. For example in FET devices,
there are four fundamental effects forced to deviate the ideal performance of
PAs; on – resistance, maximum channel current, avalanche breakdown and
drain to source breakdown voltage.

3.3 Large Signal Characterization in PA Design
To obtain the optimal performance in PA operations, the large signal
impedance matching is an important factor to deliver the maximum power to
the load. The well-known established technique for the large signal
characterization is called “Load-pull”. It performed under different signal
excitations, power levels and frequencies both in on-wafer or in-fixture set27

47

up [31]-[32]. The method also has flexibility in measurement to characterize
the transistor at different sizes and frequencies for an accurate modeling of
the transistor.

3.3.1 Load-Pull (LP)
Specific impedance terminations are important at the edges of device under
test (DUT) to obtain desired PA design considerations, such as output
power, gain, linearity and efficiency etc. Typical load pull measurements are
plotted as contours of equal performance as function of input and output
impedance termination superimposed on a smith chat [33]. The load-pull
contours are in use for the design of solid state power amplifiers to extract
the optimum impedance values [44]. The basic diagram of the load- pull test
setup is illustrated in Fig. 3.6. The desired signal is generated by source,
while dc supply is used to bias the DUT.

Fig. 3.6 Basic load-pull test setup for the large signal RF characterization
Source and load impedances are obtainable by impedance tuners. A
power meter demonstrates the delivered power to the load. (A simple way of
power measurement, modern sensors provides upto 114 dB dynamic range
for CW signals, while for modulated signal it has 50 dB dynamic range
[33]). The spectrum analyzer characteristics show the behavior of RF signal
[44]. Different signal excitations are applied through RF signal source to
create the contours of impedance smith chart for an optimal PA design. In
load-pull, mechanical impedance tuners are used which consist of slab
termination lines loaded by one or more sliding stubs. These mechanical
stub tuners have limited range of impedances due to losses in the tuner
reflection co-efficient. Nowadays, modern load-pull systems are classified
into two main types; Passive and Active load-pull.
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In Passive load-pull, highly precise electromechanical or PIN diode
based tuners are in use for approaching the accurate matching. The PIN
diode based tuners provides much better repeatability as compare to
electromechanical tuners, but also have limited number of impedance states.
Such type of system is capable to measure the RF device upto 100 - 200 W
with 1 Ω impedance upto frequency range around 2 GHz. For higher
frequencies like 40 GHz, we have to reduce the power rating upto 20 W
[33]. The major disadvantage of the passive load-pull is that it can’t handle
those power devices which have optimum impedance values below than 1
Ω.
Active load-pull is a famous method of large signal characterization due
to fast speed as compare to conventional load pull and has possibility to
reach the reflection co-efficient > 1, and also compensate the losses of the
system in matching the interface of the DUT. The load impedance is
synthesized by sampling the output signal, modifying its phase and
amplitude. In such case, the load impedance is completely synthesized
according to following relation [35]:

ZL = 50

1+ Γ
1- Γ

(3.11)

Fig. 3.7 illustrates the block diagrams of the active load- pull system. An
amplifier together with a phase shifter and attenuator is used as active
impedance tuner which is coupled through a coupler as shown in Fig.3.7. In
this way, by changing the phase and amplitude of the injected signal, the
impedance can be seen from the DUT. A special care is required to assure
that the PA doesn’t contribute a significant amount of distortion. In modern
active load pull setup, IQ modulators are used to make changes in phase and
amplitude [36] - [37].

Fig. 3.7 Basic Schematic of the active load-pull setup
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The major drawback in active load-pull system is the stability of the
amplifier, which may contribute in distortion while in case of the passive
system, the rapid frequency variations of passive tuners, may affect the
distortion. Secondly impedance present at the edge of smith chart and even
beyond in case of active load-pull [38].
To handle the multi-carrier signals today, the demand of higher
efficiency and highly linear power amplifiers are increasing. For this, the
harmonic studies become important, and create the demand of harmonic
load-pull system [39]–[40]. A common approach is simply adding the
harmonic impedances control. The basic schematic of the harmonic load pull
set-up is shown in Fig. 3.8 [8].

Fig. 3.8 Basic schematic of the harmonic load-pull setup [8]
A tri-plexer filter is required between the DUT and output impedance tuner;
allowing the remaining two ports to be used for second and third harmonic
tuning [8].
A major drawback is an additional loss of tri-plexer filter is added in such
system, which will reduce the impedance range that can be realized at
harmonic frequencies. Another approach is also famous by using the
harmonic rejection tuner between the DUT and the fundamental tuner. But
its disadvantage is varied in phase only not magnitude at the resulting
harmonic frequencies [41]. Both passive and active load-pull systems have
limited ability to deal the harmonics.
All type of load-pull set-ups has a basic goal to characterize the RF
devices with accurate large signal analysis for a specified RF application.
But it seems that they have different limitations and even sometimes it is
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noticed that the device measurement results are not the same at different setups. It might be due to the limitation in calibration errors like tuner
calibration errors, system component error, instrument imprecision, and
repeatability of the impedance positions etc.
One way of improvement is to introduce the calibration methods of the
set-up, which run in a reduced time and shows actual impedance error by
measuring the background impedance of the system in different positions
through a calibrated probe interfaces. For example, overall load pull system
accuracy can be estimated by measuring gain difference vs. impedance [41].
RF researchers still working to improve the load-pull setups for large signal
measurement procedure and its standards [42] - [45]
Another approach for an accurate large signal analysis is to perform the
load pull simulation on fabricated or newly designed RF transistor. In this
way, the instrumental measuring errors or calibration effects can be
eliminated [46] - [47]. Computational Load-Pull (CLP) simulation technique
is considered a well-known simulation method to characterize the RF
devices under large signal behavior for different PAs [48] - [50]. The detail
discussion on CLP method is in Chapter- 4
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Chapter 4

Optimization of LDMOS for PA Operation
Laterally diffused MOSFET (LDMOS) are pre-eminent technology of choice
for medium and high power rating in the field of communication due to
maturity as well as low cost. To fulfil the demands of wireless
communication systems, LDMOS devices were improved with time by
optimizing the structure in different ways. The source region is connected to
the substrate with p-type deep sinker to eliminate the source bonding wire
[1]–[2], utilizing the different alloys of polysilicon-silicides [3], steps in the
drift region (two-stage drift techniques) [4], shortening the gate [5], the
stacked layers of different doping in the drift region [6], dual implanted
buried layer (n and p-type ) at RESURF (reduced surface field) [7],
additional field plate on the gate [8], and to apply a trench gate [9] etc. The
ultimate goal of all these changes are to enhance the LDMOS device
performance for RF applications.
The key point in the design of RF-LDMOS device is to achieve a best
possible trade-off between BVDS and Ron. In RF-LDMOS, a low doped drift
(LDD) region is introduced between the gate and drain to increase the value
of BVDS as well as reduces a feedback capacitance (Cf). On the other hand,
Ron increases which has dominant effect to degrade the RF- performance and
also limit the frequency of operation. Thus, the drift length of LDD and
channel region should be optimum with suitable value of breakdown voltage
(usually 65 – 80 V is considered a suitable range for base station
applications) [10]. LDMOS designers and process engineers are still trying
to optimize this trade- off (BVDS /Ron) in order to enhance the cut-off
frequency for RF applications.
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The first part of this chapter is about LDMOS design, our emphasis was
to reduce the Ron while keeping the higher value of BVDS. We are very
thankful to the Infenion Technologies AB, Sweden for providing a
conventional LDMOS device structure (GM-V) as a case study (aimed for
28 V PAs operation with improved RF performance). The second part of the
chapter describes the computational load-pull simulation methods to analyze
the LDMOS device behaviour under large signal operation for different PAs
operation.

4.1 About LDMOS Structure
Infenion Technologies AB, Sweden provided a conventional LDMOS
transistor structure (GM-V). The structure was fabricated on a highly doped
p+ silicon substrate (~ 6-7 x 1018 cm-3). A low doped p-type epitaxial layer
of a doping in mid 1014 cm-3 is grown by conventional CVD technique.
Source and Drain (n-type) regions were created by ion implantation. A lowdoped n-type LDD region was introduced at the drain side. An implanted ptype body region was created below the source and gate regions to define
channel length. The lateral diffusion of the dopants and the dimension of the
p- body region play an important role in controlling the threshold voltage
and drain current saturation. After implantation and annealing, the channel
length was 0.45 µm. The length of source and RESURF regions were 3.4
and 3.25 µm respectively. The gate oxide thickness is around 30 nm. A
highly doped p-type (p++) deep region (sinker) was implanted to connect the
source internally with the substrate. The total length and width of the
transistor structure for TCAD simulations is 12.7 µm in X- direction (along
the surface) and 19 µm in Y- direction (top to bottom) respectively.
Aluminium field plate is used at the top of gate and source to relax surface
electric field under the edge of the gate electrode, and to prevent the hot
electron degradation. Fig. 4.1 shows the schematic diagram of the LMDOS
transistor’s structure [Paper-I].
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Fig. 4.1 Cross-sectional view of LDMOS structure with excess interface charges at
the RESURF of LDD region

4.2 DC Analysis of LDMOS
In the beginning, efforts were focused in TCAD simulations to match the
drain current curves with measured data. Primarily some difficulties were
faced to match the drain I-V curves by tuning the doping profiles of various
regions such as sinker, p- body, source and LDD etc. The optimization of
doping profiles was not enough to match the upper and lower gate voltage
curves properly, then we focused on process steps and its variations such as
structure dimension, gate oxide thickness, and oxide interface charges at
Si/SiO2. Better correlation was observed between the simulated and
measured drain current-voltage curves when interface state charges at the
RESURF region were varied. The obtained results are shown in Fig. 4.2
[Paper-I], where the dotted lines are the simulated results while the solid
lines are representing the measured current-voltage characteristics. (Onwafer measurements were performed to obtain dc characteristics using a
semiconductor parameter analyzer HP4155/4156A). The on-wafer transistor
has 1.2 mm gate width and metal frame connecting ground pads to the
substrate with large deep P++ diffusion through the sinker region. The gate
and drain terminal structure uses ground-signal-ground pads (a common test
structure) to reduce self-oscillations. The bottom curve represents gate
voltage of 3.5 V, and above this are from 4 to 8 V with 1 V step.)
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Fig. 4.2 I-V characteristics comparison of simulated (dotted lines) with measured
data (solid lines). The gate voltages are 3.5 V and 4 to 8 V with 1 V step

As can be seen from Fig. 4.2, the simulated drain current is matched
reasonably good up to 6 V gate bias with the measured data, while above 6
V the simulated drain current is slightly higher. This discrepancy can be
attributed to parasitic effects such as pad resistance etc. The input I-V
characteristics of the reference LDMOS device at 5V drain bias provides a
maximum transconductance (gm) of 31 mS. Ron is calculated from the linear
part of the drain I-V characteristics and has a value 23.5 Ω. mm. while the
obtained value of BVDS is ~ 77 V [Paper-I]. The optimal RESURF condition
was also verified by studying the distribution of electrostatic potential as a
function of drift length and potential contour lines as mentioned in Paper II.

4.3 Optimization of LDMOS
As discussed above, low Ron is always stipulated for RF applications [11],
because the power handling capability of a transistor is directly proportional
to (BVDS) 2/Ron. In LDMOS, Ron is mainly dependent on the resistance of
drift region; therefore we focused only on the LDD region of LDMOS
(neglecting the channel and accumulation resistances). In conventional way,
the current in the drift region can be defined by the carrier drift velocity in
saturation as following [12];
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I drift = µeff .qsheet .

vdrift
Ldrift

.Wdrift

(4.1)

Where, Ldrift and Wdrift represent the length of drift region and width of the
transistor respectively. Therefore, Rdrift can be defined by using equation
(4.1) is;

Rdrift =

Vdrift
I drift

=


vdrift
.ρ .1 +
Wdrift  Ldrift .Esat
Ldrift






(4.2)

Where, ρ and Esat represent the resistivity and saturated electric field.
BVDS depends on Ldrift and Neff (net doping concentration) of LDD region.
The electric field is sensitive to the net doping concentration (Neff) and the
thickness (t) of the region. Hence, a condition, Neff x t = surface carrier
density (S), must be equal or less then 3 x 1012 cm-2 for conventional
breakdown [13]. This indicates that Ron will be reduced with the increment
of surface charge carriers (qsheet) at the surface of LDD region. Hence in
optimization, the excess interface state charges were used at the RESURF
region to maximize the drain current as shown in Fig. 4.1.
The interface charges (Si/SiO2) at the RESURF region are expected to be
higher as compare to the gate region. The reason is, gate oxide is grown in a
very clean environment with a great care, while oxide and nitride layers on
the RESURF region are deposited using LPCVD or Plasma CVD
techniques. The interface charges depend on several parameters like,
deposition techniques, deposition conditions, growth rates and the
oxide/nitride layer thickness etc. During processing steps, these layers
undergo few thermal stress cycles. Therefore, such charges are expected to
be higher at the RESURF region. In the literature, the density of interface
state charges deposited by plasma enhanced CVD technique and annealing
with hydrogen is reported from 1.1x 1012 to 5.8 x 10 11 eV cm-2 [14].
Therefore in device fabrication process, if the interface state charges at the
RESURF can be controlled to a specific value by different techniques then
it might be possible to increase the LDMOS performance.
To reduce Ron, the interface charge carrier was optimized in the range of
0.7 - 1.4 x 1012 cm-2. The input I-V characteristics at 5 V drain bias are
shown in Fig. 4.3 with excess interface charges together with provided
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LDMOS structure (solid line represents reference LDMOS (GM-V)) [PaperII]. By the excess interface charge technique, Id (sat.) increases to 282 mA, this
is ~ 135 mA higher than GM-V results. A drastic reduction is also achieved
in Ron to a value of 12 Ω.mm.
Id,gm(reference)
Id,gm(with excess of 1.4e12cm-2)
Id,gm(with excess of 1.0e12cm-2)
Id,gm(with excess of 0.7e12cm-2)

0,045

0,2

0,030

0,1

0,015

0,0

gm [S]

Id [A]

0,3

0,000
0

2

4

6

8

10

Vg [V]
Fig. 4.3 Input I-V characteristics with excess interface charges at the RESURF of
LDD region at 5V drain bias

Fig. 4.4 shows distribution of the electric field, where dashed and dotted
lines represent the behaviour of an optimized LDMOS structure (having
excess interface charges) as a function of drift length. While solid line
represents the reference case (GM-V) [Paper-II].

E.field [V/cm]

6,0x105

(reference)
(7e11cm-2)
(1e12cm-2)
(1.4e12cm-2)

4,0x105
2,0x105
0,0
7

8
9
Drift length [um]

10

Fig. 4.4 Electric field distribution with excess interface charges at the RESURF of LDD
region
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The electric fields of excess interface charges have slightly larger peak at the
overlap region on the gate side while the other region showed uniform
electric field. The results at different excess interface charges at the
RESURF of LDD region are also summarized in Table 4.1. The optimized
performance of LDMOS having the surface carrier density of 1.0 x 1012 cm-2
provides the 43% reduction in Ron together with 70V of BVDS [Paper-II].
Table 4.1 DC characteristics of excess interface charges at the RESURF LDMOS
structure [Paper-II]

Excess interface charges at the
RESURF corresponds to
surface carrier density
(cm-2)

BVDS

Ron

Id(sat)

(V)

(Ω. mm)

(mA)

7.0 x1011

74.9

14.9

214

1.0 x10

12

70

13.5

246

1.4 x10

12

56

12.0

282

The optimized LDMOS transistor provides promising results compared to
the recent LDMOS devices from different manufactures. We have also
compared the effect of excess interface charges on LDMOS device with a
famous dual-layer surface doping technique at LDD region as explained in
[7] while keeping the same doping profile of other region. As a result, 60 %
enhancement is observed in our optimized LDMOS device [Paper–II].
Because the surface doping technique needs an implanted dose with specific
thickness according to Gaussian phenomena while in case of interface
charges, a thin layer is created easily at the RESURF of LDD region.
The process step might be complex in case of optimization, but still
LDMOS structure is considered as an ideal FET device for RF-applications
due to the advantage of two terminals at the top which reduces the inductive
parasitic effect. Still no RF- device has such type of advantage to reduce the
parasitic effectively as well as to support in packaging. Therefore, there is a
need to optimize the LDMOS device continuously for achieving the
advantage of low cost and easy implantation in integration circuits such as
RFICs.
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4.4 Computational Load-Pull (CLP) in TCAD for RF
Analysis
In PA design, the accurate matching networks depend on transistor’s input
and output impedances, where the complex part depends on operating
frequency. The transistor showing excellent dc characteristics is not always
expected to produce good RF performance. Today computational load-pull
(CLP) simulation technique shows potential to study the large signal
analysis of the RF transistor in an accurate way before fabrication or
maturing the active device for the different types of PA operation. The CLP
simulation technique is developed first for CAD software by G.H. Loechelt
and P.A. Blackey [15]-[16]. While our group at Linköping University
developed further this technique in TCAD [17].
TCAD solves the Poisson and carrier distribution equations based on
finite element methods to describe the device structure with material
properties and doping concentrations. CLP set-up is built in a mixed mode of
TCAD for a certain instant of time using transient simulations to solve the
set of differential equations. After achieving steady state conditions, final
steady state simulation time is used to produce the large signal behavior
[17]. In TCAD, the time step is important in transient simulations because
the time step decide the consecutive solution for achieving steady state
solution in a particular time instant. Normally, the time step is not the same
in TCAD simulations due to the convergence problem, which is not
favorable for Fast Fourier Transformation (FFT) analysis. Therefore, TCAD
transient data is needed to shift to other software (e.g. MATLAB) for
equidistant sampling by using the spline interpolation or such kind methods.
(Note: we used spline interpolation in MATLAB for FFT analysis). After
FFT transformation, the resulting voltages and currents (V (f) and I (f))
provides the large signal parameters of PA such as impedances, gain, power
added efficiency (PAE), and RF output power (Pout) by following equations.

(4.3)

*
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(4.4)

(4.5)
Large signal analysis in TCAD provides better precisions in accuracy,
but it is considered a time consuming method in earlier period because it
took very large computational time. Today modern computer having high
speed and large storage capacity reduces the computational time and make it
attractive technique for present and future RF applications.

4.4.1 Passive CLP Analysis
The CLP simulation technique in TCAD can be implemented in both passive
and active loads. A schematic of the passive CLP simulation technique is
shown in Fig. 4.5 [7].

Fig. 4.5 Schematic of Passive CLP setup [7]
In passive CLP set-up, Q-value of the resonant network is important to
adjust the time instant of transient simulation for steady state. Low Q- value
reach steady state faster, but on the other hand it will decrease the isolation
and other harmonic effects. While high Q-value of the resonant network
increases the length of computational time of simulation. The adequate
advantage of the passive CLP is that, its transient simulation in TCAD
provides the actual current and voltage waveforms of the circuit [18]. For
good accuracy in passive CLP, several unnecessary RF cycle periods are
required in transient TCAD simulation before steady state, which may be
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a burden on computers. A complexity in the device’s structure increases the
computational time and convergence issues.

4.4.2 Active CLP Analysis
The active CLP technique allows a complete circuit environment in device
simulations with active matching at the input and output. In active CLP, the
transistor is directly driven by sinusoidal ac voltage sources both at input
and output as shown in Fig. 4.6 [18].

Fig. 4.6 Schematic of Active CLP setup [18]
At the input (gate terminal), dc bias was selected for different classes of
amplifiers such as, class A, AB and so on. The simulation is performed in
time domain by applying the large sinusoidal signal to the gate terminal (at
the input) and the resulting drain current and voltage signals (at the output)
are then used to extract the parameters such as output power, efficiency,
gain and impedances [17]. At the drain terminal, ac signal is simultaneously
applied at the same fundamental frequency of the gate but with 1800 phase
difference. In this way, CLP technique extract true impedances at the
interface of physical transistor’s terminals without any external parasitic
e.g. bond wires, pad capacitance etc. Active CLP analysis is an efficient
way to extract large signal parameters in a short time. In active load pull,
full RF power delivered to the load can be computed from the time domain
output current and voltage waveform as following;
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(4.6)
Where, VL(t) is the time varying voltage swing across the load and T is the
time period of duty cycle. Therefore, optimum load impedance is determined
on which the maximum output power is transferred to the load resulting in
high power efficiency.
The simulation time is short compared to passive CLP, only 2-3 RF
cycles of the carrier frequency is sufficient to obtain the state steady. After
steady state, the resulting drain current and voltage signals were transformed
into frequency domain using Fast Fourier Transformation (FFT). Hence, the
large signal parameters of PA such as impedances (Z), gain (G), power
added efficiency (PAE), and RF output power (Pout) can be calculated.
Another advantage of the active CLP is that it resolves only the fundamental
tone due to ideal sine wave voltage source and shorted all higher harmonics.
Therefore, it is possible to estimate the optimal performance of RF transistor
intrinsically.
Through active CLP simulation technique, we studied optimized
LDMOS transistor under large signal operation. 28 V dc bias was selected at
the drain terminal to bias the transistor, while gate biases were 6 and 4.5 V
dc for class A and AB respectively. In order to observe the optimum
impedance at any frequency for both classes of amplifiers, the matching
conditions were adjusted by changing the drain RF voltage amplitude and
phase difference variation between gate and drain RF voltage signals. Fig.
4.7 shows complex conjugate output impedance on smith chart with
normalized to 50 Ω for class AB operation at 2 GHz. The arrows indicate
changes in amplitude from left to right (from 30 - 40 Vp-p) and the phase
variation from top to bottom (from 0 - 35 degree). The corresponding
optimum impedance was about 124+ j17.7 Ω.
The RF output power ~ 1.54 W/mm is obtained with 49 % PAE. We
observed that impedance values are not scattered on the smith chart and
were optimized by simply adjusting phase delay. The optimized impedance
value was obtained at the amplitude of 40 Vp-p with 200 phase delay at 2
GHz. Similarly simulations were performed upto 4 GHz. The results are
summarized in Table 4.2. These results indicate that the optimized LDMOS
are playing an important role in RF performance [for further detail see
Paper-1].
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Fig. 4.7

Conjugate output impedances on normalized smith chart to 50 Ω for class
AB PA at 2 GHz with amplitude and phase variation

Table 4.2 Large signal RF time domain active CLP simulation results in TCAD for
class A and AB operation at 1, 2, 2.5, 3 and 4 GHz

Gain
(dB)

PAE
(%)

Gain
(dB)

Output RF
power
(W/mm)

Class AB PA operation

PAE
(%)

Output RF
power
(W/mm)

Frequency
(GHz)

Class A PA operation

1

1.35

28.1

30.2

1.59

51.0

29.0

2

1.28

26.5

24.4

1.54

49.0

23.5

2.5

1.24

25.4

22.6

1.51

48.0

21.6

3

1.20

25.2

20.9

1.47

45.0

20.3

4

1.05

21.1

18.6

1.37

41.2

18.1
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4.5 CLP technique for non-linear analysis
RF designers have great interest to understand the non-linear behavior of RF
transistors, especially when power factor is important such as in the case of
power amplifier [20]-[22]. Any FET transistor traversed strong
nonlinearities under large-signal and there is a need to identify transistor
behavior such as current turn-on and current saturation imposed by the load
line. In wireless communication, the in-band third-order inter-modulation
distortion (IMD3) is an important non-linear parameter which is generated
by two input signals, carrier frequency (f1), and the second tone (f2). This
two-tone modulated signal, appear at the output spectrum as IMD3 sidebands
at frequencies 2f1 − f2 and 2f2 − f1. Two-tone measurements mainly depend
on the signal excitation (both in amplitude and frequency) and load
impedances which depend on the behavior of drain current of LDMOS.
In two-tone method, the excitation voltage (vin) at the input is defined by;

vin(t) = A[cos(2πf1t) + cos(2πf2t)]

(4.7)

Where, A is the amplitude of the signal.
To analyze the IMD behavior in PA operation, it is essential to
implement proper output current transfer function (TF), which means the
transistor characteristics in combination with the drain bias, load impedance
and transistor parasitic elements [23]. The non-linear model of the transistor
provides the behavior of IMD close to experiment by implementing an
accurate current source generator to define a proper TF at the cost of huge
experimental data and several iterations of the fabrication.
An active CLP technique is further extended by a mimic concept of
two-tone analysis as shown in Fig. 4.8. RF-LDMOS transistor is biased by
dc voltage sources, Vg (dc) and Vd (dc) to the gate and drain terminals
respectively. To create a two-tone signal at the input, the carrier frequency
(f1) and second tone of frequency (f2) are generated through ideal ac voltage
sources, Vin_1 and Vin_2, in series to the gate terminal. At the output on
drain terminal, the time varying signal generators is applied (Vout_1 and
Vout_2) as an active load at the same frequency of the input signal, but with
180° out of phase, as shown in Fig. 4.8 [Paper-IV].
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Fig. 4.8 Schematic of Two- Tone Test setup in TCAD
A periodic modulated signal is generated across the gate and drain, by
these two tones and inter-modulation distortions (IMDs). The periodic drain
modulated signal of LDMOS transistor in class AB PA operation at 1 GHz
is shown in Fig. 4.9 [Paper-IV]

Fig. 4.9 Modulated Two-Tone signal in TCAD at the drain of RF-LDMOS in class
AB PA

The maximum amplitude of the drain voltage (solid line) swing holds
below breakdown and above threshold voltage with tolerances. Thus in this
way, TCAD nonlinear approach provides the real environment as is used in
the measurements.
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In this technique, tone spacing (f2 − f1) is also an important factor in order
to investigate the isolation of the carrier with other close signals, which
cause the interferences in the same communication band. As TCAD time
domain simulation takes large computational time due to the finite element
method (e.g. the finite matrices such as Jacobian method). Therefore,
relatively large tone spacing is selected to minimize the computational time
for least isolation levels. For example, carrier frequency was selected at 1
GHz with 200 MHz tone spacing for a complete modulated signal in five RF
duty cycles as shown in Fig. 4.9.
The resulting modulated drain current and voltage signals in simulation
are then transformed from time to frequency domain using the Fast Fourier
Transformation (FFT) in the same way as explained in active CLP
technique. The resulting output power is obtained by calculating the RF
current flowing through the real part of the carrier impedance. Thus the
carrier, second tone and inter-modulations (IMDs) currents were observed
precisely together with other even and odd harmonic products. The IMDs
and output intercept point (OIP3) is obtained by plotting output power (Pout)
vs. input voltage signal (Vin) as shown in Fig. 4.10 [Paper-IV]

Fig. 4.10 A graph of RF output power (Pout) vs. input voltage signal (Vin) of
LDMOS in class AB PA
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4.5.1 Validation by fabricated PA
To validate TCAD non-linear simulation approach, PA was designed and
fabricated on similar LDMOS transistor. The Rogers RO4350B substrate
was used in PA fabrication. The fabricated PA is shown in Fig. 4.11 [PaperIV].

Fig. 4.11 A photograph of fabricated PA based on LDMOS device
The fabricated PA produced an RF output power of 49 dBm at P1dB
together with 17.4 dB power gain at 900 MHz. The measured two-tone
results showed 47 dBm RF output power at P1dB, while the lower IMD3 level
was obtained around −16.5 dBc. Similarly −30.3 dBc isolation is achieved at
5 dB back-off condition. An output intercept point (OIP3) of 56.5 dBm was
achieved by extrapolation of the carrier and 3rd harmonic curves. In
comparison, 1-dB compression point (P1dB) was considered as a reference.
At P1dB, the level of IMD3 was around −22 dBc in TCAD while the
fabricated PA shows −16.5 dBc as tabulated in Table 4.3 [Paper-IV]. The
Table 4.3 Comparison of non-linear analysis of LDMOS transistor in TCAD, and
fabricated PA [Paper-IV]

Units

TCAD analysis
of intrinsic
LDMOS

Fabricated PA
based on
LDMOS

P1dB

dBc

-22

-16.5

5 dB back-off

dBc

-32

-30.3

10 dB back-off

dBc

-36

-35.8

OIP3 above P1dB

dBm

10

9.5

Non linear Analysis
IMD3 level at
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lower value of IMD3 in fabricated PA comes either due to the package
parasitic which was not incorporated in case of TCAD simulation or may
other additional passive effects etc.
Hence TCAD non-linear approach provides a realistic operation of the
physical LDMOS transistor. Through this technique, the transistor design in
terms of structure (thicknesses and doping concentrations of various
layers/regions) can be optimized directly at device level in a reduced design
cycle of time. Therefore, TCAD provides conjecture about the physical
function of RF transistor without external circuitry.

4.6 Modification in CLP for Switching Analysis
Today digitally modulated communication standards, such as WCDMA, and
WLAN etc, demand development in the power amplifier (PA) to transfer
and amplify the complex modulated signals with high efficiency and less
distortion. The demand of high-data-rate transmission is increasing in
multimedia communications. As a solution, switching PA (e.g. class- F and
F-1 mode) in combination with digital pre-distortion is getting more and
more attractive to achieve the goals of high efficiency together with output
RF power compared to class B or AB [24]–[26]. Nowadays different
switching PA modes, such as, class-C, D, E, F and F-1 are successfully
functioning in different communication systems, such as phase array radar,
multi-band antennas etc. [27]-[29].

4.6.1 CLP technique for pulsed mode PAs
In our group we have developed a switching CLP technique in 2008 [33] by
applying a pulse signal at the gate terminal of the device while keeping the
sinusoid signal at the drain terminal. This is referred as pulsed input class-C
operation, and the technique is sufficiently good for the study of switching
behavior of the input (gate) terminal of the transistor. The schematic of the
pulsed CLP simulation setup for switching PA is shown in Fig. 4.12 [30].
Hence by the pulse-mode at input, the function of device can be studied
under pulse-mode conditions from 10 to 50 % duty cycle of the fundamental
frequency in order to observe switching parameters, such as switching
losses, under large signal parameters.

52

72

Fig. 4.12 A setup of CLP simulation for pulsed class- C PA [30]
Through this, 10 % pulsed duty cycle of the carrier frequency (2 GHz)
was applied at the input terminal of LDMOS transistor. The pulse height was
8 V. At the output, dc supply was set to 28 V and ac voltage signal of 40Vp-p
was applied in opposite direction (1800 output of phase) as shown in Fig. 4.
13. The dissipated power (switching loss) was 0.356 W/mm. The stored
charges during transition of pulse as resistive (R) and capacitive (C) part of
the drain current during OFF state is shown as dashed area in Fig. 4.13.

Fig. 4.13 Time –domain drain current and voltage signals together with applied input
pulse voltage signal (10% of 2 GHz).
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After FFT transformation of Fig. 4.13, the PAE of 67 % achieved with 21
dB of power gain. The major drawback of this technique, there is no way of
separating the harmonic loads as required in case of new switching classes
like class E, F and F-1 etc.

4.6.2 CLP technique for switching PAs (class-F)
In switching PAs, an ideal drain efficiency of 100% can be attained
theoretically. However, in practice, the active device is no longer operating
as an ideal switch due to the finite on-resistance and parasitic capacitances.
The switching response of the transistor is already discussed in [30] or
section 4.6.1. However in this approach, the separation of the harmonic load
was not considered as required in class, like E, F and F-1etc. Therefore, we
still focus to explore the minimum overlap condition between output current
and voltage signals.
Nowadays, class-F PA deliver high output power at high efficiency by
generating ideally half-sinusoidal current and square voltage waveforms.
These waveforms can be obtained by creating zero impedance at all even
harmonics and finite impedance at all odd harmonics. However, in practice,
class-F PA mainly depends on second and third harmonic controls only [25].
To achieve the optimal high efficiency, a set-up of class F PA is built in
TCAD as shown in Fig. 4.14.

Fig. 4.14 A setup of CLP simulation for switching class-F PA
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A fixed bias voltage was applied at the gate (Vg_dc) and drain (Vd_dc)
respectively. An ac voltage source is applied at the gate terminal of the RFtransistor to create RF signal at the input. To achieve class-F PA condition,
an ideal square wave signal generator is used at the output of the transistor to
act as a short for even harmonics, while open for odd harmonics. The power
losses are related to the on-resistance and output capacitance of transistor,
which plays a major role in the current dissipation. So, it is essential to
minimize the overlap condition between the drain voltage and the drain
current waveforms during switching transition; this reduces the current
dissipation in turn enhances efficiency. Hence in this technique, a square
wave voltage generator controls the harmonic terminations by adjusting the
ramp rate, minima and maxima to reduce the overlap condition for achieving
high efficiency together with RF output power.
After adjusting the ramp rate of the RF-LDMOS transistor at 130 ps, a
narrowband RF signal is applied at the input. The obtained time domain
class-F result in TCAD is shown in Fig. 4.15. A solid line represents the
drain voltage signal, while the dotted line shows the obtain drain current.
The peak of capacitive current is due to abrupt changes in derivative of the
drain voltage pulse.

Fig. 4.15 Time –domain obtained results in form of drain current and voltage signal.
Fig. 4.16 shows the FFT analysis of Fig. 4.15 in a graphical form. The
amplitudes of the drain voltages are observed at dc bias, resonant frequency
(f0), and odd harmonic voltages (3f0 and 5f0). No even harmonic voltages
are observed at 2f0 and 4f0 according to the class-F definition. Similarly, the
drain current co-efficient corresponds to Idq, f0, and other frequencies (2f0, 3f0
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etc) as shown in Fig. 4.16 (b). RF output power of 1.97 W/mm is achieved at
dc power level of 2.42 W resulting a PAE around 81.2 %.

(a)

(b)

Fig. 4.16 Drain Fourier co-efficients a) voltage vs. frequency, and b) current vs.
frequency

4.6.3 Validation by fabricated Class- F PA
To validate the CLP technique for switching PAs, a class F PA was designed
and fabricated on Roger Duroid substrate of TMM4 having thickness of 1.27
mm. The schematic and photograph of fabricated class F PA is shown in Fig.
4.17. Fixed gate-to-source voltage is used to set the quiescent point (Idq),
while the drain voltage is applied to bias the LDMOS device. Matching
networks are designed for the impedance transformation to 50-Ω system. Ltype network is used in the matching, which consists of a series inductor and
shunt capacitor as shown in Fig. 4.17. The combination of resonant circuit
and matching to 50-Ω system is critical in class-F PA design.

(a)

(b)

Fig. 4.17 Class- F PA based on LDMOS a) Schematic diagram in ADS, and b)
photograph of fabricated PA
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In measurement, the input power (Pin) was swept from 20 to 34 dBm. We
obtained results close to the simulated results of TCAD at 900 MHz. RF
output power of 47 dBm is achieved with PAE around 76 %. This difference
is due to the parasitic effects of lumped components used in matching
networks. While 100 MHz shift might be due to the improper output
matching network or some discrepancies in large signal model of the device
[31].

4.7 Advantage of CLP method in the designing of
Broadband PA ICs
Today the communication systems need to handle multi-bands for different
applications such as cellular phones, satellite communication and various
types of phased array antenna systems [32] - [34]. A broadband power
amplifier (BPA) is mandatory for multi-standard multi-frequency base
station transmitter with optimal performance such as higher output power,
efficiency and linearity. However, BPA design is not a simple task because
the transistor input and output impedances vary with frequency, signal level,
and bias points. Therefore, the broadband matching networks has a classical
problem of impedance mismatch in order to obtain the desired RF
performance [35] - [37].
Nowadays on-chip broadband power amplifier integrated circuit (PA ICs)
has capability to handle the output power equivalence with discrete modules
of PAs as well as its price is quite revolutionary. PA ICs also provide a cost
effective solution for the driver applications in the base station transmitters
[38]. To overcome impedance mismatch problems both in PA ICs and
discrete devices, RF designers are searching a simple way to study the
optimal behavior of the active transistor with output matching under a large
signal operation.
The time domain CLP simulations in a mixed mode of TCAD is a
simple way for broadband circuit analysis by coupling the physical structure
of the active device (such as transistors or diodes) together with spice model
of lumped elements and sources. As a result, it is easier to design an accurate
matching network of the amplifier. It reduces the iterative process for
fabrication. The characteristic (or optimal) impedance (Zf) is extracted and
used in the design of broadband matching network without any additional
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circuitry. The steps followed in the designing of a broadband PA in TCAD
are as following:
1. Design the RF transistor’s structure to obtain the maximum drain
current and breakdown voltage, together with low on-resistance in dc
solution.
2. Selection and verification of an optimal bias point with respect to the
input signal level close to 1-dB compression point (Pin vs. Pout).
3. CLP simulation in large signal analysis to obtain data of the load and
source impedances as a complex conjugate at desired operating
frequencies.
4. Designing of matching networks with the help of the characteristic
impedances (Zf) obtained by CLP simulations.
5. Finally verification of the broadband PAs operation is done in a mixed
mode of TCAD by time domain analysis.
We already observed in Paper-I that the LDMOS transistor has a
delay response of 27.8 ps in class AB operation. For BPA design, the
impedances of the LDMOS transistor were tuned accordingly to the phase
delay 190,210,230, and 250 for the operating frequencies of 1.9, 2.1, 2.3 and
2.5 GHz respectively. Fig. 4.18 shows the complex conjugate of source and
load impedances of the RF- LMDOS transistor on normalized smith chart.
The optimal load impedance (Zf) is shown by a rectangular box on a smith
chart.

Fig. 4.18 Optimum extracted impedances of RF-LDMOS transistor at 1.9, 2.1, 2.3
and 2.5 GHz class AB PA on Smith chart
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The corresponding large signal parameters of the CLP analysis for
Broadband PA design are shown in Fig. 4.19. The PAE is around 53.2 + 0.6
% together with power gain (G) of 22.3 + 1 dB. The slope in power gain is
due to gain roll-off phenomena with the increase of frequency and can be
make flat by an additional circuitry at the input matching network as
described in [34] and [39]. An RF-output power of 30.9 dBm was achieved.

Fig.4.19 Gain, Pout and PAE vs. frequency points obtained by CLP simulations
[Paper-VI]

4.8 RF performance comparison through CLP Analysis
The RF performance of the optimized LDMOS transistor structure was
analyzed in TCAD through different methods of CLP simulation techniques
in order to analyze the transistor behaviour for different PAs. A summary
about RF performance of an optimized LDMMOS transistor structure is
shown in Table- 4.3. (Note: transistor has width of 1 mm at z- direction).
Table 4.4 RF performance of optimized LDMOS structure for different PAs
RF-output
PA
frequency
Gain
PAE
References
power
Classes
[GHz]
[dB]
[ %]
[dBm ]
A
A
AB
AB
C
F
Broadband
class AB

3.0
4.0
3.0
4.0
2.0
1.0

30.7
30.0
31.7
31.4
28.5
32.0

22.6
18.6
20.3
18.1
21.0
23.0

25.2
21.1
45.0
41.2
67.0
81.2

Paper-I
Paper-I
Paper-I
Paper-I
-----Paper-V

1.9 - 2.5

30.9

22.3 + 1

53.2 + 0.6

Paper-VI
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Chapter 5

Conclusion
LDMOS transistors are considered important device in wireless
communication technology for power amplification. It will be remaining in
future due to mature silicon technology, and cost-effective solution.
We optimized intrinsic physical structure of LDMOS transistor in
TCAD, and obtained promising results to enhance the performance of
LDMOS devices. The optimization was made by introducing the excess
interface charges at the RESURF of LDD region, which is also compared
with a famous dual-layer surface doping technique (other parameters and
dimensions were the same). 60 % additional enhancement is observed in our
optimized LDMOS transistor. The reason is surface doping technique needs
an implanted dose with specific thickness according to Gaussian phenomena
while in case of interface charges, a thin depletion layer is created at the
RESURF. Thus interface charges are more effective than additional n-type
implanted dose in LDD region.
The CLP simulation technique in TCAD is a novel way to study the
RF analysis of the transistor for PA design. It provides extraction of
impedances of the active device without including any parasitic effects, and
helpful for PA designers to match the device properly. Therefore, it can be
used to design narrowband, tunable and broadband matching networks. CLP
simulation technique is extended to study the non-linear behavior of RFpower transistors under a real large signal operation. Through this the nonlinear capacitances of the device are simulated directly as a load. The CLP
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technique is also further extended to understanding of transistor behavior
for high efficiency PA operations, such as class-F. Through these, RFtransistor’s response can be studied at different frequencies, and bias points
for optimal performance. These CLP techniques provide an initial ground
work to understand the mechanisms of new and fabricated RF transistors to
improve over-all performance of the system.
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