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Abstract 

To satisfy the wireless market’s growing demand for higher data rates services and to 

maximize the bandwidth spectral efficiency, modern modulation schemes have been developed. 

Transmitting spectrally efficient non-constant envelope signals modulated by modern schemes 

necessitates designing highly linear and efficient transmitter systems for reaching the signal-to-

noise ratio (SNDR) requirements and longer battery life. Delta-sigma modulator (DSM) based 

transmitters have the potential of good linearity performance and re-configurability for multi-

standard applications. They also enable the use of high efficiency switching power amplifiers 

(PAs). This thesis was dedicated to enhancing the performance of DSM based transmitters. The 

first part of the thesis will focus on the design and evaluation of a novel high-pass (HP) DSM- 

based digital-IF transmitter architecture to address the in-band quantization noise problem and low 

coding efficiency in Cartesian HP and band-pass (BP) counterparts.  

As the most power consuming part of the transmitters, the design of highly efficient RF PAs has 

been the subject of several studies with different techniques being proposed to overcome this 

challenge. Dynamic control of the load impedance of the amplifier is a promising technique used 

in pulsed load modulation (PLM) PAs. Digital load modulation is realized in PLM PAs with the 

aid of the envelope delta-sigma modulator (EDSM) to enhance the efficiency in larger power back-

off region while preserving the quality of the signal. The design and fabrication of a PLM PA with 

gate bias modulation for high power applications is the subject of the second part of this thesis. 

Employing the designed PLM PA, a digital DSM-based transmitter topology was realized for 

baseband applications. The transmitter was successfully tested with standard signals showing 

promising results.  
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In the next step, it is shown that to further increase the efficiency of the PLM PA-based transmitters, 

it is possible to reduce the delta-sigma quantization noise and thus, the quality of the encoded 

signal by replacing the EDSM by a complex delta sigma modulator (CDSM). Based on this 

method, a novel transmitter architecture is proposed which benefits from CDSMs and PLM PAs 

for reaching the SNDR requirements and high efficiency performance at the same time. 
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Chapter One: INTRODUCTION 

1.1 Motivation 

In the past few decades, wireless transmission of information has experienced rapid growth. 

Figure 1-1 shows the evolution of communication systems over the past decades. While second 

generation systems were designed to carry speech with low data rates (approximately 28.8 Kbps), 

utilizing digital multiple access technology 3G (third generation) systems were developed to 

support speech and data services with at least 200 Kbps peak data rates [1, 2].  

To fulfill the ever-increasing video and data capabilities, spectrally-efficient signal 

modulation schemes should be used to efficiently to exploit the reserved bandwidth for the 

communication standards. Thus, standards like Mobile Worldwide Interoperability for Microwave 

Access (Mobile WiMAX/IEEE 802.16) and Long Term evolution (LTE) have come in to use to 

support higher data rates in the range of 100 Mbps to 1 Gbps [1-3]. These standards utilize modern 

modulation schemes like Orthogonal Frequency Division Multiplexing (OFDM).  

In OFDM, high data rates are sent over several low data rate sub-carriers. Although OFDM 

scheme is spectrally very efficient, it increases the design efforts for high efficiency and high 

linearity PAs significantly. This is because when multiple orthogonal sub-channels are summed at 

the output of the system, they may add constructively or destructively, creating a larger or smaller 

amplitude. Therefore, OFDM exhibits large variation in the amplitude even if the modulated 

waveform in each sub-channel has modest envelope variations. Consequently, such modulation 

schemes result in the creation of time-varying envelope signals with high peak-to-average power 

ratio (PAPR) [4]. This emphasize the necessity of using power amplifiers (PAs) with highly linear 

characteristics, otherwise clipping of the signal would lead to nonlinear distortions. High linearity 

is required in wireless transmitters to minimize signal distortion, reduce bit error rate, improve 
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spectral efficiency, and reduce adjacent channel interference. Thus, most conventional PAs operate 

at power levels backed-off from the saturated power level to maintain linearity. However, backing-

off from the saturated power level reduces the power-added efficiency (PAE). Low-efficiency PAs 

consume large amounts of power and dissipate large quantities of unwanted heat, resulting in 

expensive and large thermal compensation circuitry or systems. This problem has become more 

complicated as the increasing demand for higher data rates and larger signal bandwidth led to the 

use of signals with non-constant envelope and high PAPRs. Therefore, the design of highly 

efficient and linear RF PAs for modern wireless applications is still a challenging task and has 

been the subject of many studies in recent years [4]. 
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Figure 1-1. The evolution of communication systems in recent years. 
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Software defined radio (SDR) technology is needed for multimode and multi-standard 

communication devices to alleviate the problem of spectral congestion and allowing users to move 

between domains and maintain serviceability. This technology will also lead to integration of RF 

modules to provide a valuable reduction in cost, and also increase flexibility, integration, reliability 

and remove tuning circuitries [5, 6]. Moving from analog dedicated front-ends to flexible digital 

front-ends appears obvious in the perspective of multi-standard applications in SDR systems in 

which the digitization is performed at some stage downstream from the antenna. The ultimate 

architecture for SDR should be a digital multifunction signal processor directly connected to an 

antenna through a digital-to-analog (DAC) converter for emission and an analog-to-digital (ADC) 

followed by a digital processing (DSP) system for reception. SDR systems tend to progressively 

digitize analog blocks starting from baseband digital signal processing toward RF digital 

processing. Although some technical issues need to be addressed in order to deploy SDR solutions, 

the emergence of high speed DSP permits the concept of SDR to become a reality. 

Power consumption will be reduced as the hardware can be tailored by configuration to 

any given standard. To accomplish this, most signal processing operations, including channel 

selection and signal demodulation, are implemented in the digital domain, where they are easier 

to reconfigure. Hence, SDR systems use flexible and reconfigurable hardware such as FPGAs to 

implement the DSP algorithms such that almost all the radio communication functionalities can be 

realized using a software based on high speed and reprogrammable digital signal processing 

engine.  

The tremendous growth in functionality of modern wireless architectures has largely been 

driven by advances in DSP techniques. DSP-based approaches have been widely investigated as a 

reliable tool to improve the overall performance of transmitters [2, 5, 6]. Such techniques not only 
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enable employing switching PAs for amplification of the signal with the highest possible power 

efficiency, but also lead to re-configurability of the wireless transceivers. Therefore, this work 

focuses on the investigation of feasible high performance transmitter architectures using switching 

PAs and delta-sigma modulation techniques as a digital processing method.  

1.2 Research objectives and contributions 

The emphasis of this research is to design and implement high performance DSM-based 

transmitter architectures. We aim to address the limitations of the reported DSM-based transmitter 

systems in literature through investigating novel techniques both in the PA design and in digital 

processing approaches. The overall goal of this work is to provide a complete transmitter solution 

that meets the power efficiency and linearity constraints. The main contributions of this 

dissertation to meet the above-mentioned objectives can be summarized as follows: 

  A novel HP DSM-based digital IF transmitter system is proposed as a solution to improve 

the signal quality at the input of the amplifier without increasing the oversampling ratio or 

speed clock of the DSP system. Compared to the Cartesian band-pass (BP) and high-pass 

(HP) DSM-based digital IF transmitters, the proposed system is shown to have better 

linearity, higher coding efficiency and reduced complexity. The results are more evaluated 

by prototyping the proposed transmitter using an inverse class F SMPA. 

 To enhance the efficiency of transmitters operating with large PAPR modern input signals, 

design of high efficiency RF PA seems essential. Improvement in power efficiency at back-

off power region and, thus, reducing the average power consumption of transmitters, can 

be achieved through employing pulsed load modulation (PLM) PA. A complete analysis 

on PLM PAs with pulsed signals and a comparison of its power efficiency performance 

with the Doherty counterpart, evaluates the higher drain efficiency for the PLM power 
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amplifier in 6 dB power back-off region. In this dissertation, a delta-sigma-based 

transmitter architecture is presented for high power applications for the first time which 

employs a GaN PLM PA with gate bias modulation. Using the advantages of high power 

gain and high drain-gate breakdown voltages of GaN devices, a pulsed gate modulated 

amplifier is designed for high power applications. In the proposed transmitter, the envelope 

delta-sigma modulator (EDSM) is utilized to digitize the envelope information of the 

standard signal to modulate the gates of the transistors in the PLM PA.   

 The quantization process in conventional envelope delta-sigma modulation schemes, 

which are deployed to enable the use of high efficiency PLM PA, produces an amount of 

in-band quantization noise which can not be filtered out. In EDSM-based transmitter 

systems, the convolution of the digitized envelope modulated signal with the phase 

information in frequency domain spreads the quantization noise over the desired signal's 

band and affects the linearity performance of the transmitter. The next scope of this thesis 

is to address the in-band noise problem and to improve the signal quality at the input of the 

PLM PA by proposing the complex delta-sigma modulation for the baseband signal 

processing in PLM PA-based transmitters. The comparison measurement study of EDSM-

based transmitter and the proposed transmitter signal showed significant improvement in 

signal quality and linearity. 

1.3 Dissertation organization  

The organization of the current dissertation is described as follows: 

Chapter two discusses the basic concepts of the PA design. The academic literature 

contains numerous methods for improving the linearity and efficiency in wireless transmitters for 

modern communication system, a few of which is introduced in the chapter two. Amongst the 
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efficiency enhancement methods discussed in chapter two, is the dynamic load modulation 

approach used in the Doherty PA and also the PLM PA.  This chapter also introduces delta-sigma 

modulation technique which enables the use of highly power efficient switching PAs in advanced 

transmitter systems. 

In chapter three, an overview on delta-sigma modulation technique is provided and well-

known DSM-based transmitter architectures are reviewed. In chapter three a novel HP DSM-based 

digital IF transmitter system is proposed as a solution to improve the signal quality at the input of 

the amplifier without increasing the oversampling ratio or speed clock of the DSP system. 

Comparison results on the signal quality using the proposed HP DSM and Cartesian HP and band-

pass (BP) counterparts are also reported in chapter three, which highlights the output signal quality 

enhancement. The proposed transmitter is evaluated by the implementation of using an inverse 

class F amplifier. 

Chapter four discusses the design theory of the PLM PA and the dynamic load modulation 

technique used in this amplifier for efficiency improvement in power back-off region. The load 

modulation behavior in the PLM PA is evaluated in simulation, and the power efficiency of the 

PA is compared with the Doherty counterpart. Chapter four reports the efficiency enhancement at 

a large power back-off in the PLM PA compared to the Doherty PA. An envelope delta-sigma 

modulation based transmitter is designed and implemented in chapter four, which employs the 

dynamic load behavior of a PLM PA, as well as, the noise shaping characteristics of the EDSM. 

The proposed transmitter is tested using two field programmable gate arrays (FPGAs), a gate bias 

modulated PLM PA, and high quality output filter. 

In chapter five, the possibility of obtaining a high linearity performance along with a good 

efficiency behavior using the complex delta-sigma modulation technique for the PLM PA-based 
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transmitter architecture is investigated in simulation and measurement. A comparison study 

between the performance of the complex modulator and the common envelope delta-sigma 

modulator is carried out. Chapter five presents the design and implementation of a high efficient 

and linear PLM PA-based transmitter with the aid of complex delta-sigma modulation technique. 

For this transmitter, complex delta-sigma modulation approach is used for the first time as the 

signal processing technique. The measurement results, reported in chapter five, show the capability 

of the proposed architecture to achieve high linearity performance of the system, as well as good 

power efficiency for modern standard signals. 

Finally, in chapter six, a summary of the work completed in this dissertation is reviewed. 

Chapter six also notes some recommendations on possible future work in this area. 
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Chapter Two: LINEAR AND EFFICIENT POWER AMPLIFIER DESIGN  

2.1 Introduction 

Power amplifiers (PAs) are part of the wireless transmitter front-ends. They are the key 

components in any wireless transmitter systems not only because they enable the transmission of 

the RF signal, but they also often dominate the power dissipation in wireless transmitters. 

Consequently, it is crucial to design high efficiency power amplifiers and reduce the DC power 

dissipation in order to maximize the battery life in handsets and to lower the running costs in base-

stations. Linear amplification is also necessary for signals which contain both phase and amplitude 

modulations. The design of PAs, especially for high efficiency and linear operation is a very 

challenging task. For modern communication transceiver systems that employ envelope-varying 

modulation schemes, PA design is typically a trade-off, trying to fulfill linearity and efficiency 

requirements. Achieving both requirements simultaneously has remained a challenging goal over 

the years [7-10]. The performance of PAs can be improved through either architectural innovations 

and/or advanced circuit design technologies.  

This chapter discusses the design principles of the PAs and it also presents the basic power 

amplifiers efficiency and linearity enhancement techniques. The following section of this chapter 

briefly introduces modern semiconductor device technologies used for the PAs and then various 

classes of amplifiers are reviewed where the principle of operation, advantages, drawbacks and 

applications of each class are discussed. Section three of this chapter presents different well-known 

approaches for improving the performance of transmitter architectures working with envelope 

modulated signals. The principle of efficiency enhancement techniques in PAs is also defined, and 

a number of efficiency enhancement techniques are discussed. 
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2.2 Power amplifier design theory  

The PA performs the final amplification of the transmitted signal so that the signal can be 

received with the required quality at the desired distance. This component strongly influences the 

quality of the output signal, especially when the PA operates in its nonlinearity region. 

Furthermore, the PA usually shows the greatest power consumption in the transmitter chain.  

Therefore, a key parameter in specifying the efficiency of the overall transmitter chain is the power 

amplifier’s efficiency. This section details the metrics that are commonly used to evaluate the PA 

performance which can be categorized into linearity and efficiency.  

2.2.1 Efficiency in power amplifiers  

Figure 2-1 shows a simplified block diagram of a PA. The capability of the PA in 

converting the DC power into the output RF power is measured by the power efficiency which is 

defined as [7]:  

 % .100%Out

DC

P

P


 
 
 

 (2-1) 

where OutP  is the RF power measured at the output of the PA to take in to account the 

power loss at the matching networks. Power efficiency is specified as the drain efficiency and the 

collector efficiency in the case of a field effect and bipolar based amplifier, respectively. Another 

important parameter which carries more information than the drain efficiency is the power added 

efficiency or PAE as it depends on the gain of the amplifier. The PAE can be expressed as [7]: 
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Figure 2-1. Block diagram of a simplified RF power amplifier. 

 

in which G is the power gain of the PA and defined as the ratio of the RF output power, 

( )OutP  to the RF input power ( )InP  of the amplifier. For non-constant envelope signal amplification 

by the PA, the average drain efficiency ( )AVE  can be interpreted as the time average (T) of the 

fixed envelope efficiency [10]:  
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             (2-3) 

where ( )A t  is the signal’s envelope. The calculation of the average efficiency can also be 

done based on the signal’s envelope probability density function, ( )PDF A  as: 
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in which maxA is the peak value of the envelope signal. In (2-4), the product of  

( ). ( )A PDF A  is the probability density function of the drain efficiency. Selecting RF power 

transistor technology for the PA is an essential key to acquiring extraordinary performance for 

parameters such as power efficiency, PAE, power gain and output power. The following section 

gives a brief overview on the device technologies used in modern PAs. 

2.2.2 Device technology for power amplifiers 

Starting from the PA requirements and electrical specifications, the initial step in the design 

of a power efficient PA resides in the selection of the technology and the choice of active device. 

The active device for the PA is selected according to the application requirements including power 

gain, the operating frequency, linearity, efficiency, size and last and certainly not least, cost.  

Laterally defused MOSFET (LDMOS), for instance, is commonly used for RF PAs for 

wireless infrastructure. These devices are constructed of an epitaxial silicon layer on a highly 

doped silicon substrate. LDMOS devices show high output power capability of tens to hundreds 

of watts with up-to 60-V drain-to-source breakdown voltage. Silicon laterally double defused 

MOSFET (Si-LDMOS) transistor is widely used to build PAs for base-station transmitters in 

cellular networks (especially below 3GHz) because they offer a good combination of gain, 

linearity, reliability and cost [11]. Meanwhile, high power gallium arsenide pseudomorphic high-

electron-mobility transistors (GaAs pHEMTs) and gallium arsenide metal semiconductor field 

effect transistors (GaAs MESFETs) have been shown to exhibit superior performance in terms of 

power density, power efficiency and higher operating frequency than Si-LDMOS devices, but with 

the higher cost.  
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For high-power and high-temperature applications, wide-band-gap materials with 

relatively high thermal conductivity, such as silicon carbide (SiC) and gallium nitride (GaN), play 

a significant role [12, 13]. The requirement for high-frequency operation at least through X-band 

frequencies up to 12 GHz can be obtained with the wide bandgap materials GaN and SiC due to 

their high saturated electron velocities in combination with their high current density. Silicon 

carbide MESTETs (SiC MESTETs) are also suitable for high-temperature and high voltage 

applications, but the low electron mobility in such devices limits their applications for higher 

frequencies (about 4 GHz). GaN technology is well matched for high-power and high-frequency 

operation, which has encouraged its utilization in the millimeter-wave frequencies. In terms of 

power capability, GaN can reach hundreds of watts. This aspect opens doors for GaN to operate 

in satellite and military environments.  

The high power density of GaN HEMT devices enables reduction of the total gate width. 

The reduced size implies that the device has higher input and output impedances, which makes 

matching network design relaxed. In addition, this technology offers the high frequency of 

operation, low noise figure, high power density and PAE capability. 

2.2.3 Classifications of power amplifiers 

In general, power amplifiers are classified by their operating bias points and their output 

networks. The class of the PA determines the output signal characteristics and the device 

efficiency. Amplifier classes represent the amount of the output signal which varies within the 

amplifier circuit over one cycle of operation when excited by a sinusoidal input signal with 

frequency . The classification of power amplifiers, with the transistor operated as a dependent 

current source, are based on the proportion of each input cycle (conduction angle C ) during which 

the device passes current. The classic amplifiers mode of operations that are controlled by the 
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conduction angle or the biasing points of the active device are class-A, class-AB, class-B and class-

C [9, 14].  

The biasing condition for the transistor should allow the maximum swing at the gate level 

for highest linearity performance of the PA in class-A. Class-A is the most linear but the least 

efficient class of amplifiers. For a class-B PA design, the DC component of the gate-to-source 

voltage ( )GSV equals to the pinch-off voltage and the conduction angle for the drain current is

radian. The operating point of the transistor in the class-C PA is located in the cut-off region and 

therefore a class-C PA shows nonlinear characteristic. The conduction angle in class-C is less than

  radian and the class-C PA starts conducting current as the level of the RF input signal exceeds 

the threshold voltage.  

The quiescent biasing point for class-AB is in the region between class-A and class-B 

which is above the pinch-off and thus the conduction angle is greater than  radian ( 2 )C     

The linearity of the PA decreases as the conduction angle reduces from class-A through class-C. 

However, the advantage of shifting to lower conduction angles is that amplifier’s efficiency 

increases. 

The current Di and voltage waveforms at the drain of a transistor is depicted in Figure 2-2. In 

this figure, the conduction angle is denoted by C , the quiescent current by QI , the knee voltage of the 

device by kV  and the maximum amplitude of the drain current by MaxI . The drain current waveform 

can be expanded into the Fourier series as [14]:  
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Figure 2-2. Drain current and voltage waveforms for a reduced conduction angle. 

 

The transistor drain current contains harmonic components with the amplitudes of ( ).n CI   The 

coefficients of the harmonic components of the current, ( ),n C   can be expressed as a function of 

the conduction angle as: 
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Figure 2-3. Harmonics amplitude of the current waveform from Fourier analysis for 

different conduction angles. 

 

The theoretical variations of the harmonic amplitudes of the drain current of the PA are 

plotted in Figure 2-3. It is clear from this figure that the magnitude of the harmonics increases as 

the conduction angle decreases (moving toward class-C) which shows higher nonlinear behavior of 

the PA. 

Under the ideal conditions for the power amplifier (optimum resistive termination and 

perfect short harmonics), the maximum efficiency of a power amplifier operating in a class-AB, 

class-B and class-C can be obtained as [15]: 
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Figure 2-4 shows the overall variations of the RF output power and the maximum 

theoretical drain efficiency with the conduction angle. The output power plotted in this figure is 

relative to the RF output power of a class-A amplifier. Ideal condonations and zero the knee 

voltage ( 0)kV  are assumed for the results shown in Figure 2-4. As can be seen in this figure, the 

maximum achievable efficiency increase as the conduction angle decreases (moving toward class-

C). The fundamental RF output power is almost constant between class-A and class-B and it shows 

a few tenth dB increase in the mid class-AB compared to the output power of the class-A PA. With 

a class-A bias, maximum drain efficiency of 50% can be gained, while it is about 78.5% for a 

class-B operation [7]. The theoretical efficiency is up to 100% for class-C. This is however 

accompanied by the reduction in the RF output power. 

 

 

Figure 2-4. Theoretical maximum efficiency and RF output power of a PA (relative to 

class-A PA) for various conduction angle values. 
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PAs can also be classified based on their matching network topologies and their operating 

conditions like class-D, class-E, class-F and inverse class-F [14, 15]. For these operating classes 

of PA, the transistor works as a switch operating between “on” and “off” states. Such amplifiers 

are usually referred to switched mode PAs. In these cases, an efficiency improvement in practical 

implementation is achieved by providing the nonlinear operation conditions resulting in non-

sinusoidal collector/drain current and voltage waveforms. In the design of a switched mode PA, 

the idea is to shape the drain/collector current and voltage waveforms of the transistor so that these 

waveforms do not overlap and high voltage and high current do not concur at the same time. This 

results in power dissipation reduction in the transistor and an enhancement in the efficiency 

performance of the PA. However, the time-varying envelope signals cannot be amplified by 

switching mode PAs without distortions. To utilize these amplifiers for linear amplifications, 

sophisticated digital signal processing techniques are required. Advanced transmitter architectures 

like linear amplification with nonlinear components (LINC), envelope elimination and restoration 

(EER) and delta-sigma-based transmitters all benefit from switched mode Pas, which will be 

discussed in more details in the current and following chapters. 

2.2.4 Power amplifier’s efficiency with envelope modulated signals 

The highest drain in efficiency of the PA usually occurs at the peak envelope power (PEP) 

and the efficiency drops as the envelope of the signal decreases. As a results, the conventional 

amplifiers achieve their maximum efficiency around the saturation region, where the gain of the 

PA becomes highly nonlinear, which results in signal distortions. 

 Figure 2-5 illustrates the ideal and actual transfer function of a PA. The 1dB compression 

point and the maximum saturation point for this typical amplifier are also shown in this figure. 

The maximum saturation point ( Sat MaxP  ) corresponds to the point where the PA reaches its output 
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maximum power. The gain of an amplifier compresses when the output signal level enters the 

compression region before it reaches saturation. The 1dB compression point is where the gain is 

1dB less than the small signal gain. 1dBIP  and 1dBOP  corresponds to the power levels at this point 

at the input and output of the PA, respectively [15]. To obtain satisfactory linearity over the 

transmitter's dynamic range, the power levels at the output of the PA are backed-off from saturation 

into their linear operating region. The OPBO is commonly used to define the ratio of the 

amplifier’s output power at saturation to the amplifier’s operating output power. When the PA 

operates in the back-off region, its maximum output power level is reduced so that the entire signal 

is within the linear region of the PA transfer curve. However, the PA's efficiency decreases as the 

power back-off increases. Consequently, in many applications PA design results in a trade-off 

among conflicting efficiency and linearity requirements.  
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Figure 2-5. Saturation power and 1dB compression point definition for a PA. 
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Signals modulated with spectrally efficient modulation schemes like OFDM or CDMA 

have high peak-to-average power ratio (PAPR) up to 13 dB [4]. The PAPR describes the envelope 

fluctuations of modulated signals and is defined as the ratio of the maximum power level to the 

average power level of the signal. Signals with high PAPRs may have peak power values higher 

than the average power values only at certain moments. Dealing with non-constant envelope 

signals, instantaneous efficiency becomes less significant compared to the average efficiency. The 

average efficiency depends upon the probability density function (PDF) of modulation signals [7]. 

Consequently, the PAPR and the PDF of modern modulated signals needs to be considered when 

dealing with PAs and transmitter nonlinearities.  

2.3 High performance transmitter architectures  

The time-varying envelope signal with high PAPR effects the PA’s linearity requirements 

and also its efficiency performance. It is challenging to realize simultaneously high-efficiency and 

linear operation of the power amplifiers for high PAPR signals.  The need for high performance 

PAs in modern transmitter systems has pushed research efforts toward sophisticated architectures 

and advanced amplification techniques [4, 7]. These techniques can be categorized into two main 

groups: linearization techniques and efficiency enhancement techniques, which will be discussed 

briefly in the following sections.  

2.3.1 Linearization techniques 

The nonlinear behavior of the RF front-end, especially RF transmitters, can significantly 

degrade the overall performance of wireless systems. Modern communication systems cannot 

afford to lose spectrum efficiency by not utilizing envelope modulation. With envelope modulation 

schemes, nonlinearity in the signal’s amplitude introduced by an amplifier can result in spectrum 

regrowth.  Intermodulation distortions are generated when the amplifier operates in its nonlinear 
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region which cause interference with adjacent channels. Nonlinear amplification causes both in-

band and out-of-band distortion, resulting in loss of signal accuracy and interference with the 

signals in other channels. An important point of consideration in characterizing the system’s 

linearity is the adjacent channel leakage ratio (ACLR). ACLR compares the desired channel power 

to the noise in a specified band at a specified frequency offset. It is defined as the ratio of the 

transmitted power to the power in the adjacent radio channel [14]. 

Linearization is a systematic approach to reduce an amplifier’s distortion. There are several 

linearization techniques that provide linearization of both entire transmitter system and individual 

power amplifier. Included among them are pre-distortion, feedback and feedforward [6, 8, 15-17]. 

Predistortion and feedback are systems that use error correction at the input of the RF amplifier, 

whereas feedforward applies error correction at the output of the power amplifier. 

2.3.1.1 Predistortion technique 

Predistortion technique is a popular linearization approach which is based on modifications 

on the phase and amplitude of the amplifier’s input signal, and this technique can take analog or 

digital from [6, 8]. In analog predistortion, the inverse function of the transmitter’s nonlinearity is 

used to predistort the analog input RF signal. Consequently, the cascade of the predistorter 

response and the PA transfer function produces the desired linear response. With the predistorter, 

the power amplifier can be utilized up to its saturation point while still maintaining a good linearity.  

Digital predistortion (DPD) benefits from digital signal processing (DSP) technology to 

predistort a baseband signal before modulation, up-conversion, and amplification by the PA. 

Figure 2-6 shows the schematic of a digital predistortion system.  

http://proquest.safaribooksonline.com.ezproxy.lib.ucalgary.ca/9780470934654/c12_sec1_0005_htm#c12-fig-0014
http://proquest.safaribooksonline.com.ezproxy.lib.ucalgary.ca/9780470934654/c12_sec1_0005_htm#c12-fig-0014
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Figure 2-6. Block diagram of a digital predistortion system with adaptive correction. 

 

In this approach, the amplitude and phase characteristics of the nonlinear PA are 

interpolated and then they are used to compute the appropriate predistortion coefficients 

representing a DSP lookup table (LUT). The predistortion coefficients are multiplied with the 

signal to generate the desired predistorted baseband signal. An adaptive correction mechanism is 

also necessary to maintain the linearity performance of the amplifier over varying conditions like 

supply voltage, temperature and load. 

2.3.1.2 Feedback linearization technique 

Feedback linearization technique employs a negative feedback loop to suppress the 

distortions generated by the nonlinear PA. This method is based on sampling a portion of the 

amplifier’s inverted waveform output and summing it with the non-distorted input [17]. As a result, 

nonlinear distortion products are partially canceled. In this technique, the overall gain is reduced 

and the time delay introduced by the feedback signal path may limit the upper frequency range. 
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Including among feedback techniques is the Cartesian feedback linearization which uses 

negative feedback of in-phase and quadrature baseband modulation. Figure 2-7 shows a block 

diagram of a typical Cartesian feedback system. The feedback path obtains a portion of the 

transmitter output via an RF coupler. The feedback signal is then synchronously demodulated and 

the resultant demodulated I-Q baseband signals are used to adapt the I and Q signals at the input 

of the amplifier. The loop drivers feed the baseband inputs of the up-conversion mixer which in 

turn drives the PA. The feedback loop has a delay compared to the direct signal path. A phase 

shifter is therefore needed in the feedback loop which limits the bandwidth.  
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Figure 2-7. Block diagram of a typical Cartesian feedback linearization system. 

 

2.3.1.3 Feedforward linearization technique 

The block diagram of a PA with feedforward linearization technique is illustrated in Figure 

2-8. Linearization in this technique is based on the cancelation of intermodulation distortions. A 

feedforward linearizer consists of a PA (whose nonlinear distortion effects need to be reduced) 
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couplers, error amplifier (EA), phase shifter, variable attenuators and delay elements [15]. As can 

be seen in this figure, nonlinear behavior of the PA results in generation of intermodulation 

distortions at the PA’s output in the two-tone test. In the signal cancelation loop, the error signal 

is obtained by comparing a delayed input signal sample from the attenuated version of the PA’s 

output. In the distortion cancelation loop, the distortion signal is linearly amplified by the EA. It 

is then coupled back to a properly delayed PA output. Consequently, the unwanted distortions will 

be suppressed, ideally canceled, resulting in a linear system. The major drawback of this system 

is the low power efficiency due to high power requirement of the error amplifier operated in highly 

linear mode and losses due to couplers and delay lines in the system. 
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Figure 2-8. A simple block diagram of the feedforward linearization technique. 

 

2.3.2 Efficiency enhancement techniques  

Transmitting non-constant envelope signals with PAPRs necessitates using advanced 

transmitters with enhanced efficiency performance. To achieve this goal, transmitters and PA 

architectures are adapted. Among them are the linear amplification with LINC technique, the 
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Doherty PA, the EER technique, the envelope tracking technique, the pulsed load modulation 

(PLM) PA and delta-sigma-based transmitters. These techniques can improve efficiency while 

maintaining linearity at power back-off operation. Current section highlights some of the 

underlying theory and design considerations behind these techniques.    

2.3.2.1 LINC transmitter  

The LINC technique relies on the fact that a general bandpass signal can be split into two 

constant envelope phase modulated signals [16, 18-21]. The constant envelope nature of phase 

modulated signals makes it possible to utilize nonlinear, but highly efficient switched mode PAs 

in the transmitter. A block diagram of LINC transmitter architecture is shown in Figure 2-9. This 

architecture is basically consisted of a signal components separator (SCS), two identical highly 

efficient and nonlinear PAs and an output power combiner. The complex representation of a signal 

that is modulated in amplitude and phase can be expressed as: 

( ) ( )cos( ( ))cS t E t t t    (2-10) 

where ( )t is the phase of the baseband signal. The envelope of the signal can be written as: 

( ) cos( ( ))maxE t E t  (2-11) 

In the above equation, ( )t is the phase angle related to the amplitude of the signal ( )E t . The SCS, 

which can be implemented in DSP, generates two outphasing signals, 1( )S t  and 2 ( )S t . The signal 

components separation can be expressed as follows [19]: 

 1( ) cos ( ) ( ) ( )
2

max
c

E
S t t t t      (2-12) 

 2 ( ) cos ( ) ( ) ( )
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c

E
S t t t t      (2-13) 
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Figure 2-9. A simple block diagram of LINC transmitter architecture. 

 

Figure 2-10 depicts the graphic representation of baseband component separation phasors 

in the LINC technique. Two signal components 1( )S t  and 2 ( )S t  are separately amplified and then 

summed backed together to reproduce the amplified version of the original signal. When 

combining the two signals in a power combiner, the in-phase signal components add together while 

the out-of-phase components cancel out. 

1( )S t

2 ( )S t

I

Q

( )t

( )t ( )/2S t

 

Figure 2-10. The graphic representation of baseband component separation phasors in 

LINC technique. 
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2.3.2.2 Doherty power amplifier 

The Doherty PA is based on the idea of modulating the load of an amplifier and forcing it 

to operate with its maximum efficiency for a range of power levels [7, 22]. The Doherty PA 

architecture in its classical form consists of a power splitter, two amplifiers (carrier and peaking 

amplifiers) and a power combiner configured as illustrated in Figure 2-11. In Figure 2-11, the load 

impedances at the output of the carrier and peaking amplifiers are shown by CZ  and PZ , 

respectively.   

The output load is connected to the carrier amplifier first through transmission line with 

the characteristic impedance of 0Z  and then by an impedance inverter (a quarter-wave 

transmission line with the characteristic impedance of 0 )Z . The design parameter defines the 

transition point or the location of the second efficiency peak in the efficiency characteristic of the 

Doherty PA which occurs at  1020log 1/ backed-off power level from the PEP [23].  

For a conventional symmetrical Doherty operation where the carrier and peaking amplifiers 

have the same device sizing (for 0.5)  , the carrier amplifier would be presented with two times 

its optimum impedance at a 6 dB back-off power level. Therefore, for this PA, the second 

efficiency peak occurs at the 6 dB back-off power from the maximum output power. The carrier 

amplifier is biased in class-B, while the peaking amplifier is biased in class-C [22, 24].  

The peaking amplifier only draws drain current for a normalized output voltage above the 

transition point. The transition point is defined as the point where the peaking amplifier starts 

conducting. 
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Figure 2-11. Simple structure of Classical Doherty PA. 

 

The operation of the Doherty PA can be analyzed below the transition point, above the 

transition point, and at full PEP.  

 Below the transition point, the peaking amplifier remains in the cut-off state and its 

branch ideally presents an open circuit. Consequently, under ideal conditions, the load 

impedance of the carrier amplifier, CZ , is equal to 0 / .Z   The carrier amplifier 

receives all the input signal. The carrier amplifier, in this power region, operates in 

the linear mode and acts as a controlled current source.  

 At the power levels above the transition point, the two PAs would contribute to the 

output power. The carrier amplifier is saturated. This amplifier can be modeled like 

a controlled voltage source in this region, which is then converted to a current 

source with the act of the quarter wavelength transmission line. The current from 

the peaking amplifier increases rapidly at power levels above this point. The current 

contribution from the peaking amplifier reduces the effective impedance seen at the 
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carrier amplifier’s output. This load–pulling effect allows the carrier amplifier to 

deliver more current to the load while it remains saturated.  

 At full PEP or at full drive, both amplifiers are saturated and the efficiency of 

Doherty PA reaches to the maximum value which is ideally about 78.5% for the 

class-B configurations.  From the load impedance point of view, at the peak power 

level, the load impedances of both amplifiers theoretically reach to 0Z , which is 

usually equal to 50 Ohm.   

The parameter or the power division ratio is defined to show the amount of contribution 

of the peak and carrier amplifiers in providing the power to the load at PEP. This parameter is 

equal to 0.5 for a typical two stage Doherty PA since the contribution of both amplifiers is ideally 

equal at the full power level.  

The theoretical efficiency of a Doherty PA based on the assumption that two ideal class-B 

amplifiers are used can be calculated as follows [24]: 
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          (2-14) 

where LV  denotes the voltage at the connecting point of the peaking and carrier amplifiers 

and DDV  is the drain supply voltage of both PA’s (assuming that the drain supply voltage of the 

carrier and peaking amplifiers are equal). Figure 2-12 illustrates the theoretical power efficiency 

of a two stage Doherty PA for three different power division ratios ( 0.3  , 0.5 and 0.7) 

comparing with that of a class-A PA and class-B PA versus normalized output voltage levels 

( / )L DDV V . It is can be seen from Figure 2-12 that for low power operation, the efficiency of the 
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Doherty PA increases linearly with the output power level. Above the transition point, the 

efficiency initially degrades, but then increases yielding the same efficiency at PEP as the 

transition point. The efficiency of the Doherty PA in the 6 dB back-off range is effected by the 

peaking amplifier until the power reaches the maximum. Consequently, there are two peaks in the 

efficiency curve of the Doherty PA. The efficiency of the Doherty PA is still better than that of a 

class-B and class-A amplifiers at an equivalent output power level.  

For a classic Doherty PA to achieve the ideal performance as shown in Figure 2-12, the 

peaking device must be biased, such that it turns on at half of the full voltage swing and its current 

must rise at twice the rate of the main PA device. However, achieving both current characteristics 

with same periphery devices is not possible, since the class-C amplifier used to hold off the turn-

on point of the peak amplifier, cannot possibly achieve the same drain current as the carrier 

amplifier. 

 

Figure 2-12. Theoretical Efficiency of a classical two stage Doherty PA for different power 

division ratios (0.3, 0.5 and 0.7) comparing with that of a class-A PA and class-B PA versus 

normalized output voltage levels. 
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In practice, the low power gain and unsaturated operation of the peaking amplifier, prevent 

the implementation of the proper load modulation. Therefore, neither of the amplifiers can generate 

its respective output power leading to performance degradation. Several design techniques such as 

Doherty PA with adaptive bias control [25, 27], switched Doherty PA [28], asymmetrical Doherty 

PA [29], multi-stage and N-way Doherty PAs [30, 31] have been proposed in recent years for 

performance improvement in Doherty amplifiers. 

2.3.2.3 Envelope elimination and restoration transmitter 

Traditional Envelope Elimination and Restoration (EER) technique, also referred to as the 

Kahn technique, is another approach for efficient amplification of modulated non-constant 

envelope signals [32]. The main concept in this technique is to separate the envelope and RF phase 

path. Figure 2-13 shows the basic block diagram of the EER transmitter. As can be seen in this 

figure, in the EER transmitter, one path consists of an envelope detector and an envelope amplifier 

such as DC-DC convertor or Class-S modulator.  

The other path of the EER system consists of a nonlinear high efficiency PA e.g. a class-

C, class-E or class-F operating PA [15, 33]. The limiter removes the envelope component to form 

a purely phase-modulated RF signal. The resulting constant amplitude phase modulated carrier is 

then amplified by the nonlinear PA. The RF transistor is driven in switching or saturated mode 

with a constant amplitude signal only with the phase information with high efficiency without 

performance degradation by high PAPR signals. Finally, the amplified envelope signal through 

the modulator is combined with the amplified phase signal at the drain supply voltage of the RF 

transistor. 
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Figure 2-13. Block diagram of an EER transmitter architecture. 

 

The output voltage characteristic of the RF power transistor should be linear enough to 

restore accurately the input envelope. However, in practice this is not the case, especially for high 

power devices. Furthermore, there are stringent requirements for the envelope amplifier in the EER 

transmitter. The actual efficiency of EER PAs is essentially impacted by the performance of the 

envelope modulator. The envelope amplifier should be very efficient itself to avoid degradation of 

the whole system efficiency. Practically, the process of amplifying the detected envelope up to the 

necessary voltage and current capacity will dissipate a significant amount of power, especially for 

base-station applications [34]. In modern implementations, the envelope detector and the limiter 

can be omitted and both the envelope and phase modulation can be generated with a DSP unit. 
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2.3.2.4 Envelope tracking technique  

The envelope tracking (ET) technique is a dynamic power supply method which aims to 

improve the efficiency of a linear PA by matching the voltage across the transistor to the lowest 

practical value needed to provide the present instantaneous output power. Therefore, the PA’s 

power supply tracks alongside the envelope of the output signal. A simple block diagram of a PA 

with ET is shown in Figure 2-14. This system works based on the dynamic supply modulation of 

a linear PA. Instead of separating the envelope and phase-modulation as in the EER transmitter, in 

the ET system the RF input power contains both amplitude and phase information, which eases 

system implementation and time-alignment. The envelope of the signal is then used to dynamically 

adjust the bias of the PA in the ET transmitter. By tracking the envelope with the drain voltage, 

the ET transmitter keeps the RF transistor operating continuously in saturation with high power 

efficiency. 

Envelope 

Amplifier

Envelope Detector

Envelope 

Path

Vdd

Input RF Output RF
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Figure 2-14. Block diagram of an envelope tracking system. 

 

Since the RF PA in the ET technique amplifies non-constant envelope signals, it must be 

relatively linear. Therefore, the RF PA is typically implemented with a class-A or class-AB PA 

[35].  Ideally, EER and ET schemes can maintain the peak efficiency independent of the output 
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power. However, deficiencies in both the PA and the envelope amplifier, limits the performance 

of the system. In addition, in such systems the efficiency enhancement over a wide range of output 

powers is achieved with the expense of gain degradation. Compared to the gain of a fixed-supply 

RF PA, the gain degradation of a typical ET system can range from 2 to 5dB depending on the 

system requirements.   

2.3.2.5 Pulsed load modulation (PLM) power amplifier  

Among all efficiency enhancement techniques are those that benefit from dynamic load 

modulation. The dynamic load modulation process changes the load impedance presented to the 

PA dynamically in order to keep the PA operating in the saturation region at different power levels 

for higher efficiency performance. However, this optimum efficiency can only be obtained when 

the full RF voltage swing ( )maxV  can be achieved at the output of the amplifier. As the RF output 

voltage decreases, the output power degrades, as well as, the power efficiency of the PA. If the RF 

voltage signal of a class-B PA degrades by a factor of “k” from the peak value, the fundamental 

RF current, 1I , reduces by the same factor. As a result, the RF output power and the DC power 

consumption in the amplifier can be written as: 
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Consequently, the power efficiency can be calculated by: 
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The above equations show the power efficiency of the class-B PA drops by the square root 

of the power back-off level ( 2k ) as the RF voltage decreases by the factor of “k”. It is also clear 

from equation (2-17) that the optimum efficiency of the PA can be obtained either by adjusting the 

DC supply voltage of the PA, as in EER and ET techniques, or by dynamically modulating the 

output load impedance of the amplifier such as in Doherty PA, LINC or PLM PA [36, 37].  

In the PLM PA, the effective load impedance of the PA is dynamically modulated, for the 

full range of 6 dB OPBO region, by the square root of the output power to obtain the maximum 

power efficiency in this range of power. To achieve this goal, digital signal processing methods 

such as delta-sigma modulation techniques are utilized to digitize the input signal at different 

power levels into pulses with variable duty cycle values (D). With the digital input pulses and a 

high Q bandpass filter (BPF) at the output of the PA, dynamic load modulation behavior in the 

PLM PA is obtained as in switched resonator circuits which behave like a pulsed RF voltage source 

connected to a current limiting filter [38].  

Figure 2-15 shows the basic block diagram of a PLM PA based transmitter architecture 

with digital delta-sigma modulation. As can be seen in this figure, a combination of two amplifiers 

(the main and auxiliary amplifiers) and an output filter with the use of the digital modulation 

technique forms a PLM PA [36]. The digitally modulated signal switches the main and auxiliary 

amplifiers on and off. The main and auxiliary amplifiers are switched by the modulated input 

digital pulses between the class-B (the “on” state) and pinch-off (the “off” state). During the “off” 

state of the pulses, the high output impedance of the auxiliary PA is transformed to a virtual short 

circuit at the input of the filter by the transmission line. This behavior emulates the off state of a 

switch which prevents any DC power consumption. During the “on” states or high pulse levels, 
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the load impedance seen at the combination point of the main and auxiliary amplifiers or at the 

input of the filter changes by the duty cycle of the amplified pulses, improving the efficiency of 

the amplifier at the 6dB back-off region. The efficiency analysis for the “on” state of the digital 

pulses illustrates that during the 6 dB back-off region or for input pulses with duty cycle values 

higher than 50%, dynamic load modulation forces the amplifiers to operate in the saturation mode 

for optimum power efficiency. In order to reconstruct the signal and suppress the out of band 

quantization noise added to the signal by the digital modulator’s quantizer, a BPF with a high 

quality factor is placed at the PA’s output.  
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Figure 2-15. Simple basic block diagram of a PLM PA based transmitter with digital 

modulation. 

 

The output high Q BPF also provides a time-varying load at the output of the amplifiers 

enhancing the power efficiency of the system by employing dynamic load modulation technique 

as in switched resonator circuits. The analytical drain efficiency of this PA with input pulses along 
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with that of the conventional Doherty PA, Class-A and Class-B amplifiers are depicted in Figure 

2-16. This figure shows that higher efficiency is expected from PLM PAs at 6 dB back-off power 

levels comparing to the Doherty PA. 

In this dissertation, a delta-sigma based transmitter architecture using PLM power amplifier 

for high power amplifications is proposed for the first time to improve the efficiency performance 

of transmitters at the 6dB OPBO region. This disorientation also focuses on the linearity 

improvement of such transmitters to overcome the drawbacks of signal quality degradations during 

its digital modulation process. 

 

 

Figure 2-16. Theoretical drain efficiency of the PLM PA, Doherty PA, class-A and class-

B PAs versus output back-off power levels. 
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2.3.2.6 Delta-sigma-based transmitters 

Another promising technique to improve the power efficiency in modern wireless 

transmitters is converting the time varying-envelope signal into a constant-envelope signal using 

digital signal modulation techniques [2, 39]. In this case, it is possible to use a highly efficient PA, 

like switched mode PAs, where maximum efficiency can be achieved. In addition, employing such 

techniques lead to re-configurability of the system which is highly beneficial for multi-standard 

applications, such as software defined radio (SDR) systems. In digital signal processing methods 

like pulse width modulation (PWM) and pulse position modulation (PPM), the amplitude of the 

signal is represented by the width or by the position of the pulse, respectively. In such methods, 

the amplitude (pulse width) and phase (pulse position) are coarsely quantized leading to generation 

of considerable amount of quantization noise which needs to be shaped.  

Delta-sigma modulation is a promising digital processing technique for shaping the 

quantization noise and pushing it away from the band of interest, such that it can be filtered out at 

the RF output of the PA [39]. Due to the fact that delta-sigma modulators (DSMs) promise higher 

linearity performance than that of the pulse width modulators, delta-sigma based transmitters have 

been intensively studied in recent years in academic literatures [2, 5, 40-48]. A simple block 

diagram of a DSM-based transmitter architecture with the time representation of the signal at 

different levels are presented in Figure 2-17. In such a transmitter, the base-band time-varying 

envelope signal is encoded into a bi-level constant envelope signal by means of a DSM with the 

sampling frequency of Sf . The DSM is then followed by an up-converter. The result signal 

consists of a sequence of two level pulses which allows the PA to be driven as a switch resulting 

in a better power efficiency. Using an analog BPF, the signal is reconstructed at the output of the 

RF PA.  
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Figure 2-17. Simplified block diagram of a delta-sigma based transmitter with the time 

representation of the signal. 

 

DSMs use noise shaping and oversampling techniques to limit the quantization noise inside 

the band of interest. The oversampling ratio for a signal is defined as the as the ratio of the sampling 

frequency ( Sf ) to the bandwidth of the signal (BW) as: 

SfOSR
BW

  (2-18) 

Increasing the oversampling ratio in DSMs reduces the in-band quantization noise of the 

signal, since it spreads the noise power over a wider range of frequency. However, improving the 

in-band signal quality with increasing the oversampling rate requires using a faster clock speed.  

In order to evaluate the performance of the DSMs in DSM-based transmitters two terms 

are commonly used: SNDR and coding efficiency [39, 43]. The SNDR shows the ratio of the in-

band signal's power to the in-band noise power in decibel. The SNDR can be calculated as: 

10
10log In band Signal

In band noise and distortion

P
SNDR
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  (2-19) 
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Although out-of-band spectral components do not dissipate any power in an ideal circuit, 

a high level of out-of-band spectral power is wasteful and reduces the utility of the pulse train to 

generate load power. Significant out-of-band power is generated by one-bit quantization, and 

coding efficiency is introduced as a figure of merit to evaluate encoder performance. The coding 

efficiency is defined as: 

100
In band Quantized Signal

Total Quantized Signal

P
Coding Efficiency

P


 

  
 
 

 (2-20) 

This term is used to measure the percentage of the desired in-band signal's power to the 

total power of the modulated signal at the output of the modulator. Despite the fact that 

quantization noise is shaped by the DSM to be out of the signal band, some part of the quantization 

noise is still placed inside the signal band, which degrades the signal quality and limits the linearity 

performance of the delta-sigma-based transmitters. In addition, in such transmitters, the 

quantization noise generated by the quantizer in DSM will accompany the signal and will be 

amplified by the PA. Amplifying the unwanted noise leads to an energy loss in the PA and, 

consequently, degrades the power efficiency performance of the delta-sigma-based transmitter.   

 This thesis addresses the main drawbacks of delta-sigma-based transmitter architectures 

and propose novel delta-sigma-based signal processing techniques to overcome the limitations of 

these transmitters. In this dissertation, new delta-sigma-based transmitter architectures using PLM 

power amplifiers are proposed to improve the efficiency and linearity performance of such 

transmitters. 

2.4  Conclusion 

The design principles of PAs as a key component in transmitter structures were presented 

and various classes of PAs were reviewed. In this chapter, some well-known modern 
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semiconductor device technologies used for the PAs were discussed, and the principle of operation, 

advantages, drawbacks and applications of each class were presented.  

This chapter also presented an overview on different well-known efficiency enhancement 

approaches, as well as linearization techniques for amplification of complex signals in wireless 

transmitters. Among other power efficiency improvement methods, this chapter briefly presented 

theoretical design approach of PLM PAs in modern transmitter architectures. It was discussed in 

theory, that in the PLM PA structure, the effective load impedance of the PA is dynamically 

modulated, for the full range of 6 dB OPBO region which results in higher efficiency than Doherty 

PA.  

Delta-sigma modulation was introduced as a promising technique to encode the multi-level 

and time varying envelope signals to enable the use of high efficiency switching PAs in 

transmitters. In the following chapter, we will focus in more detail on delta-sigma modulation, its 

advantages and disadvantages in transmitters. In the following chapters of this thesis, we aim to 

employ PLM PAs in DSM-based transmitters to achieve the highest possible performance.     
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Chapter Three: DESIGN OF DIGITAL-IF TRANSMITTERS USING HIGH-PASS 

DELTA-SIGMA MODULATORS  

3.1 Introduction 

The explosive growth in functionality of modern wireless architectures has largely been 

driven by advances in digital signal processing (DSP). Digital circuits provide re-configurability 

enabling the adaptation of architectures to different standards or to changes in system 

requirements. As a result, in recent years the interest of many researchers was directed to the 

development of fully or partially digital, and thus reconfigurable, transceivers for software defined 

radio (SDR) systems. Figure 3-1 shows a block diagram of a SDR transceiver system with dual-

stage conversion architecture [2]. In the transmitter part, known as the digital-IF transmitter, the 

baseband signals are first converted into an intermediate frequency (IF) in the first stage, and then 

to a radio frequency (RF) in the second one. The digital approach in this architecture increases the 

flexibility and programmability of the system and avoids the problems of aging, variable 

component values, and impedance conversion difficulties associated with many analog circuits. In 

this system, RF front end which includes power amplifiers (PAs), bandpass filters (BPFs) and 

antenna are the only analog components.  

In a digital-IF transmitter system, a DSP based on delta sigma modulators (DSMs) can be 

envisioned to produce signals at RF frequencies. In such transmitters, delta-sigma modulation 

relaxes the design constraints of high resolution, linear multi-bit digital-to-RF converters by 

reducing the number of bits of the signal to be converted. Consequently, DSMs enable a highly-

digital implementation for the baseband and allow the design of digital up-conversion mixers.  
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Figure 3-1. Block diagram of a SDR transceiver with dual conversion architecture [2]. 

 

By encoding time-varying envelope signals, DSMs enable the use of high efficiency switching 

mode PAs (SMPAs). This chapter presents the concepts of DSMs. Different topologies of DSM 

such as low-pass (LP), band-pass (BP) and HP will be explained in the following section. Section 

3.3 of this chapter provides a brief overview on the state of the art of DSM-based transmitters and 

digital transmitter structures proposed in recent literature.  

In this chapter, a digital-IF transmitter architecture is proposed using novel complex high-

pass (HP) delta-sigma modulation in section 3.4. The proposed HP DSM is used to improve the 

signal quality at the input of the SMPA in the digital-IF DSM-based transmitters without 

increasing the oversampling ratio or speed clock of the system. The proposed HP modulator 

utilized in the digital-IF transmitter reduces the quantization noise power, and therefore, increases 

the average power efficiency. A comparison study between the presented HP DSM-based 

transmitter topology and two traditional DSMs transmitter topologies, Cartesian BP and Cartesian 
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HP, is carried out utilizing advanced design system (ADS) software. For this purpose, WiMAX 

standard signal is used to investigate the quality of the signal at the output of each topology in 

simulation. The results are evaluated further by prototyping the proposed transmitter using inverse 

class-F SMPA and the measurement results are reported in section 3.4 of this chapter.  

3.2 Delta-sigma modulators 

DSMs are a class of oversampled modulators which have gained huge popularity over the 

years, since they offer many advantages compared to other DSP techniques. One significant 

advantages of DSMs in modern communication systems is their built-in invariance to circuit 

variations due to the feedback topology, as well as, improved linearity in comparison to the regular 

Nyquist-rate modulators.  

Oversampling is a technique that improves the resolution obtained from the straightforward 

Nyquist rate sampling procedure. This improvement is achieved by sampling the analog waveform 

at a significantly faster rate than the Nyquist rate. Each of these samples is then quantized by the 

ADC. In the oversampling technique, the same noise power as a Nyquist rate converter is created, 

but the power is distributed over a wider frequency band due to the high sampling rate.    

Figure 3-2 illustrates the effect of oversampling on the noise power spectral density, ( ),eP f

of the quantization noise for Nyquist rate sampling frequency of 1Sf (Figure 3-2(a)) and a higher 

sampling frequency of 2Sf  (Figure 3-2 (b)). It is clear from this figure that in the oversampled case, 

the same noise power, represented by the area of the dotted rectangle, has been spread over a 

bandwidth equal to the sampling frequency of 2Sf  which is much greater than the signal 

bandwidth, 2 Bf . Only a relatively small fraction of the total noise power falls in the band 

[ , ].B Bf f  Therefore, the oversampling technique reduces the in-band quantization noise by 
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spreading a fixed quantization noise power over a larger bandwidth [49]. The SNDR of an 

oversampled signal with the sampling frequency of Sf  and the bandwidth of BW, at the output of 

the quantizer can be calculated as [39]: 

   2 210log10 10log10 10log10( )S
u e

f
SNDR

BW
     (3-1) 

in which 2

u  and 2

e  are the input signal power and quantization noise power. It is clear 

from equation (3-1) that for every doubling of the oversampling ratio or OSR, the SNDR improves 

by about 3 dB which can be interpreted as a half bit improvement in the resolution.  

To further improve the SNDR of the quantizer, using a practical sampling clock speed, 

delta-sigma modulations can be applied to the signal in order to shape the quantization noise out 

of the band of interest. 
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Figure 3-2. Power spectral density of the quantization noise in (a) Nyquist rate conversions 

and (b) oversampling conversions. 
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3.2.1 Low-pass delta-sigma modulators  

Figure 3-3 depicts the basic structure of a first-order low-pass (LP) DSM. A general 

structure of a LP DSM consists of an integrator, a quantizer or analog digital to converter (ADC) 

embedded in a loop with a digital to analog converter (DAC) in the feedback path. Assuming that 

the input changes rapidly from sample to sample by amounts larger than the step size of  , then 

the quantization error, [ ]e n , is uncorrelated with the input samples of [ ]u n and the error sequence,

[ ]e n , is a sample sequence of a stationary random process. Therefore, the quantization error can 

be represented by a random variable with the equal probability of lying anywhere in the range of 

[- / 2 , / 2 ]. This is the basis of the additive white noise model of the quantizer. To simplify the 

analysis of the noise from the quantizer, it is also assumed that the probability density function of 

the error process is uniform over the range of quantization error. A quantizer with Q output levels 

is said to have N bits of resolution where 2log ( )N Q . The least significant bit (LSB) of a 

quantizer with Q quantization levels is equivalent to 2 / ( 1)V Q  . With the assumptions about the 

noise process, the total quantization noise power, 2

e , can be calculated by from the PDF of the 

error, epdf , as [50, 51]: 
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  (3-2) 

Since all the quantization noise power is in the frequency range of [ / 2, / 2]S Sf f , the 

power density of the quantization noise is [39]: 
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Figure 3-3. Block diagram of a first-order LP DSM, (a), and the z-domain linearized model 

of the modulator (b). 

 

As depicted in Figure 3-3(b), the z-domain linear model of the modulator can be obtained 

by replacing the integrator with its z-domain equivalent model and the quantizer with an adder. 

Using the z-domain model, one can derive the system equations for the modulator as: 

1 1 1( ) ( ) ( ) ( )Y z z Y z z U z z V z      (3-4) 

in which ( )U z , ( )V z and ( )E z are the z-transforms of the sampled input signal [ ],u n output 

signal [ ]v n  and the quantization error signal [ ],e n  respectively. Consequently, the output of the 

modulator is given by: 
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 (3-5) 

For further simplification, the term’s signal transfer function (STF) and noise transfer 

function (NTF) are introduced as: 

( ) ( ) ( ) ( ) ( )V z U z STF z E z NTF z   (3-6) 

The output is just a delayed version of the signal plus quantization noise that has been 

shaped by a first-order z-domain differentiator or high-pass filter [39].  

For this modulator, the STF is 1z or a simple delay and therefore no filtering occurs. The 

NTF is 
1(1 )z . On the pole-zero diagram, The NTF shows a zero on the unit circle. The NTF 

causes the quantization noise to be attenuated around that region, which means the noise is high-

pass filtered by the LP DSM. Thus, the delta-sigma modulation introduces a shaping function for 

the noise that allows for a significant noise reduction in the signal band and corresponding SNDR 

improvement, as depicted in Figure 3-4. 

Consequently, a low-resolution high-speed signal is able to contain all the signal 

information in a defined bandwidth with a good SNDR. Replacing z by 2j fTe  in the NTF to get 

into the frequency domain and assuming 1,OSR  the in-band quantization noise power, q inP  , at 

the output of the first-order LP DSM can be calculated by [51]: 
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   (3-7) 

in which 1/ ST f is the sampling period and ( )eS f is the PSD of the quantization noise. It 

is clear from equation (3-7) that the in-band noise decreases with increasing OSR. However, this 
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decrease is relatively slow, since doubling the OSR reduces the noise only by 9dB.  The SNDR of 

the delta-sigma modulated signal as a function of the OSR is given by [49]:   
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  (3-8)                           

Equations (3-7) and (3-8) show that applying the DSM significantly improves the SNDR 

of the signal. Despite the advantages of simplicity, robustness and stability, the overall 

performance of the first-order modulator in terms of resolution and signal quality is inadequate for 

most applications. To improve the performance, higher order modulators come in to use in digital 

signal processing applications. More efficient noise shaping can be obtained by increasing the 

order of the noise transfer function.  
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Figure 3-4. In-band quantization noise power spectral density after (a) an oversampling 

conversion and (b) a delta-sigma noise shaping and oversampling conversion. 
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Figure 3-5 illustrates the simple block diagram of a linearized model of a second-order LP 

DSM in the z-domain [39]. Employing the linear noise model for the quantizer to get a linearized 

representation of the second-order LP DSM leads to following equation: 

1 1 2( ) ( ) (1 ) ( ) ( ) ( ) ( ) ( )V z z U z z E z STF z U z NTF z E z       (3-9) 

The above equation indicates that for the second-order modulator, the noise is shaped by a filter 

with transfer function of 
1 2(1 )z and consequently, the in-band quantization noise power and the 

SNDR of the signal at the output of this modulator can be approximated as [39]: 

 
4

4 2

5

1
2 / . ( ) . .

5

B

B

f

q in S e e

f

P f f S f df
OSR


 



   (3-10) 
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 (3-11) 

Therefore, the SDNR of the second-order LP DSM is proportional to the fifth power of 

OSR, rather than third power as in the case of the first-order LP DSM. Hence, doubling OSR 

theoretically increases SDNR by a factor of 32 or 15dB which results in about 2.5 bits of resolution 

improvement. 

U(z) V(z)

E(z)

Z-1

Z-1

DAC
 

 

Figure 3-5. General block diagram of the z-domain linearized model of second order LP 

DSM. 
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Further improvement of the signal quality can be obtained by increasing the order of the 

modulator. In principle, by adding more integrators and feedback branches to the loop, even higher 

order NTFs can be obtained. 

For the Nth-order modulator, it can be shown that the noise is shaped by a filter with a 

transfer function given by: 

1( ) (1 )N

LP DSMNTF z z    (3-12) 

Thus, the in-band quantization noise power will be reduced for high order of the 

modulators. Figure 3-6 compares the frequency responses of the magnitude of NTF of the first-

order LP DSM with its second and third-order counterparts. It can be seen from this figure that at 

low frequencies, the NTF magnitude of the first-order modulator displays a 20 dB/decade slope, 

while the NTF of second and third-order modulators have a 40 and 60 dB/decade slopes, 

respectively. The increased attenuation at frequencies close to DC is desirable because it reduces 

the amount of the in-band quantization noise. However, since the gain at high frequencies provided 

by higher order NTF is greater than that of the first-order NTF, the total power of the quantization 

noise at the output of second and third-order modulators is more than that of first-order one. The 

in-band quantization noise power of the Nth-order LP DSM can be approximated as follows [49]: 
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 (3-13) 

 

The noise shaping characteristic of LP DSM is improved and, hence, the SNDR. However, 

the higher order DSMs with binary quantizer are more vulnerable to instability. As a result, second-
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order modulators are usually used in DSM-based transmitters design [39]. Therefore, second-order 

LP DSMs are considered in this work.  

 

Figure 3-6. NTF magnitude of the first-, second- and third-order LP DSMs in dB versus 

normalized frequency. 

 

3.2.2 Band-pass and high-pass delta-sigma modulators 

Other popular forms of DSMs utilized in transmitters designs are band-pass (BP) and high-

pass (HP) DSMs [43, 52]. A common technique to design BP and HP DSMs is to apply a mapping 

function to the discrete time transfer function of a LP system. Considering a stable system with a 

LP frequency response of ( )Sj T

LPF e
 . The corresponding NTFs for the BP DSM can be extracted 

from ( )LPF z  using the mapping function expressed as [52]: 
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in which Cf is the carrier frequency of the input signal, Sf  is the sampling frequency of the 

modulator and the coefficient   is given by: 

2
cos( )C

S

f

f


   (3-15) 

Using the mapping method in equation (3-14), one can find the NTF of a Nth order BP 

DSM from its Nth order representative LP DSM counterpart (3-12) as follows: 

1 2

1

1 2
( ) ( )

1

N

BP DSM

z z
NTF z

z





 

 

 



 (3-16) 

If the sampling frequency of the modulator is chosen to be four times the modulator input 

signal frequency, equation (3-16) can be simplified as: 

2( ) (1 )N

BP DSMNTF z z    (3-17) 

Similarly, the NTF of the Nth order HP DSM can be derived using the mapping function 

of 1 1( ) ( )HP LPF z F z   , as: 

1( ) (1 )N

HP DSMNTF z z    (3-18) 

Therefore, the NTFs of the BP and HP modulators have zeros located at the frequencies of 

/ 4Sf  and / 2Sf , respectively, instead of the DC frequency as in their representative LP 

counterpart. The in-band quantization noise power for these modulators can be derived from the 

their NTFs as: 
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Equations (3-19) and (3-20) show that the in-band quantization noise power for the BP 

DSM is 22 N  times higher than that of its LP and HP counterparts [43]. Clearly, to achieve the 

same in-band noise suppression and the same signal quality, a higher order BP modulators should 

be used.  

3.3 Review on DSM-based transmitter architectures  

Diffident delta-sigma modulator structures have been utilized in the development of DSM-

based transmitter system over the last few years. BP DSM-based transmitters were proposed as a 

solution to enable the use of SMPAs [42, 45, 53-56]. There are some common methods for driving 

PAs in the BP DSM-based transmitters. One of the more traditional methods is to use BP 

modulation to generate binary signals at RF frequency [42, 45]. The method is to connect the 

output of the BP DSM directly to the PA. An RF signal is converted to a digital pulse train by the 

BP DSM. The binary signal is then fed to the non-linear but, efficient SMPA PA, which also acts 

as a single-bit DAC in such transmitter structure. In [42], the application of a BP DSM, followed 

by a class-S SMPA, was introduced for the first time. In this paper, the sampling clock speed of 

the modulator is four times the carrier frequency in SPICE simulations. Although the structure is 

intuitively simple and will avoid low-frequency noise, DC offset and distortion, it brings some 

serious design challenges, such as feedback in the modulator at four times RF frequency. Since 

the zeros of the NTF in the BP DSMs are commonly located at a fraction of sampling frequency, 

/ ,Sf N  the modulator needs a sampling rate which is N-times that of the RF carrier frequency. 

The clock speed of the BP modulators in these transmitters should be as high as four times of the 

carrier frequency, which not practical in GHz applications. In addition, the need for large sampling 

rates results in increased power consumption of the modulator.  
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In [55], an analysis based on coding efficiency is presented for a BP DSM-based 

transmitter. A fourth order BP DSM is used to encode a WCDMA signal at 500 MHz carrier 

frequency to derive a class-D p-HEMT SMPA. For this modulator, the design coefficient of 

cos(2 / 3)  , equation (3-15), is used, which enables sampling the signal with the sampling 

frequency three times the carrier frequency. In [56], a BP DSM-based transmitter is designed with 

a H-Bridge class-D PA. The amplifier is driven with a two-level BP DSM at a clock rate of 

3.2GHz. A drain efficiency of 31% is reported for the PA at an output power of 15dBm using a 

1.23MHz bandwidth Interim Standard (IS-95) signal at 800 MHz carrier frequency.  

Another solution to reduce the sampling clock speed of a BP DSM is to use an I/Q 

modulator or a digital multiplexer as a frequency up-converter before the BP DSM to up-convert 

the baseband signal to an IF frequency.  Figure 3-7 shows the structure of a digital-IF transmitter 

which is based of Cartesian BP DSMs [43, 54]. The digital quadrature up-converters are used to 

transfer the input I and Q signals from the baseband to the quarter of the sampling frequency of 

the BP DSM. Thus, the BP DSMs in such structures works with a low IF signal. In this structure, 

the clock speed of the BP DSM is independent of the carrier frequency which make the transmitter 

structure practical for high frequency applications [43].  

LP delta-sigma-based transmitters have also been very popular in the literature [57-62]. In 

[59] transmitter architecture is presented which consists of a LP DSM, with a phase modulated 

clock, in combination with an AND-gate. Different aspects of the LP delta-sigma-based 

transmitters have also been addressed in the literature. An in-band quantization noise cancellation 

technique is proposed in [63, 64]. Some architecture for delta-sigma-based transmitters has also 

been presented based on Cartesian LP DSMs in [57, 61]. 
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Figure 3-7. Block diagram of a digital-IF transmitter with a 4th order Cartesian BP delta-

sigma modulation. 

 

Figure 3-8 shows the digital transmitter block diagram proposed in [61]. The digital 

transmitter consists of three clocked multiplexers to up-convert the LP delta-sigma modulated 

signal to the selected RF carrier frequency, as well as, provide the combination of the pulsed I and 

Q components of the signal. A closed-form expression for estimating the power efficiency of a 

such transmitters is presented in [47].  

Another technique is to employ a LP DSM in the envelope path of the PA is to switch the 

drain/collector of the amplifier known as improved Kahn transmitters architecture [58]. In [40] a 

digital polar transmitter is reported, in which a three-level LP DSM is used to encode the envelope 

signal to switch the drain of a class-D or class-F SMPA. For a 1 MHz bandwidth IS-95 signal at 

the carrier of 836 MHz, the PAE of 51.2% is measured for the class-F amplifier at 22 dBm output 

power level. In an improved Kahn technique, the delay mismatch between the phase and envelope 

is not as severe issue as in the classical EER approach. However, in improved Kahn transmitters, 
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the switching rate should be close to the RF frequency to move the quantization noise away from 

the carrier. Switching the drain/collector at such high frequencies is difficult because of the large 

current and the large parasitic capacitances. In addition, considering existing sophisticated design 

methods of high-efficiency power amplifiers, poor efficiency of supply modulators becomes the 

most important factor which should be valued in the design of these transmitters for higher system 

efficiency. 

 

Figure 3-8. Block diagram of a digital transmitter architecture with Cartesian LP DSMs 

and three multiplexers proposed in [61]. 

 

Another technique, the so-called, envelope delta-sigma modulator (EDSM) modulation, is 

also proposed in [58], which modifies the classical EER transmitter architecture in such a way that 

the restoration of the phase signal and digitized envelope signal occurs before the power 

amplification, shown in Figure 3-9. Compared to the improved Kahn technique, this method 

eliminates the need to fast switch the drain/collector of the PA at high currents and reduces the 

mismatch between phase and digitized envelope signals [62, 65].  
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Figure 3-9. Simple block diagram of an EDSM transmitter. 

 

Some approaches have also been presented on the design of HP DSM as a solution to 

eliminate the low-frequency noise created by LP DSMs and reduce the I/Q mismatch effects [46, 

66-68]. HP-DSMs can also provide a solution to lower the clock speed from four times the carrier 

frequency, as in BP DSMs, to twice the carrier frequency [67]. In [68], parallel time interleaved 

structures for HP DSMs are presented to ease the modulators’ clock constraint. Like the digital-IF 

BP DSM-based transmitters, the baseband signal can also be up-converted to an IF carrier to lower 

the clock speed of the system. However, in digital-IF HP delta-sigma-based transmitter 

architectures, the IF mixer up-converts the signal to the IF frequency equal to the half of the 

sampling frequency.   

It can be concluded from the literature review and from the LP, HP and BP delta-sigma 

modulation theory presented in the previous section, that LP DSM-based transmitter architectures 

are less complicated than BP and HP DSM-based transmitters, but they suffer from low frequency 

noise problem. As noted in the previous section, the order of the BP DSMs is twice the order of 

their LP and HP counterparts, which makes the BP DSM-based systems more complicated and 

more power hungry when compared to LP and HP DSM-based transmitters.  
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Although the BPF is placed to remove most the out-of-band quantization noise at the output 

of DSM-based transmitters, the SMPA is still required to amplify the output signal of the DSM 

including the quantization noise. Thus, most of the DC power consumed by the SMPA is dissipated 

in amplifying the undesired noise, which is related to of the performance of the DSM. Good output 

signal quality, especially high coding efficiency and SNDR, are proper indicators that the DSM 

has a high performance in terms of noise-shaping. Otherwise, the signal should be oversampled 

with a higher rate and high OSR results in faster sampling clock speed for the DSP section.  

The following section aims to improve the signal quality at the input of the SMPA in DSM- 

based digital-IF transmitter systems without the need to increase the OSR of the digital signal or 

the clock speed of the modulator. In the following, a digital-IF transmitter structure is presented 

based on a novel HP delta-sigma modulation. It will be shown in simulation and measurement that 

by employing the new second order HP DSM in digital-IF transmitter systems, the power of the 

quantization noise can be lowered which results in power efficiency enhancement. To evaluate the 

proposed HP DSM in the digital-IF transmitter structure, its performance is compared to a fourth- 

order Cartesian BP and second-order Cartesian HP DSM-based digital-IF transmitter topologies, 

in terms of signal to noise power ratio or SNDR and the coding efficiency. 

3.4 Proposed digital-IF HP DSM-based transmitter   

Figure 3-10 shows the structure of the digital-IF transmitter using the proposed HP DSM. 

As depicted in this figure, the transmitter architecture can be divided into three sections: the digital 

baseband, digital-IF and analog RF sections.  
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Figure 3-10. Block diagram of the digital-IF transmitter with the proposed HP DSM. 

 

 Digital baseband and digital-IF blocks: 

Digital baseband I(n) and Q(n) samples at a frequency of BBf   are up-sampled or 

interpolated by a factor of N to the sampling rate and are digitally filtered to remove the replica 

images. Digital IF I and Q signals are then generated by the processing of digital multipliers. In 

general, the digital IF modulators are required to up-convert the signal to the IF carrier at this stage 

which consists of numerical oscillators and multipliers.  

However, in this system, the IF frequency is set to be half of the clock rate of the DSM 

which is ( 1/ )CLK S Sf f T   and thus the LO signals can be completely represented by two values 

of 1 and -1. The output of the multipliers consists of I and Q samples ( , )IF IFI Q as:  

1 2 3( ) ( )cos( ) { , , ,...}IF S SI n I n n f T I I I    (3-21) 

1 2 3( ) ( )cos( ) { , , ,...}IF S SQ n Q n n f T Q Q Q    (3-22) 
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Figure 3-11. Block diagram of the proposed second order HP DSM. 

 

Thus, the IF up-conversion of the I and Q signals in the HP DSM-based transmitter has 

become less complicated than in the Cartesian BP DSM-based system, illustrated in Figure 3-6. 

The sampling speed of the modulator ( )CLKf is determined by: 

CLKf OSR BW   (3-23) 

in which OSR is the oversampling ratio of the signal and BW denotes the bandwidth of the 

input signal. Figure 3-11 shows the block diagram of the complex second-order HP DSM used for 

this digital-IF transmitter system. The NFT of this modulator is like the NTF a second-order HP 

modulator as: 

1 2( ) (1 )NTF z z   (3-24) 

As can be seen from Figure 3-11, this modulator uses only one quantizer to encode the 

envelope of the complex I and Q signals (denoted by dsA in Figure 3-11) which makes the 

transmitter structure less complicated than the Cartesian DSM-based transmitter structures.  In 
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addition, the quantization noise power generated by this modulator will be significantly lower than 

the two HP modulators in the Cartesian HP-based transmitter. The phase of the IF complex signal 

is computed and multiplied back to the quantized envelope ( ).dsA  The product is feedbacked to 

the input of the modulator. 

 The analog RF section: 

In the analog RF section, the constant envelope signals at the output of the modulator 

( IFI   and )IFQ   are fed to a DAC and an I/Q modulator. The following equation relates the IF, 

clock, and LO frequencies for a desired RF output frequency in a digital-IF transmitter 

architecture: 

/ 2LO RF CLKf f f   (3-25) 

The constant envelope signals, ( IFI   and )IFQ  , are converted to a bi-level signal after 

the up-conversion process. The bi-level analog up-converted signal makes it possible to employ a 

high efficient SMPA. An analog high quality BPF can be used to remove the out of band 

quantization noise from the signal at the output of the SMPA before the antenna.  

3.4.1 Performance comparison of the proposed HP DSM with Cartesian DSMs  

The IF I and Q signals are noise shaped and encoded into bi-level signals by the new HP 

DSM. To evaluate the performance of the DSM, the digital baseband and digital-IF part of the 

proposed transmitter, Figure 3-10, along with the new HP DSM, Figure 3-11, are realized in the 

Agilent advanced design system (ADS) software. I and Q components of a WiMAX signal with 

the bandwidth of 1.25 MHz and 8 dB PAPR are used for this evaluation. The signal is oversampled 

by the ratio of 64. The I and Q signals are unconverted to an IF frequency of 46.08MHz, then they 

are encoded using the proposed HP DSM with the sampling clock speed of CLKf  = 92.16MHz. The 
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result signal components ( IFI  and )IFQ   are up-converted to the RF carrier frequency of 2.4 

GHz using an I/Q quadrature modulator.  

For the performance comparison, a digital-IF Cartesian BP transmitter, with the block 

diagram shown in Figure 3-7, is also realized and simulated with the same WiMAX input signals. 

For this transmitter, the I and Q signals are up-converted by two digital I/Q quadrature modulators 

to an IF frequency of about 23MHz. A fourth-order BP DSM is used for each path. The resulting 

signals are then up-converted to the 2.4 GHz carrier frequency by analog quadrature up-converter. 

  

 

Figure 3-12. Power spectra of WiMAX signals: the non-quantized up-converted input 

signal at the RF frequency (dotted line), the signal at the input of the SMPA in the proposed 

HP DSM-based transmitter (black solid line) and spectrum of the signal at the input of the 

SMPA in the Cartesian BP DSM-based digital-IF transmitter counterpart (grey solid line). 
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The same architecture as the Cartesian BP DSM based transmitter can be used for the 

Cartesian HP DSM-based transmitter, except that the LO frequency of the digital mixer for two 

digital quadrature up-converters are reduced to half the clock speed ( / 2)CLKf or 46.08MHz.  Two 

second-order HP DSM are used for IF paths in the Cartesian HP DSM-based transmitter. The 

analog quadrature up-converter also uses a mixer with a LO frequency equal to / 2RF CLKf f  in 

order to up-converted the I/Q signals to the 2.4GHz carrier frequency.   

Figure 3-12 illustrates the power spectral density of WiMAX signals at the input of the 

SMPAs for the proposed HP DSM-based digital-IF transmitter and for the Cartesian BP DSM- 

based digital-IF based transmitters along with the un-quantized input signal up-converted to the 

RF carrier frequency. It can be seen from the figure that there is an improvement in the signal 

quality in terms of SNDR and coding efficiency at the input of the PA in the new second order HP 

DSM-based transmitter, compared to the fourth order Cartesian BP DSM-based digital-IF 

transmitter. 

Figure 3-13 depicts the coding efficiency of the WiMAX signals along with their SNDRs 

at the input of the SMPA in the proposed HP DSM-based digital-IF transmitter system and in its 

Cartesian BP and HP counterparts as a function of different signal variance levels at the input of 

the DSMs. The results are also summarized in Table 3-1 for better comparison. It can be seen from 

Figure 3-13 that the SNDR and coding efficiency increases by the modulator’s input signal 

variance. For the new digital-IF transmitter the SNDR curve reaches a peak value of 67% which 

is higher than the peak values of the SNDR curves for Cartesian BP and HP systems. At this level 

SNDR value, coding efficiency of 23% is gained. For large input signal levels, the SNDR curves 

starts to collapse and this is the region where the modulators start saturating.  
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Figure 3-13. WiMAX signals quality in terms of coding efficiency and SNDR at the input 

of the SMPA for different input power levels in the proposed HP DSM-based digital-IF 

transmitter system and in its Cartesian BP and HP counterparts. 

 

It is clearly shown in Figure 3-13, as well as the peak SNDR and coding efficiency 

calculations summery in Table 3-1, that the quantization noise power generated by the new HP 

modulator is significantly reduced in comparison with the Cartesian counterparts.  

The signal quality improvement achieved in the new HP DSM-based digital-IF transmitter 

system compared to its Cartesian BP and HP counterparts can be explained by the reduced number 

of the quantizer in the proposed digital-IF transmitter. The Cartesian HP and BP modulator-based 

transmitters uses two bi-level quantizer, one for the in-phase and one for the quadrature path of 

the input IF signal.  
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Table 3-1. Simulation results and performance comparison of the DSMs in the digital-IF 

transmitter systems using 8-dB PAPR and 1.25 MHz bandwidth input WiMAX signals. 

Modulator Type in the 

Digital-IF Transmitter 

ΔΣ 

Modulator 

Order 

IF 

Freq. 

(MHz) 

Modulator’s 

Clock Freq. 

(MHz) 

OSR 

Max. 

SNDR  

(dB) 

Coding Eff. at 

the Max. SNDR  

(%) 

Cartesian HP ΔΣ 

Modulator 
2nd 46.08 92.16 64 63.58 11.8 

Cartesian BP ΔΣ 

Modulator 
4th 23.04 92.16 64 55.23 14.9 

Proposed HP ΔΣ 

Modulator 
2nd 46.08 92.16 64 67.02 23.2 

 

 

However, in the new HP architecture only one quantizer is employed for the envelope of 

the complex IF signal. This results in generating lower in-band quantization noise power which 

improves the SNDR of the signal at the output of the modulator and, therefore, at the input of the 

SMPA (4% and 12% improvement in SNDR when compared with the Cartesian HP and Cartesian 

BP DSM-based transmitters respectively). The total noise power and, thus, the out of band noise 

power added to the signal by the new modulator is also reduced compared to other two Cartesian- 

based systems. This causes a significant improvement in the coding efficiency of the signal when 

compared to the Cartesian HP and BP DSM-based transmitters (11% and 8% enhancements 

respectively). The complexity and the order of the BP DSM-based transmitter is twice other two 

topologies. Comparing the quality of the signal at the output of the analog I/Q modulator, 

summarized in Table 3-1 in three digital-IF topologies, the proposed HP DSM based transmitter 

keeps the noise power lower and thus remains the quality of the signal better.  
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3.4.2 Hardware implementation and measurement results 

The system shown in Figure 3-10 is experimentally evaluated and tested. For this purpose, 

an inverse class-F switching mode power amplifier (SMPA) is used after the analog converter to 

amplify the signal.  

3.4.2.1 Inverse class-F SMPA  

The inverse class-F SMPA used for this measurement was designed utilizing a 10W GaN 

HEMT transistor from Cree Inc. [70]. Details about the design procedure of this inverse class-F 

SMPA are available in [73]. The PA is biased at a drain voltage (VDS) of 25 volts and the gate-

source voltage (VGS) is set at -3.2 volts. Figure 3-14 shows the measured drain efficiency and the 

output power versus the SMPA’s input power when excited with a continuous wave (CW) signal 

at 2.4 GHz carrier frequency. The PA shows a peak drain efficiency of about 70% at the output 

power of 39.7 dBm. 

 

Figure 3-14. Measured drain efficiency and output power versus input power for 10 W GaN 

HEMT inverse class F SMPA. 
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3.4.2.2 Proposed HP DSM-based digital-IF transmitter’s measurement setup  

The proposed HP DSM-based digital-IF transmitter is implemented and the measurement 

setup shown in Figure 3-15. In this setup, the complex HP delta-sigma modulated I and Q WiMAX 

signals at the IF frequency are generated and up-converted to the RF carrier using a signal 

generator (ESG E4438C). The result RF signal is amplified first by a driver and then by the 10W 

inverse class-F PA. The signal at the output of the inverse class-F PA is captured through power 

spectrum analyzer (PSA) and by the vector signal analyzer installed in MATLAB software. The 

PSA is synchronized to the ESG through an external clock and an event trigger signal. The 

measurement results for the SMPA output signal are summarized in Table 3-2. The SNDR at the 

input of the SMPA was measured around 52dB and 33dB at the output of the amplifier.  

 

 

Figure 3-15. Measurement setup of the proposed HP DSM based transmitter with 

photographs of the ESG, PSA, driver amplifier and inverse class-F SMPA. 
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Table 3-2. Measurement results of the proposed HP DSM based digital-IF transmitter. 

Signal  

Average  

Pout  

(dBm) 

Gain 

(dB) 

SNDR at 

the input 

of SMPA  

(dB) 

SNDR at the 

output of 

SMPA   

(dB) 

Coding Eff. at 

the output of 

SMPA  

(%) 

ACLR1 

L/H 

(dBc) 

WiMAX OFDM 

OSR=64 

BW=1.25 MHz 

33.2 12.7 51.96 33.8 15.25 
-33.36/ 

-33.53 

 

 

The difference between in the SNDR at the output of the SMPA compared to the input 

signal is due to the intrinsic nonlinearity of the SMPA. The power spectral density (PSD) of the 

WiMAX signal at the input and out of the PA are shown in Figure 3-16. The coding efficiency and 

SNDR of the signal at the output of the inverse class-F SMPA are measured. The coding efficiency 

of the signal at the output of the SMPA before filtering the out of band quantization noise was 

measured to be about 15%. Filtering the signal will remove the out of band noise and will improve 

the coding efficiency of the signal.  

An adjacent channel leakage ratio (ACLR) of around -33dBc was measured at the lower 

and upper 1.25 MHz offset frequencies. The quality of the signal will be improved in terms of 

coding efficiency and ACLR after filtering and removing the out of band quantization noise. The 

total efficiency of about 34% is achieved using the inverse class-F SMPA for the proposed HP 

DSM based digital-IF transmitter before the BPF.  
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Figure 3-16. Measured output spectra of the WiMAX signals at the input (dotted line) and 

at the output of the inverse class-F SMPA (solid line). 

3.5 Conclusion 

This chapter presented the basic theory of DSMs. Basic design theory of different 

topologies of DSMs, LP, BP and HP, were reported. In this chapter, the important role of the DSMs 

for development of fully digital or partial digital transmitters in modern SDR systems was 

explained. It was shown that DSMs bring simplicity and reconfigurable to modern transmitter 

systems. The impact of in-band and out-of-band quantization noise generated by DSMs was also 

studied. Popular delta-sigma based transmitter topologies reported in literature, were reviewed in 

this chapter and some of their advantages and drawbacks were briefly explained.   

In this chapter, a new HP DSM based transmitter was presented and realized in simulation 

and measurement. The effect of the new HP DSM was studied in simulation and the performance 

was compared to two well-known topologies, Cartesian BP and HP digital-IF transmitter. For this 
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study, OFDM modulated WiMAX signal with 8dB PAPR and 1.25 MHz bandwidth was used as 

the input signal for these transmitter topologies in simulation. The performance of the new 

transmitter system was compared to its Cartesian BP and HP counterparts in terms of signal quality 

or SNDR and coding efficiency. It was concluded from the results that the quality of the signal at 

the input of the SMPA was more preserved in the new HP DSM-based transmitter since the power 

of the in-band and out of band quantization noise added by the HP DSM was significantly reduced. 

A transmitter setup was used employing an inverse class-F SMPA to amplify the signal. The signal 

was encoded by the new HP DSM at the input of the SMPA. Excluding the effect of the BPF, the 

average efficiency of 34% was measured for the proposed HP DSM-based digital-IF transmitter 

setup and the WiMAX signal showed an ACLR of about -33 dBc at the lower and upper 1.25MHz 

offset frequencies and a SNDR of 33.8dB was measured for the signal.  
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Chapter Four: EFFICIENCY ENHANCEMENT TECHNIQUE FOR DSM-BASED 

TRANSMITTERS USING PLM PA WITH GATE BIAS MODULATION 

4.1 Introduction 

Dynamic load modulation is a promising technique to enhance the power efficiency of 

power amplifiers in the transmitter chain [7]. Well-known high efficiency power amplifier 

configurations such as Doherty power amplifier (PA) and the Chireix outphasing amplifier use 

load modulation technique. The common concept used in such structures is that the load impedance 

seen by the RF power amplifiers changes with the signal's envelope. In the Doherty PA structure, 

the main amplifier's load impedance varies with the input signal's power level at the back-off 

operation region. The load impedance for the auxiliary amplifier in Doherty PA, however, is not 

optimal except at the peak output power. Therefore, the power efficiency curve for Doherty PA 

has two peak efficiency points and cannot maintain high efficiency over a wide range of output 

power.  

To keep the efficiency high during the 6dB back-off power levels, load modulation or PLM 

technique was proposed recently [36, 69]. Efficiency improvement method in such schemes is 

based on the digital load modulation characteristics as in switched resonator circuits [38]. This 

chapter proposes the design and implementation of a novel digital transmitter architecture using 

high efficiency GaN HEMT PLM power amplifiers for base-station applications. In this chapter, 

a complete transmitter setup is developed by implementing a high power PLM PA. The concept 

of using the PLM PA for design of the proposed transmitter prototype is to encode the envelope 

information of the standard signal at the baseband part using programming devices (such as field 

programmable gate array or FPGA) and to modulate the gates of the transistors instead of the drain 

supply as in the envelope elimination and restoration (EER) or envelope tracking (ET) transmitters.  
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The proposed PLM PA-based transmitter also benefit from envelope delta-sigma 

modulation as a digital signal processing technique. In PLM PA based transmitters, the digital load 

modulation technique forces both main and auxiliary amplifiers in the PLM PA structure to operate 

in the saturation mode during the 6dB power back-off region. Therefore, compared to the Doherty 

PA, higher power efficiency is expected using PLM power amplifier for output power levels up to 

6dB back-off from the peak.  

This chapter is organized as follows: In section 4.2 the theory of switched resonator circuits 

and its digital load modulation characteristics are explained. Section 4.3 overviews the theoretical 

analysis and load modulation behavior of PLM power amplifiers using the concept of switched 

resonator circuits. Section 4.4 presents the simulation results and design procedure of a novel high 

power GaN PLM PA with gate bias modulation. In order to validate the high efficiency 

performance of the PLM amplifier at the 6dB back-off power region, a comparison study is also 

carried out in simulation between the efficiency performance of the designed GaN PLM PA and 

that of a GaN Doherty amplifier. To validate the analysis, the designed PLM amplifier is fabricated 

and measurement results of the implemented amplifier are shown in section 4.4. Section 4.5 

proposes the complete transmitter prototype, including its digital base-band setup, the PLM 

amplifier, and the output high Q bandpass filter (BPF). The transmitter setup is tested initially with 

square pulses with various duty cycle values and then with practical standards' signals. 

4.2 Theory of switched resonator circuits 

Digital load modulation in the PLM power amplifier is based on dynamic load variations 

in switched resonator circuits [37, 38]. Figure 4-1 shows a typical switched resonator circuit with 

a series LC tank. A switched resonator circuit consists of a switched controlled RF source, a high 
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Q resonator, or a bandpass filter, tuned at the frequency of the RF input signal terminated with a 

load.  

The energy stored in the resonator is controlled by the switching action speed so that 

variable impedance behavior can be obtained at the input of the resonator. If the switching action 

happens with a switching period (T) shorter than the time constant of the resonator and with a 

switching frequency less than the RF signal frequency ( Cf ) the resonator’s input impedance is 

determined by the duty cycle (D) of the pulses, which can be written as: 

/ 1 1
. . / 2 0 .

0 .

max out
L opt

out outeff

V V D
R R t D T

I I D DR

D T t T


    

 
  

 (4-1) 

where outI is the current of the load terminal and optR  is the optimum matching impedance 

of a Class-B amplifier that will be discussed later in this section. Because of the short switching 

period, the energy stored in the resonator and the output voltage waveform can be approximately 

considered as a constant within each period [36]. Therefore, for the switched resonator circuit, the 

voltage and the current at the load terminal can be expressed as: 

 .out maxV DV  (4-2) 

.
2 .

/ 2

out max
out max

L opt

V DV
I D I

R R
    (4-3) 

and therefore, the output power at the load level can be calculated as: 

2 21
/

2
out out out max max max optP I V D V I D V R    (4-4) 
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Figure 4-1. Block diagram of a switched resonator circuit with a series LC tank. 

 

It is clear from equations (4-1) and (4-4) that in a switched resonator circuit, the load impedance 

seen at the input of the resonator and the output power can be controlled by the duty cycles of the 

switching pulses. 

This dynamic load variation is very beneficial in designing high efficiency power 

amplifiers since the optimal efficiency in power amplifiers can be achieved when the load 

impedance is inversely proportional to the square root of the output power.  

To verify the load modulation characteristics of switched resonators circuits, an envelope 

simulation is done using advanced design system (ADS) software (Agilent Technologies) for an 

ideally switched high Q series LC resonator tuned at the frequency of 100 MHz and with the load 

impedance of 25 Ohm. The switch action is made using pulses with pulse repletion frequency 

(PRF) of 10 MHz and various duty cycles (D=10% to 90%). As shown in Figure 4-2, the input 

impedance of the resonator changes inversely with the duty cycle of the pulse. 
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Figure 4-2. Simulation results for the input impedance of a series LC switched resonator 

switched by pulses with variable duty cycles (from 10% to 90%). 

 

4.3 Theoretical analysis of the PLM PA with dynamic load modulation  

Figure 4-3 shows the basic structure of a PLM PA with gate bias modulation. As can be 

seen in this figure, in the PLM PA structure, the main and auxiliary amplifiers are connected 

together by a 90-degree transmission line and they are switched at the same time by the modulated 

envelope of the signal between the class-B (the "on" state) and pinch-off (the "off" state). The 

efficiency enhancement method in the PLM is derived from the idea of the load modulation in 

series LC switched resonators. If the switching action at the gates of the main and auxiliary 

amplifiers happens faster than the bandwidth of the output filter, the effective input impedance of 

the filter (R )eff varies inversely with the duty cycle of the gate-bias pulses. Consequently, it can 

be shown that the output power is proportional to the square of the duty cycle of the switching 

pulses during the "on" state and the optimal efficiency performance can be achieved. When the 

gate pulses are off, both transistors are turned off simultaneously. The / 4 transmission line used 

at the output of the auxiliary amplifier, transfers the auxiliary PA high output impedance to the 

virtual ground at the input of the BPF. 
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Figure 4-3. Simple block diagram of the PLM PA with the gate bias modulation. 

 

Therefore, as in series LC switched resonators, there is a short circuit at the input of the 

filter and R eff equals to zero. During the high level of the gate pulses ("on" state), the auxiliary 

amplifier is forced to operate in the saturation mode due to the load modulation at its output. 

Consequently, the auxiliary amplifier can be modeled like a voltage source during the "on" state 

such as in switched resonators. As a result, the combination of the switching auxiliary and main 

amplifier in the PLM PA, emulates the behavior of a series LC switched resonator circuit. In the 

design of the PLM PA, the main branch has slightly higher potential than the auxiliary PA branch. 

Consequently, for the low input power levels (when the gate pulse duty cycles are less than 50%), 

the main amplifier provides most of the current to the output load. However, at high input power 

levels (when the duty cycle of the gate pulses is higher than 50%), both main and auxiliary 

amplifiers conduct current to the load.  
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Figure 4-4. The equivalent circuit of the PLM PA at high level gate pulses. 

 

Figure 4-4 depicts the simple model of the PA at the on-state level of the gate pulses.  The 

performance of the amplifier can be analyzed and tested using variable duty cycle pulses as gate 

biases for both main and auxiliary amplifiers. For pulses with duty cycles less than 50%, the output 

power back-off (OPBO) level is more than 6dB. The input power division between the main and 

auxiliary amplifiers favors the main amplifier so that the main amplifier provides the total current 

to the output load at lower input power levels [36, 69]. In this power region, per equation (4-3), 

the output current at the combination point ( TI ) can be expressed as follows: 

2T out maxI I DI   (4-5) 

For the output power back-off levels greater than 6dB or for duty cycles less than 50%, the 

auxiliary amplifier does not contribute in providing the current to the terminal load due to its high 

output impedance and it can be modeled like a voltage source. In this power region, the output 

current and voltage of the main amplifier, depicted in Figure 4-4, are given by: 
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(2 ) 2Main opt T opt max maxV jR I jR DI jDV    (4-6) 

Main maxI jI  (4-7) 

In the above equations, maxV and maxI are the maximum drain voltage and the maximum 

drain current of a class-B amplifier, respectively. Consequently, using (4-4) and assuming class-B 

mode of operation for the main amplifier, the drain efficiency of the PLM amplifier with gate bias 

modulation in the can be calculated as follows:  

  

2 2 2

_ max max
max

2/ 2
( )( )

, 0 50%.
2

out max max max max max max
PA

DC DC-Main DC Main
max

P D I V D I V D I V

P I V I DV
DI V

D
D








   

  

 (4-8) 

As the duty cycle of the gate pulses increases from 50% to 100%, entering the 6dB OPBO 

region, the main amplifier provides the maximum current Imax to the load and it can be modeled as 

a current source as shown in Figure 4-4. The auxiliary amplifier starts providing the remaining 

current to the load as its output impedance reduces due to the load modulation behavior of the 

PLM amplifier. At less than 6dB OPBO, the currents in the main and auxiliary amplifiers are as 

follows: 

2 (2 1)Aux out T max max maxI I I DI I D I       (4-9) 

Main maxI jI  (4-10) 

Main opt T maxV jR I jV   (4-11) 

At the full power level, both amplifiers contribute equally in delivering the maximum 

current of 2Imax to the load. For switch pulses with duty cycle values higher than 50%, the drain 

efficiency is given by: 
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 (4-12) 

The efficiency equation (4-12) show that the power efficiency of the ideal PLM PA stays 

at the optimum value (around 78% the for ideal class-B amplifiers) since both amplifiers stay in 

saturation for duty cycle values higher than 50% due to the dynamic load modulation at 

combination point of the amplifiers.  

From the impedance point of view, the effective load impedance seen at the input of the 

filter or at the combination point of the main and auxiliary amplifiers, expressed by (4-1), is shared 

between two PA branches as:   

2

1 1Main

eff opt Aux

R

R R R
   (4-13) 

in which MainR and AuxR are the load impedances at the output of the main and auxiliary 

amplifiers respectively. Therefore, the load impedances seen at the output of these amplifiers are 

given by: 
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 (4-15) 

The above equations show that the load impedance seen at the output of the auxiliary 

amplifier decreases from infinity to optR , while MainR  remains constant at optR , as the duty cycle of 

the switching pulses increases from 50% to 100%. It can be concluded from equations (4-14) and 
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(4-15) that both amplifiers operate in saturation region with the optimum drain efficiency since the 

load impedance seen at the output of both amplifiers are equal or greater than optR  for duty cycle 

values higher than 50%.  

Figure 4-5 shows the load impedance seen at the output of the main and auxiliary amplifiers

( MainR  and )AuxR along with the load impedance seen at the combination point of the main and 

auxiliary amplifiers ( effR ) versus the duty cycle values of the switching pulses. In this analysis, 

the optimum load impedance of the main and auxiliary amplifiers ( optR ) is supposed to be 50 Ohm. 

Using equations (4-8) and (4-12), the ideal drain efficiency curve of the PA along for different 

duty cycle values is also plotted in this figure.  

 

 

Figure 4-5. Theoretical drain efficiency of the PA and the load impedances seen at the 

output of the main and auxiliary amplifiers for variable duty cycles. 
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Figure 4-6 illustrates the theoretical drain efficiency of a PLM PA, for pulsed input signals 

having various duty cycle values, along with the drain efficiency of a Doherty PA and a class-B 

PA versus the normalized output power.  The ideal drain efficiency versus output power of the 

PLM amplifier displays a dip-free flat curve for up to 6dB back-off. This is advantageous 

comparing to the Doherty PA, which has a dip in its efficiency curve at this region. It is clear from 

this figure that higher drain efficiency can be expected for the PLM power amplifier in 6dB OBPO 

region compared to the Doherty PA.  

 

 

Figure 4-6. Theoretical drain efficiency of the PLM PA with pulsed input signal, ideal 

drain efficiency of the Doherty PA and class-B power amplifiers. 

 

4.4 Circuit design and simulation of the gate bias modulated PLM PA  

To validate the efficiency performance of the PLM amplifier, a PLM PA is designed and 

simulated at 2.35 GHz using Agilent ADS software harmonic and envelope simulators. Two class-

B amplifiers are designed with satiability circuits and input/output matching networks utilizing 
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two 10W GaN HEMT transistor device models from Cree (CGH40010F) as the main and auxiliary 

amplifiers [70]. An uneven 
0

90 branch line hybrid coupler, proposed in [71], has been designed as 

a power divider at the input of the PLM PA to drive the main amplifier with slightly more power 

than the auxiliary amplifier. It is also used to provide isolation between two transistors. The power 

divider is designed to have a bandwidth of 280 MHz around the center frequency. The main and 

auxiliary amplifiers are connected at their output by a 
0

90 transmission line.  

To investigate the amplifier's efficiency performance, in this simulation, an ideal high Q 

BPF, model centered at the frequency of 2.35 GHz, is utilized before the output load. A / 4  

transmission line with characteristic impedance of 35 Ohm is placed between the combination 

points of two amplifiers in the PA structure and the output filter. Pulse trains with the pulse 

repetition frequency of 100MHz are used to switch both main and auxiliary amplifiers 

simultaneously between the class-B and deep pinch-off region through their gate-source biases. 

Duty cycles of the gate-bias pulses are varied from 0% to 90% in this simulation. A digital driver 

is also designed for the input of the amplifier to provide better isolation and to prevent the input 

phase modulated carrier signal from leaking to the output during the "off" state. In this simulation, 

a single tone signal at RF frequency of 2.35 GHz is the input of the driver and the PA.  

To compare the efficiency performances of the PLM PA with the Doherty PA and the 

balanced class-B amplifiers, these PAs are designed using 10W GaN transistors. Figure 4-7 shows 

the average DC current for both transistors for different duty cycle values of the pulses. It is clear 

from this figure, that the auxiliary amplifier is starting to drive current around 50% duty cycle 

values. 

 



 

83 

 

Figure 4-7. Average DC Currents of the main and auxiliary amplifiers. 

 

Figure 4-8 shows the theoretical efficiency of the PLM PA (normalized to the achievable 

efficiency in simulation at peak power) and the average drain efficiency of the simulated PLM 

amplifier with ideal filtering at the power amplifier’s output. For better comparison, the drain 

efficiency of a Doherty PA and a balanced class-B PA are also shown in Figure 4-8. As illustrated 

in this figure, the average drain efficiency of the designed PLM amplifier is higher than 61.4% in 

simulation and it is almost flat in the 6dB power back-off region unlike the Doherty PA. 

Some important conditions should be satisfied in order to design a practical PLM amplifier 

which works like a switched resonator circuit showing dynamic load modulation characteristics. 

First of all, as in switched resonator circuits, a short circuit condition is needed at the combination 

points of main and auxiliary amplifiers of the designed PLM PA during the "off" state or at low 

pulse levels. Therefore, the input impedance seen at the combination point of the main and 

auxiliary amplifiers looking to the left, as shown in Figure 4-9, should be equal to or close to zero 

0( 180out  ). This condition can be satisfied as the main amplifier ideally shows high output 
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impedance during the "off" state or at pinch-off. The high impedance is then transferred to a virtual 

short circuit by the / 4  transmission line at the output of the main amplifier. 

 

 

(a) 

 

(b) 

Figure 4-8. Theoretical drain efficiency of the PLM PA with pulsed input signal, ideal 

drain efficiency of the Doherty PA and class-B power amplifiers. 
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Figure 4-9. Block diagram of the designed PLM amplifier. 

 

However, due to the existence of parasitic and the output matching network's elements, the load 

seen by the main amplifier at the "off" state is low. The parasitic shunt capacitance causes a phase 

delay of 
1

0 0tan (1/ )d pZ C  on the smith chart. Therefore, adding additional offset lines with the 

same characteristic impedance ( optR ) and with the length of (180 )d  at the output of the main 

and auxiliary amplifiers will compensate for the effect of this delay. As a result, higher output 

impedance can be expected at the output of the main and auxiliary amplifiers.   

The performance of the filter at the rejection band needs to be considered as well. The BPF 

in the PLM PA based transmitter setup contributes in changing the load impedance seen by the 

amplifiers and also in removing the quantization noise out of the output signal. For better efficiency 

performance of the PLM PA, it is beneficial to get the quantization noise power reflected back to 

the power amplifier. In order to see a high impedance in the rejection band of the filter and at the 

output of the PLM amplifier looking to the filter’s input, the phase of the corresponding reflection 

coefficient in the rejection band should be close to zero degree 0 ).( 0R  Since the quantization 
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noise of the delta sigma modulator, working with the sampling clock frequency of Sf , is mainly 

focused on / 2
S

f , a practical way to remove the noise out of the output signal is to set the phase 

of the reflection coefficient close to zero degree around half the sampling frequency away from 

the carrier frequency ( / 2
C S

f f ). Consequently, most of the quantization noise added by the delta-

sigma quantizer will be filtered out of the output signal. 

4.5 Proposed base-station PLM PA based transmitter  

Figure 4-10 displays the block diagram of the proposed GaN based envelope delta-sigma 

gate modulated transmitter. It includes the digital baseband blocks to generate the delta-sigma 

modulated signal from the signal’s envelope and I and Q signals from the signal’s phase, level-

shifter interface circuits to suitably adjust the transistors’ gate signals, an I/Q modulator to up-

convert the phase signal to the carrier frequency, the digital driver, the PLM PA, and the output 

thigh Q BPF. 

4.5.1 Design and implementation of the GaN HEMT PLM PA   

The PA is implemented using two packaged 10 W GaN HEMT transistors from Cree Inc 

[70]. The circuit is fabricated on Rogers RT/duroid 5870 board with the thickness of 20mil. Figure 

4-11 shows the photograph of the fabricated PLM PA with the input power divider. The main and 

auxiliary amplifiers are biased at class-B and the dc supply voltages at their drain terminals are set 

to 28 V. The gate biases are maintained constant throughout the first experiment. 

The Amplifier is initially tested with a single-tone continuous wave excitation as the input 

signal at the center frequency of 2.35 GHz and with variable power levels.  
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Figure 4-10. Block diagram of the proposed GaN HEMT PLM PA-based transmitter with 

envelope delta-sigma gate bias modulation for base-station applications. 
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Figure 4-11. Photograph of the fabricated GaN HEMT PLM PA circuit. 

 

The measured drain efficiency, power added efficiency and gain of the amplifier as a 

function of the output power are shown in Figure 4-12. The results match typical class-B PA 

response configured in balanced PA mode. The maximum output power of the amplifier is higher 

than 43 dBm (about 20W). At the peak power, the drain efficiency and power added efficiency of 

the PA are about 60.5% and 56.7% respectively. The gain of 12.44 dB is achieved at the saturation 

power. 

4.5.2 Baseband FPGA design and development 

In the power amplifier design, the phase and envelope information of the signal are 

separated and used to drive the PA input and modulate the transistors’ gates respectively. To 

generate the phase information, a DSP development board from Altera is employed. The board 

includes a Stratix II FPGA to save and analyze the data [72] and two embedded 14-bit 165-MSPS 

DAC from the Texas Instruments to generate the I and Q data from the phase of the signal [74]. 
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Figure 4-12. Measured drain efficiency, PAE and gain of the PLM PA tested with a CW 

input signal without gate modulation. 

 

The second FPGA is utilized to convert the signal’s envelope to a 1-bit stream signal, using 

delta-sigma modulation. The generated envelope bit-stream is then utilized to modulate the gates 

of the PLM PA and driver transistors. The envelope bit-stream speed is very high around 1 GHz 

and consequently in order to generate such a high speed signal, using another FPGA seems 

necessary. However, the FPGA used for the envelope in this setup is Altera Stratix II GX which 

includes very high speed embedded Serializers/De-serializers with the speed clock up to 

6.375GHz. In this case, for example, in order to generate a 1 GHz bit-stream using a 8 1 serializer, 

the envelope signal is needed to be segmented into 8 memories with only clock speed of 125 MHz. 

The envelope delta-sigma modulated signal should derive the gate biases of the main, 

auxiliary and digital driver amplifiers. A level shifter circuit is designed and fabricated as an 

interface circuit between the first FPGA and the power amplifiers to change the voltage levels of 
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the pulses generated from the FPGA to the voltage levels that can switch the main and auxiliary 

amplifiers of the PLM PA between the on states ( 3.3GSV   V) and off states ( 5.5GSV   V). This 

circuit can also provide the proper voltage levels (-2.7 to -5 V) for the linear digital driver. The 

phase information of the signal, programs the second FPGA and then it is up converted to the 

carrier frequency through a wideband I/Q modulator (ADL5375 from Analog Devices). 

The RF modulated phase derives the input of the digital driver and then it is fed to the input 

of the PLM PA. The delay between the signal’s phase path and the envelope path is calculated and 

compensated through cables. Therefore, the phase and envelope information of the input signal 

can be combined properly at the gate levels of the transistors. A BPF is placed at the output of the 

PA to remove the quantization noise caused by the delta-sigma modulator. 

4.5.3 Output cavity bandpass filter with high quality factor 

A commercial analog cavity BPF is used to reconstruct the signal at the output. The filter 

is centered at the frequency of 2.35 GHz and has the quality factor of about 118. As can be observed 

in Figure 4-13, the filter has the 3dB bandwidth of about 20MHz. The insertion loss of the filter is 

about 0.72dB at the center frequency. Figure 4-14 shows the measurement response for the phase 

of the filter at its input as well as the phase of the reflection coefficient at the combination points 

of the main and auxiliary amplifiers (at the input of 35 Ohm / 4 transmission line). It can be 

observed that the phase at 500  MHz away from the center frequency (at 1.85 GHz and 2.85 

GHz) is within 08 .  This phase error is acceptable and one can expect that most of the noise power 

is reflected to the power amplifiers.  
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Figure 4-13. Measurement results for the BPF, magnitude of S21 (solid line) and magnitude 

of S11 (dashed line). 

 

 

Figure 4-14. Measurement result for the phase of S11 in degree at the filter's input (solid 

line) and the phase of in degree at the combination point of the main and auxiliary 

amplifiers. 
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4.6 Measurement setup and experimental results  

Figure 4-15 displays the photograph of the proposed transmitter setup. The transmitter 

setup includes the digital baseband systems: one FPGA to generate the delta-sigma modulated 

signal from the signal’s envelope and the second FPGA board to generate phase signal), the level-

shifter interface circuit, an I/Q modulator, a driver, the PLM PA, and the output BPF. 

 

 

Figure 4-15. Photograph of the complete proposed transmitter setup for base-station 

applications using PLM power amplifier with gate bias modulation. 

 

4.6.1 Measurement results using rectangular pulse train input signals  

To measure the efficiency performance of the power amplifier for different output power 

levels, duty cycle pulse test is carried out. In this measurement, pulse trains with variable duty 

cycles are generated using the first FPGA with the sampling clock rate of Sf . Then, the voltage 

levels of the pulses are adjusted by the level-shifter interface circuits for the gates of the amplifiers 

(the driver, main, and auxiliary). These pulse trains are used as the envelope signals to switch gates 

of the transistors “on” and “off”. The input signal in this test is an RF carrier at a fixed power level. 

The efficiency of the power amplifier is measured for each duty cycle value and the results for the 
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sampling frequency of 1 GHz are presented in Figure 4-16. In this measurement, the pulse 

repetition frequency is 100 MHz and the input of the PA is a single tone signal with a fixed power 

level at the center frequency of 2.35 GHz.  

 

 

Figure 4-16. The average drain efficiency of the PA tested with pulse trains. 

 

For different duty cycle values, different power levels are expected at the output. For better 

comparison, the measured drain efficiency of the balanced class-B PA as well as the efficiency of 

the simulated PLM PA with an ideal high Q bandpass output filter and the theoretical normalized 

efficiency of PLM PA are also shown in Figure 4-16. As can be seen in Figure 4-16, the PLM 

amplifier is more power efficient at back-off power region compared to the balanced class-B 

amplifier. For instance, the efficiency of the PLM amplifier in this test is about 48% at 6dB power 

back off level while the balanced class-B amplifier illustrates the drain efficiency of about 36% at 

this output power level. At 8dB back-off power, the drain efficiency of the PLM PA is enhanced 

about 16% compared with the balanced class-B PA. The deviation of the measurement results from 
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the simulation curve comes from the fact that, that the auxiliary amplifier starts conducting current 

to the output for gate pulses with duty cycles of 40%. In this case, the measurement results can be 

improved by decreasing the average gate bias voltage level of the auxiliary amplifier.   

4.6.2 Measurement results using standard input signals  

The transmitter setup has also been tested using practical standards’ signals such as EDGE, 

WiMAX, WLAN and LTE at the center frequency of 2.35GHz. These signals with different peak-

to-average power ratios are utilized to test the performance of the prototype at different power 

back-off levels. Table 4-1. Summarized performance of the transmitter tested by standard signals 

with various PAPR values. summarizes the performance of the transmitter, tested with different 

modulated signals with required oversampling ratios, in terms of the measured gain, the average 

drain efficiency, PAE and the adjacent channel leakage ratio (ACLR).  

Table 4-1. Summarized performance of the transmitter tested by standard signals with 

various PAPR values. 

Signal 
PAPR 

[dB] 

Gain 

[dB] 

Average 

PAE 

[%] 

Average 

Drain 

Efficiency 

[%] 

ACLR 

[dBc] 

EDGE 

0.27MHz BW 
3.1 12.6 55.1 58.3 

-47.8@0.4MHz 

-49.4@0.6MHz 

LTE up-link 

1.4MHz BW 
5.0 12.0 50.6 54.0 

-37.4@5MHz 

-38.3@10MHz 

LTE up-link 

1.4MHz BW 
6.0 11.7 50.4 54.0 

-37.4@5MHz 

-38.6@10MHz 

WiMAX IEEE 802.16e 

5MHz BW 
7.9 11.0 44.8 48.7 

-34.4@-10MHz 

-30.7@+10MHz 

WLAN IEEE 802.11a 

1.25MHz BW 
10.4 9.3 40.8 46.2 

-31.4@11MHz 

-29.6@20MHz 

LTE downlink 

5MHz BW 
11.0 8.9 40.1 46.1 

-38.8@-10MHz 

-36.8@+10MHz 
 

mailto:-47.8@0.4MHz
mailto:-37.4dBc@5MHz
mailto:-37.43dBc@5MHz
mailto:-34.4dBc@-10MHz
mailto:-31.4dBc@11MHz
mailto:-38.8dBc@-10MHz
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Figure 4-17 also demonstrates the average efficiency and gain of the PA tested by EDGE, 

LTE, WiMAX and WLAN with 3.1dB, 5dB/6dB, 7.9dB, 10.4dB, and 11dB PAPRs. The average 

drain efficiency and power added efficiency of the power amplifier is greater than 54% and 50% 

respectively, when the PAPR of the signal is less than 6dB. For example, for the 1.4 MHz LTE 

signal with 6dB PAPR and oversampled by the ratio of 100, the PA performs with the average 

drain efficiency of 54.0% and the PAE of 50.4% at the output power of 38.3dBm. 

 

 

Figure 4-17. Average drain efficiency, PAE and gain of the PA tested by modulated signals 

with various PAPRs. 

 

Using 5 MHz bandwidth WiMAX 802.16e down-link signal with the PAPR of 7.9dB and 

the oversampling ratio of 100, the average drain efficiency of 48.7% is achieved at the average 

output power of 35.8dBm. For this signal the measured ACLR at 10 MHz offset frequency is about 

-30.72dBc and at 10 MHz offset frequency is about -34.39dBc. 
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For a 5 MHz bandwidth LTE down-link signal with 11dB PAPR and centered at 2.35GHz, 

the power amplifier delivers the average output power of 33.2dBm. The input signal is 

oversampled by the ratio of 100. Figure 4-18 shows the power spectral density of the output LTE 

down-link signal along with the mask. For this signal, the PA performs with the average drain 

efficiency of about 46.1%. The ACLR at the upper 10 MHz offset frequency is measured about 

36.85dBc and at the lower 10MHz offset frequency is 38.78dBc. As shown in Figure 4-18, the 

output signal satisfies the LTE signal's spectral emission mask [77]. The performance summary 

and comparison of the proposed transmitter to other published transmitters based on GaN HEMT 

transistors with quite the same range of output power is made and the results are summarized in 

Table 4-2. Performance summery and comparison of the proposed base-station transmitter with 

the state-of-the-art GaN transmitters.It can be seen from this table, this design exhibits among 

highest PAE for WiMAX and LTE downlink signals and good ACLR without applying 

linearization or pre-distortion techniques. 

 

Figure 4-18. Measured performance of the transmitter tested by a 5MHz LTE down-link 

signal with 11dB PAPR and the LTE downlink mask. 
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Table 4-2. Performance summery and comparison of the proposed base-station transmitter 

with the state-of-the-art GaN transmitters. 

Ref. 

Efficiency 

Enhancement 

Technique 

Modulated 

Signal 

PAPR 

Signal 

BW 

(MHz) 

Ave. 

Pout 

(dBm) 

Ave. 

PAE 

(%) 

Ave. 

Eff. 

(%) 

ACLR 

(dBc) 

Device 

[34] Hybrid EER 
2.65 GHz 

WiMAX 
8.2dB 5 42.3 39.5 -- -34@7.5MHz* 

GaN 

HEMT 

[34] 
Envelope 

Tracking 

2.65 GHz 

WiMAX 
7.0dB 5 42.0 40.0 -- -34@7.5MHz* 

GaN 

HEMT 

[75] 
Envelope 

Tracking 

2 GHz 

LTE DL 
6.9dB 3 40.18 -- 41.9 

-29@-4MHz* 

-26@+4MHz* 

GaN 

HEMT 

[75] EER  
2 GHz 

LTE DL 
4.8dB 3 40.27 -- 44.2 

-26@-4MHz* 

-28@+4MHz* 

GaN 

HEMT 

[26] Doherty PA 
2.14 GHz 

WCDMA 
9.8dB 5 36.0 37.8 40.0 

-36/-34@-

/+2.5MHz 

-47/-45@-

/+2.5MHz 

(DPD**) 

GaN 

HEMT 

[27] 
Asymmetric 

Doherty PA 

2.14 GHz 

WCDMA 
9.8dB 5 35.2 -- 37.2 

-38.2@2.5MHz 

(DPD) 

GaN 

HEMT 

[76] Doherty PA 
3.5 GHz 

WiMAX 
9.0dB 7 34.2 36.0 40.0 

-28@10MHz 

-45@10MHz 

(DPD) 

GaN 

HEMT 

Our 

Work*** 

PLM PA 

2.35 GHz 

WiMAX 

7.9dB 5 35.8 44.8 48.7 
-34@-10MHz 

-31@+10MHz 

GaN 

HEMT 

Our 

Work*** 

PLM PA 

2.35 GHz 

LTE DL 

11.0dB 5 33.2 40.1 46.1 
-39@-10MHz 

-37@+10MHz 

GaN 

HEMT 

*  The ACLR value at the offset frequency is estimated from the reported signal's spectrum figure.     

**   DPD denotes the digital pre-distortion.    *** Ref [37]. 

mailto:-38.8@-10MHz
mailto:-38.8@-10MHz
mailto:-45.4@-/+2.5MHz
mailto:-45.4@-/+2.5MHz
mailto:-38.8@-10MHz
mailto:-38.8dBc@-10MHz
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4.7 Conclusion 

In this chapter, a complete transmitter prototype based on GaN HEMT gate modulated 

power amplifier was proposed for high power applications for the first time. Using the advantages 

of high power gain and high drain-gate breakdown voltages of GaN HEMT devices, a pulsed gate 

modulated power amplifier was designed for high power applications.  

The transmitter prototype was developed by implementing a high power PLM PA. 

Measurement results using single tone CW signal showed that the PA performs with the drain 

efficiency of 60.5% and with the PAE of about 56.7% at the maximum output power of 43 dBm. 

The transmitter was prototyped and tested first with pulse trains with various duty cycle values. 

The designed PA demonstrates efficiency enhancement compared with the balanced class-B 

amplifier (e.g. 12% enhancement in the drain efficiency at the 6dB OPBO). Practical standards’ 

signals with various PAPRs were also used to verify the performance of the complete transmitter 

prototype and the linearity of the PA.  
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Chapter Five: COMPLEX DELTA-SIGMA-BASED TRANSMITTERS WITH THE PLM 

POWER AMPLIFIER  

 

5.1 Introduction 

 Pulsed load modulation (PLM) based transmitters benefit from digital signal processing 

techniques such as the envelope delta-sigma modulation. In the PLM structure, the signal is 

digitized into two-level pulses using a low-pass envelope delta-sigma modulator (EDSM). One of 

the drawbacks of employing envelope delta sigma modulation in delta-sigma based transmitters is 

the non-negligible amount of the in-band quantization noise added to the signal by the modulator. 

The convolution of the digitized envelope modulated signal with the phase information in 

frequency domain will spread the quantization noise over the desired signal's band [46, 48]. The 

in-band noise cannot be filtered out and it will degrade the signal-to-noise ratio of the signal and 

will affect the linearity performance of the transmitter. The problem becomes more severe when 

the noise is amplified by the PA alongside the desired signal. In order to maintain the in-band noise 

at a low level, the signal should be oversampled with a higher ratio which requires a faster clock 

speed for the EDSM.  

In this chapter, we aim to enhance the linearity performance of PLM based transmitters using 

a complex delta-sigma modulator (CDSM) as the digital signal processor for the first time. It will 

be shown in current chapter that using complex quantizer, there is no need to decompose the signal 

into the envelope and phase paths as in EDSM. The work being presented herein reports the full 

development of PLM based transmitters using such modulators. It is illustrated by simulation and 

measurement that by employing CDSMs, linearity of the signal is more preserved and therefore 

the complex delta-sigma modulated signal can have better signal-to-noise ratio (SNDR) compared 

to the case when the EDSM is employed.  
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This chapter proposes a novel PLM PA based transmitter architecture with a second order 

CDSM as the digital signal processor. The current chapter is organized as follows: The following 

section presents the idea of using EDSM for the PLM based transmitters. To address the noise 

problem in such transmitters, the concept of the complex delta-sigma modulation is introduced in 

section 5.3. The performance of the CDSM is evaluated and compared to the EDSM in section 5.4 

using two terms: coding efficiency and signal-to-noise and distortion ratio (SNDR). These terms 

are commonly used to measure the desired in-band signal power and to evaluate the linearity 

performance of the delta-sigma based transmitters. Section 5.5 presents the proposed transmitter 

setup with complex delta-sigma modulation. The design and implementation procedure of the 

GaAs E-pHEMT based PLM power amplifier is explained in this section. The proposed transmitter 

prototype is tested with standard signals modulated with complex delta-sigma modulators. To 

verify the linearity improvement of the CDSM-based transmitters, a comparison measurement 

study is carried out using the EDSM-based transmitter and the CDSM-based transmitter with LTE 

uplink signals and the measurement results are presented in section 5.5. 

5.2 PLM PA-based transmitter with envelope delta-sigma modulation 

Figure 5-1 shows the basic block diagram of a PLM power amplifier (PA) based transmitter 

architecture with envelope delta-sigma modulation. For this PLM PA based transmitter, the 

envelope delta-sigma modulated signal and the constant envelope phase are multiplied back 

together and up-converted to the carrier frequency at the input of the driver [78]. In the envelope 

delta-sigma based transmitter architecture shown in Figure 5-1, the complex to polar modulator 

extracts the envelope component, ( )a t and the phase component, ( ),t of the input signal. 
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Figure 5-1. Block diagram of a PLM PA based transmitter with EDSM. 

 

The polar components are related to the complex low-pass equivalent of the input signal 

by 
( )( ) ( ) .j tx t a t e   The envelope term is then digitized by a one-bit low-pass (LP) second order 

DSM with the sampling frequency of Sf . Considering a linearized model for the DSM, the z 

transform of the quantized envelope signal, ( )qA z , can be expressed as:    

( ) ( ) ( ) ( ) ( )qA z STF z A z NTF z E z   (5-1) 

in which ( )A z is the transfer function of the discrete envelope of the signal and ( )E z is the 

is the additive quantization noise. In (5-1), STF and NTF correspond to the signal transfer function 

and noise transfer function of the modulator, respectively. For the second order DSM, the STF 

function equals to one and the NTF function is given by:  

1 2( ) (1 )NTF z z   (5-2) 

The recombination of the digitized envelope with the phase component results in the 

convolution of the phase spectrum with the envelope modulated spectrum. By using (5-1) and 
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replacing z with 
2 / Sj f f

e


, the power spectrum density (PSD) of the signal at the output of the 

EDSM, ( ),
RFX

S f can be obtained as: 

2
2( ) ( ) ( ) ( )

RF RFX X e NTFS f S f S f S f     (5-3) 

where   denotes the convolution operator. In this equation, ( )S f


, ( )
RFX

S f and ( )
NTF

S f  are the 

PSDs of the phase component, the re-modulated RF signal and the noise transfer function, 

respectively. In equation (5-3), the quantization error is assumed to be a white noise with the 

spectrum density of 2

e
 . The second term on the right side of (5-3) is the spectrum of the added 

noise to the EDSM’s output. This results in spreading the noise over the bandwidth of the phase 

signal which is usually wider that of the original modulated signal.  If the oversampling ratio of 

OSR is employed to an input signal with the bandwidth of 2 Bf , with the use of (5-3), the in-band 

quantization noise power at the output of the EDSM, 
,e in

P , can be calculated as: 

2
2 / 2 /

,

/
2

/

( ) ( )

( ) ( )
2

B

S S

B

f

j f f j f fe
e in

S f

OSR

j je

OSR

P
P e NTF e df

f

P
e NTF e d

 



 










  

  





 (5-4) 

in which 
e

P  is the power of the white noise and ( )f is the Fourier transform function of 

the phase signal. It is clear from equation (5-4) that the convolution of the digitized envelope 

modulated signal with the phase information in frequency domain spreads the quantization noise 

over the desired signal's band which cannot be filtered out. This will degrade the SNDR of the 

signal and affect the linearity performance of the transmitter. In order to improve the quality and 

SNDR of the quantized input signal of the PLM PA and to enhance the linearity of the transmitter, 

the complex delta-sigma modulation technique is employed in this work. The following section, 
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discusses the concept of the CDSMs to address the signal quality problem in DSM based 

transmitters. 

5.3 Linearity improvement in delta-sigma-based transmitters using CDSMs  

In this section, the basic concept of a second order bi-level CDSM is presented and its 

performance is evaluated and compared with the EDSM. Figure 5-2 depicts the basic block 

diagram of a low-pass (LP) second order CDSM [46, 80]. This modulator consists of two complex 

integrators, two complex gain blocks and one complex quantizer. The complex combination of the 

in-phase and quadrature components of the signal ( )I jQ is used for this modulation and it is not 

necessary to decompose the complex signal into phase and envelope data as in envelope delta-

sigma modulations. The output modulated signal will be a complex signal with a constant envelope 

value. The complex quantizer maps the data on a circle with a constant radius of  in the complex 

plane and when the magnitude of the data is less than a threshold level, e.g. / 2 the data is mapped 

to the origin of the plane.  

 

Figure 5-2. Block diagram of a LP second order complex delta-sigma modulator. 

 

Therefore, by using this modulator, the input data is digitized into a bi-level quantized signal. The 

phase of the data at the output of the complex quantizer is kept unchanged. As a result, since only 
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the envelope of the data is quantized and the un-quantized data will be mapped to the closest 

quantized data, the quantization noise will be minimized significantly.  

Figure 5-3 shows the complex quantizer mapping procedure in a complex plane. As can be 

seen in this figure, for a random complex input signal in the polar format of ( , ) ju r Ae   , the 

output of the complex quantizer would be: 

 , / 2 ,
( )

0, .

je if A
V u

otherwise

  
 


 (5-5) 

in which / 2 is the threshold value for the complex polar quantizer. Consequently, the 

quantizer digitizes the complex signal in to a two-level envelope complex signal.  
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ϴ1
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v2

ϴ2
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 ρejϴ1

ρρ/2=0

 

Figure 5-3. Mapping procedure of the complex quantizer on the complex plane. 

 

The second-order LP CDSM is designed using ADS Agilent software, to quantize a non-

constant envelope LTE uplink signal (16QAM) with 3MHz bandwidth and oversampling ratio of 

24. The quantization levels of the CDSM modulator are selected to be 0 and 1, while the quantizer 

threshold level is set at 0.5. The quality of complex delta-sigma modulated LTE signals are 



 

105 

evaluated in terms of SNDR and coding efficiency (for α= β=1) versus different input signal levels 

and the results are plotted in Figure 5-4. This figure shows that the signal quality starts improving 

by the input signal amplitude. The SNDR curve reaches a peak value of 56% and at this level 30% 

coding efficiency is gained. For large input signal levels, the SNDR eventually collapses and this 

is the region where the modulator starts saturating.  

The coding efficiency of the signal and the performance of this modulator can be improved 

either by adjusting the complex gain block values α and β or by changing the threshold value of 

the quantizer. Higher coding efficiency of the modulated signal at the input of the PA enhances 

amplifier’s efficiency performance since it results in lower dc power consumption of the PA for 

amplifying the signal with added noise. Current article focuses on studying the effect of the 

complex gain blocks on performance of the modulator for a fixed threshold level of the quantizer.  

 

 

Figure 5-4. SNDR and coding efficiency versus input signal level for a 3MHz bandwidth 

LTE signal modulated by the LP second order CDSM with α=β=1. 
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The complex gain block values α and β can be adjusted properly for the complex modulator 

in order to achieve higher coding efficiency at the output since these gain blocks can control the 

input signal power and the amount of the quantization noise power added to the signal at the input 

of integrators. 

Figure 5-5 depicts the SNDR of the output quantized signal after the complex delta-sigma 

modulation as a function of the gain block values. The simulation results for the second order 

complex delta-sigma modulation of a LTE uplink signal shows that the maximum SNDR of 

57.0dB can be achieved when the integrators gain coefficients, α and β, are set at 0.8 and 0.9 

respectively. It can be seen from Figure 5-5 that reducing the gain values of α and β, significantly 

degrades the SNDR of the signal after quantizer since for low gain block values, the ratio of the 

in-band signal power is comparable to the quantization noise power. 

 

Figure 5-5. SNDR of a 3MHz bandwidth LTE uplink signal modulated by a two-level LP 

second order CDSM with different complex gain block values. 
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Figure 5-6. Coding efficiency of a 3MHz bandwidth LTE signal modulated by a bi-level 

LP second order CDSM with different complex gain block values. 

 

The coding efficiency of the LTE signal is also calculated after the complex delta-sigma 

modulation for modulator’s various gain block values. Figure 5-6 shows the coding efficiency of 

the complex delta-sigma modulated signals. As can be seen in Figure 5-6, the maximum coding 

efficiency of 46.5% can be achieved for α=0.5 and β=0.3. A trade-off between the coding 

efficiency and SNDR is inevitable to get the optimum performance out of the complex modulator. 

Simulation results show that the best performance of the CDSM considering both the SNDR and 

coding efficiency of the output quantized signal is achievable, 52.7dB and 45.1% respectively, 

when the complex integrators gain coefficients α and β are set at 0.9 and 0.5. Using these gain 

values, the quality of the modulator’s output LTE signals in terms of SNDR and coding efficiency 

for various input signal levels are calculated and the results are shown in Figure 5-7. Comparing 

the coding efficiency curve with the one depicted in Figure 5-4, shows that setting gain values of 
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α and β at 0.9 and 0.5, significantly improves the coding efficiency of the complex modulated 

signal (from 30% to 45.1% at the peak SNDR value). 

 

Figure 5-7. SNDR and coding efficiency versus input signal level for a 3MHz bandwidth 

LTE signal modulated by the CDSM with α=0.9 and β=0.5. 

 

5.4 Complex delta-sigma modulation versus envelope delta-sigma modulation 

A comparison study between the output signal’s characteristics of the envelope and 

complex delta-sigma modulators is carried out. In this study, the optimum performance of the LP 

second order CDSM is compared to its EDSM counterpart. Figure 5-8 depicts the spectra of the 

envelope delta-sigma modulated LTE signal and the quantization noise after up-conversion to the 

carrier frequency. The spectra of the same input signal modulated with the CDSM and the 

generated quantization noise are plotted in Figure 5-9. Comparing Figure 5-8 with Figure 5-9 

shows that the quantization noise power is higher at the output of the EDSM. It is due to the fact 

that in EDSM recombination of the digitized envelope with the phase component spreads the noise 

over a wider spectrum. Therefore, by using the CDSM instead of the EDSM, one can expect a 

constant envelope signal with higher SNDR for the same amount of coding efficiency of the signal. 
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Figure 5-8. Spectrum of the LTE signal modulated by the second order LP EDSM and 

up-converted (solid line), the quantization noise spectrum after up-conversion (dashed 

line). 

 

 

Figure 5-9. Spectrum of the LTE signal modulated by the second order LP CDSM and 

up-converted (solid line), the quantization noise spectrum after up-conversion (dashed 

line). 
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Table 5-1 summarizes the performance of both modulators for the LTE uplink and WiMAX 

input signals. This table shows the quality of the LTE uplink signal with 3MHz bandwidth, 7dB 

PAPR and oversampled by the ratio of 24 after complex and envelope delta-sigma modulations 

with the sampling frequency of 92.16MHz.  

 

Table 5-1. Performance comparison of a LP second-order CDSM and a LP second-order 

EDSM using LTE and WiMAX signals. 

Signal 
BW 

[MHz] 

Fs 

[MHz] 

PAPR 

[dB] 
Modulation α , β 

Coding 

Efficiency 

[%] 

SNDR 

[dB] 

LTE 

16QAM 
3.0 92.16 7.0 

Envelope  

delta-sigma 
1.0, 0.3 46.2 37.8 

LTE  

16QAM 
3.0 92.16 7.0 

Complex  

delta-sigma 
0.9, 0.5 45.1 52.7 

WiMAX 1.25 92.16 8.0 
Envelope  

delta-sigma 
1.0, 0.3 45.2 43.8 

WiMAX 1.25 92.16 8.0 
Complex  

delta-sigma 
0.9, 0.5 44.0 60.5 

 

 

It can be seen from Table 5-1 that by using complex delta-sigma modulation, an 

improvement of about 15dB in the SNDR of the LTE signal is achieved compared to the EDSM; 

while the coding efficiency of two modulated LTE signals are quite the same. A 1.25MHz 

bandwidth WiMAX input signal is also used for this evaluation. This signal has a PAPR of 8dB 

and is oversampled by the ratio of 64. As can be seen in Table 5-1, the SNDR of the complex 

delta-sigma modulated WiMAX signal is about 17dB higher than the envelope delta-sigma 

modulated signal. The spectra of the LTE and WiMAX signals modulated with the complex and 

envelope modulators are also illustrated in Figure 5-10 and Figure 5-11.  
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Figure 5-10. Spectra of the LTE uplink signals after the delta-sigma modulation and up-

conversion: using a LP EDSM (blue dashed line) and a LP CDSM with optimized gain 

values (black solid line). 

 

 

Figure 5-11. Spectra of the WiMAX signals after the delta-sigma modulation and up-

conversion: using a LP EDSM (blue dashed line) and a LP CDSM (black solid line). 
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Comparing  Figure 5-10 and Figure 5-11 shows that the CDSM preserves the linearity of 

the signal significantly more than the EDSM while keeping its coding efficiency almost as high as 

the envelope modulated signal's. 

5.5 Realization of the proposed CDSM-based transmitter  

Figure 5-12 displays the block diagram of the proposed transmitter setup with complex 

delta-sigma modulation. It consists of a CDSM, an up-converter, a driver, the PLM PA, a high Q 

BPF and a terminal load. 

5.5.1 Implementation of the GaAs E-pHEMT PLM power amplifier 

A PLM power amplifier is designed and implemented for this transmitter prototype. Two 

GaAs E-pHEMT FET devices are used from Avago Technologies [79]. The circuit is fabricated 

on Rogers RO4350 board with the thickness of 0.762 mm. The photograph of the fabricated board 

is shown in Figure 5-13. An uneven Wilkinson power divider is used at the input of the PLM 

amplifier so that the power division at the input of the PLM PA is in favor of the main amplifier 

for low power levels. 

 

Figure 5-12. Block diagram of a PLM power amplifier based transmitter with complex 

delta-sigma modulation for signal processing. 
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In this structure, the main and auxiliary amplifiers are connected at their output by a / 4  

transmission line. Surface-mount inductors with high quality factors are used for the gate bias 

circuits and for the matching networks of the amplifiers. The main and auxiliary amplifiers are 

biased at class-B and the dc supply voltages at their drain terminals are set to 4.5V.  

The gate biases of the main and auxiliary amplifiers are maintained at the threshold voltage 

level of 0.5V. Offset lines are designed at the amplifiers output to compensate for the parasitic 

elements of the main and auxiliary transistors and to provide short circuit condition at their 

combining point during the off-state. A transmission line with characteristic impedance of 35ohm 

is placed at the combination point of two amplifiers in the PLM PA structure for the impedance 

transformation.  

In order to reconstruct the signal at the output, a commercial analog cavity filter with the 

quality factor of about 118 at the output of the power amplifier. The filter frequency has the 3dB 

bandwidth of about 20MHz and the insertion loss of about 0.72dB at the center frequency of 

2.35GHz. The out of band quantization noise, which is mostly concentrated at the half of the 

sampling frequency away from the center, needs be reflected back to the PA by the filter. 

Therefore, the phase of the reflection coefficient of the filter should be almost zero at this band. 

To satisfy this condition, a 50 ohm delay line at the output is designed to minimize the phase of 

the filter at the rejection band. The implemented PLM amplifier is tested with a single-tone 

continuous wave excitation as the input signal at the center frequency of 2.35GHz at variable 

power levels.  
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Figure 5-13. Photograph of the fabricated GaAs E-pHEMT power amplifier circuit. 

 

Figure 5-14 shows the measured drain efficiency, power added efficiency (PAE) and gain 

of the PA as a function of the output power. At this peak power of 31dBm, the drain efficiency 

and PAE of the PA are about 70.3% and 64.6% respectively. The gain of designed amplifier is 

higher than 11dB.  

 

 

Figure 5-14. Measured drain efficiency, PAE and gain of the PLM PA tested with 

continuous wave single tone signal. 
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5.5.2 Measurement results of the proposed CDSM-based transmitter with PLM amplifier 

The CDSM-based transmitter setup has been tested with practical standard signals. The 

non-constant envelope signal is quantized by the two-level second order LP CDSM before the 

power amplifier. The quantized signal passes through a digital to analog converter. The complex 

delta-sigma modulated signal is generated and up-converted to the carrier frequency of 2350MHz 

using the signal generator (ESG 4438C). Constant envelope pulses generated by the signal 

generator are fed to the circulator and then to the input of PLM power amplifier. 

For this test, different standard signals such as EDGE (0.27MHz), LTE uplink1,2 

(1.4MHz), LTE uplink3 (3MHz), WiMAX have been used with 3.1dB, 5dB, 6dB, 7dB and 8dB 

PAPR respectively. Figure 5-15 shows the drain efficiency, PAE and gain of the PLM PA tested 

by these signals versus PAPR of the signal (Figure 5-15 (a)) and versus output power levels (Figure 

5-15 (b)). It can be seen from this figure that for signals with the PAPR less than 6dB, the measured 

average drain efficiency and PAE of the PLM power amplifier is higher than 48.3% and 44.5% 

respectively, including the insertion loss of the filter. 

 

(a) 
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(b) 

Figure 5-15. Measured efficiency, PAE and gain of the PLM PA tested by standard signals 

versus (a) PAPR in dB (b) output power in dBm. 

 

The 8-PSK modulated EDGE signal with the bandwidth of 0.27MHz, 3.1dB PAPR and 

OSR of 192 is quantized by the CDSM and the constant envelope modulated signal is passed 

through the PLM power amplifier and the output filter. Figure 5-16 depicts the output spectrum of 

the EDGE signal with the average output power of 27.9dBm at the output of the transmitter. This 

figure also shows the spectral emission mask of the EDGE signal [77].  

The PAE of about 49.6% is obtained transmitting the EDGE signal. It is clear from Figure 

5-16 that the spectrum of the measured signal passes the standard requirements. The measured 

output signal has the adjacent channel leakage ratio (ACLR) of about -39.1dBc, -62.8dBc and -

65.3dBc at offset frequencies of 200kHz, 400kHz and 600kHz respectively which meets the 

standard ACLR requirements. 
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Figure 5-16. Measured transmitter's output spectrum for the EDGE signal at the average 

output power of 27.9dBm (blue line) and the standard's mask (black line). 

 

For a comparison study the 3MHz bandwidth 16QAM LTE uplink signal is also quantized 

with both envelope and complex delta-sigma modulators with the sampling frequency of 

92.16MHz. The modulators and the LTE signals utilized for this measurement are the same as the 

ones employed for the simulations in section 5-4. The signals are captured at the output of the 

filter. The spectral of the transmitter's output signals with envelope delta-sigma modulation and 

complex delta-sigma modulation are shown in Figure 5-17. This figure also depicts the spectral 

emission mask of the 3MHz LTE uplink signal [77]. It is clear from the spectra of the output 

signals that without employing any pre-distortion techniques, both signals successfully pass the 

spectral requirement defined by the standard. 
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Figure 5-17. Measured spectra of the 3MHz bandwidth LTE uplink signals (16QAM) at 

the output of the bandpass filter: with the EDSM (gray line), with the CDSM (blue line) 

and the LTE spectral emission mask 3MHz bandwidth (black line). 

 

In delta-sigma based transmitter systems, the constant envelope signal at the output of a 

delta-sigma modulator, with a two-level quantizer, is a sequence of low and high levels (0 and 1). 

Since the amplifier's power efficiency performance varies for pulsed signals with different duty 

cycle values, a good estimation of the overall efficiency can be obtained considering the duty cycle 

effect of the modulated signal. The calculated probability density function (PDF) of each duty 

cycle value of a LP complex delta-sigma modulated LTE uplink signal after up conversion is 

shown in Figure 5-18. It is clear from this histogram that for this modulated signal the probability 

of occurring of a 50% duty cycle pulse is higher than the other duty cycle values for this signal. 
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Figure 5-18. Probability density function of the duty cycle of the LP complex delta-sigma 

modulated LTE signal after up-conversion. 

 

Figure 5-19 shows the measured drain efficiency of the PLM PA for different duty cycle. 

In this measurement, the amplifier is tested with pulse trains with various duty cycle values up-

converted to the carrier frequency. The average drain efficiency is measured for each pulse train 

after filtering. As shown, the drain efficiency of the PLM amplifier is higher than 65% for duty 

cycle values greater than 50%.  

To consider the performance of the PA for different duty cycle values of a delta-sigma 

modulated signal, the duty cycle efficiency can be calculated as follows [47]: 

1

0

( ) ( )DutyCycle pdf D DE D dD             (5-6) 

in which DE(D) is the drain efficiency of the PA as a function of the duty cycle value of 

pulsed trains (as measured in Figure 5-19) and pdf(D) is the probability density function of a duty 

cycle value for a delta-sigma modulated signal. 
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Figure 5-19. Measured average drain efficiency of the PLM PA tested with rectangular bi-

level pulsed input signals with different duty cycle values. 

Using this definition, the duty cycle efficiency of the PA can be computed for different 

standard signal. It is clear that probability density function depends on the signal and the delta-

sigma modulator. Using the duty cycle efficiency definition, the total efficiency of the delta-sigma 

based transmitter can be predicted by the product of the output coding efficiency and the duty cycle 

efficiency for a specific signal. 

Table 5-2 summarizes the quality of the output signal and the performance of the 

transmitter with complex and envelope delta-sigma modulators. Table II shows that, for the LTE 

uplink signal, the EDSM and CDSM-based transmitters can achieve the average drain efficiency 

of about 45% and 46%, respectively. For the complex and envelope delta-sigma modulated LTE 

signal, the duty cycle efficiency of around 56% is gained with the PLM amplifier.  

 



 

121 

Table 5-2. Measurement results and performance comparison of the CDSM-based 

transmitter and the EDSM-based transmitter with LTE signals. 

Signal 

/Standard 
Modulation 

SNDR_OUT 

[dB] 

Coding Eff. _OUT 

[%] 

DutyCycle
  

[%] 

.Ave
  

[%] 

ACLR1L/H 

@3MHz offset 

LTE 

16QAM 

BW=3MHz 

Envelope 

delta-sigma 
31.8 79.2 55.7 45.0 

-35.2 dBc/ 

-34.8 dBc 

LTE 

16QAM 

BW=3MHz 

Complex  

delta-sigma 
42.6 77.4 56.3 45.8 

-40.4 dBc/ 

-41.1 dBc 

 

 

Considering the efficiency performance of the amplifier for various duty cycles pulses of 

the modulated LTE signal and the output coding efficiency of the signal after filtering, the total 

efficiency of about 44% can be estimated for the EDSM and CDSM-based transmitter which is 

very close to the measured total efficiency of 45%.  

The comparison measurement study of CDSM-based transmitter with the EDSM-based 

transmitter using LTE signal shows that by employing complex modulator, better signal quality 

and higher SNDR (about 11dB) can be obtained at the transmitter's output. It is worth mentioning 

that two signals meet the ACLR and spectral emission mask requirements of the standard without 

applying any pre-distortion and linearization techniques. Using the complex modulator, the ACLR 

of the signal is better than the specified standard requirement by a margin of about 10% at the 

3MHz offset frequency which validates the high linearity performance of the CDSM-based 

transmitter. The performance comparison of the present transmitter and to other transmitter 

architectures reported in literature is given in Table 5-3.  
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Table 5-3. Performance summery and comparison 

Ref. Tech. Standard 
Freq. 

[MHz] 

 

BW 

[MHz] 

 

PAPR 

[dB] 

POUT 

[dBm] 

Ave. 

DE 

Ave. 

PAE 

ACLR1,2L/H 

[dBc] 

@offset freq. 

Linear-

ization 

Techniques 

[40] 

Modified 

Polar Tx. 

with EDSM 

CDMA 

IS-95A 
836.5 1.25 - 22.1 - 31.0% 

-44.9/-55.6 

@855KHz/1.98MHz 
- 

[27] 
Asymmetric 

Doherty PA 
WCDMA 2140 3.84 9.8 35.0 27.9% - 

-51.5 

@-+5MHz 

bias 

controlled 

pre-distortion 

drivers 

(PDDs) 

[81] 
Envelope 

Tracking 
LTE 1450 5.0 7.5 22.0 - 38.0% 

-36/-50 

@5MHz/10MHz 
- 

[82] 
Polar Tx. 

with DPD* 
WCDMA 1920 5.0 3.4 21.7 - 38.2% 

-46/-55.7 

@5MHz/10MHz 
DPD 

[82] 
Polar Tx. 

with DPD 
EDGE 1900 - 3.4 21.8 - 38.1% 

-40.2/-68.1/-74.1 

@200/400/600kHz 
DPD 

[83] 

Polar Tx. 

with 

Interleaving 

Pulse Mod. 

WCDMA 836.5 5.0 - 24.0 - 41.2% 
-37.5/-47.6 

@5MHz/10MHz 
- 

[83] 

Polar Tx. 

with 

Interleaving 

Pulse Mod. 

EDGE 836.5 0.27 - 26.0 - 45.5% 
-37.2/-59.2/-64 

@200/400/600kHz 
- 

[84] Class E PA EDGE 881 0.384 - 20.0 - 45.0% - - 

This 

work 

PLM PA 

based Tx. 

with CDSM 

EDGE 2350 0.270 3.1 27.9 53.9% 49.6% 
-39.1/-62.8/-65.3 

@200/400/600kHz 
- 

This 

work 

PLM PA 

based Tx. 

with EDSM 

LTE 

uplink 
2350 3.0 7.0 25.4 45.0% 41.2% 

-35.2/-34.8 

@-+3MHz 
- 

This 

work 

** 

PLM PA 

based Tx. 

with CDSM 

LTE 

uplink 
2350 3.0 7.0 25.1 45.8% 41.9% 

-40.4/-41.1 

@-+3MHz 
- 

 

* DPD denotes the digital pre-distortion.         ** Ref [80]. 
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It can be seen from this table that the proposed PLM PA-based transmitter with complex 

delta-sigma modulation shows high efficiency and linearity.  It shows that the proposed transmitter 

exhibits among the highest linearity and ACLR without applying any pre-distortion and 

linearization techniques. 

5.6 Conclusion 

In this chapter, the possibility of obtaining the high linearity performance along with a good 

efficiency behavior using complex delta-sigma modulation technique for PLM PA based 

transmitter architectures was investigated. The design and test procedure of an efficient and linear 

PLM PA-based transmitter architecture was presented in this chapter. For this transmitter, a CDSM 

was used for the first time as the signal processor. A comparison study between the performance 

of the complex modulator and the common envelope delta-sigma modulator was carried out in 

simulation. The results showed that by using the CDSM instead of the EDSM, higher SNDR for 

the same amount of coding efficiency of the signal can be achieved and better linearity for the 

system can be expected. To validate the linearity improvement in CDSM-based transmitters, a 

PLM PA-based transmitter for LTE and EDGE standards was designed, prototyped and tested. 

The comparison measurement study of EDSM-based transmitter and the CDSM -based transmitter 

with LTE uplink signal showed significant improvement in signal quality and linearity of the 

CDSM- based transmitter. The measurement validated the simulation results and it also specified 

that the CDSM-based transmitters show higher linearity performance and higher ACLR than the 

EDSM transmitter since the quality of the signal is more preserved by applying the CDSM. 
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Chapter Six: CONCLUSION AND FUTURE WORKS 

In the following section, the summery and conclusions of this dissertation are presented and the 

recommendations for future work are discussed in section 6.2. 

6.1 Summery and Conclusions 

The work presented in this thesis applies advanced digital signal processing approaches to 

enhance the performance of the wireless transmitter working with time varying envelope signals. 

The work is mainly dedicated to provide advanced delta-sigma based transmitter systems that meet 

the power efficiency without compromising signal quality. In order to meet this goal, we proposed 

and investigated novel techniques both in the power amplifier (PA) design and in digital processing 

approaches to address the limitations.  

In chapter three, we proposed a new high-pass delta-sigma modulator (HP DSM) for 

digital-IF transmitter systems to address the in-band quantization noise added to the signal’s 

bandwidth of interest by the quantizer. The performance of the proposed system was evaluated in 

terms of power efficiency, signal quality and implementation complexity and compared to that of 

the Cartesian band-pass (BP) and high-pass (HP) DSM-based digital-IF transmitters. The proposed 

digital-IF transmitter system was proved to have better linearity, higher coding efficiency and 

reduced complexity. For validation purpose, the new HP DSM digital-IF transmitter topology was 

prototyped and tested. An inverse class F PA was used for the amplification of the encoded up-

converted RF signal. For a 1.25MHz bandwidth WiMAX signal, the average drain efficiency of 

34% was measured for the proposed HP DSM-based digital-IF transmitter setup. The signal at the 

output of inverse class F PA has the adjacent channel leakage ratio (ACLR) of about 33dBc (before 

filtering) and a signal-to-noise ratio (SNDR) of 33.8dB before filtering.  
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Design, analysis and evaluation of pulsed load modulation (PLM) PAs were presented 

using advanced design system (ADS) simulation for the first time in chapter four. It was proven in 

chapter four, that improvement in power efficiency at back-off power region and thus reducing the 

average power consumption of advanced DSM-based transmitters can be achieved through 

employing PLM PAs. A complete analysis on PLM PAs performed in chapter four, showed higher 

drain efficiency in 6dB power back-off region when compared to the Doherty PA. In this 

dissertation, a digital transmitter system was proposed and prototyped for high power applications 

in which the envelop delta-sigma modulator (EDSM) was utilized to digitize the envelope 

information of the standard signal at the transistors’ gates of the PLM PA. The measured digital 

transmitter was tested by a 5MHz bandwidth LTE down-link signal with 11dB PAPR. For this 

signal, the average drain efficiency of about 46.1% was achieved and the ACLR at the upper and 

lower 10MHz offset frequency was measured about -36.85dBc and -38.78dBc, respectively. Using 

5MHz bandwidth WiMAX 802.16e down-link signal with the PAPR of 7.9dB and the 

oversampling ratio of 100, the average drain efficiency of 48.7% was achieved at the average 

output power of 35.8 dBm. For this signal the measured ACLR at the lower/upper 10MHz offset 

frequencies was about -30.72/-34.39dBc. The results showed that the proposed transmitter design 

exhibits among the highest efficiency for WiMAX and LTE downlink signals and provided proof 

of good ACLR without applying any linearization or pre-distortion techniques. 

To address the limitations of the EDSM and to enhance the coding efficiency and the signal 

quality, the complex delta-sigma modulation for the baseband signal processing in PLM PA-based 

transmitters was proposed in chapter five. A comparison study between the performance of the 

complex delta-sigma modulator (CDSM) and the EDSM was carried out in simulation. The results 

showed that by using the CDSM instead of the EDSM, higher SNDR for the same amount of 
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coding efficiency of the signal can be achieved and better linearity for the system can be expected. 

To validate the linearity improvement in CDSM-based transmitters, a PLM PA-based transmitter 

was designed, prototyped and tested. The comparison measurement study of EDSM-based 

transmitter and the CDSM-based transmitter showed significant improvement in signal quality and 

linearity of the CDSM-based transmitter. The comparison measurement study of CDSM-based 

transmitter with the EDSM-based transmitter systems using 3MHz LTE signals showed that by 

employing the complex modulator, better signal quality and higher SNDR (approximately 11dB 

higher), was obtained at the transmitter's output with the total drain efficiency of 45%. The ACLR 

of the LTE signal at the output was better than the specified standard requirement by a margin of 

approximately 10% which validated the high linearity performance of the CDSM-based 

transmitter. 

6.2 Recommendations for future works 

The work presented in this thesis can be extended in any of the following ways. 

To remove the out-of-band quantization noise before transmission in DSM-based transmitters a 

band-pass filter (BPF) is deployed at the output terminal of the amplifier. A high quality BPF is 

required to remove the undesired quantization noise to meet the ACLR specifications of the 

applied communication standard. The insertion loss of the BPF will eventually degrade the overall 

transmitter efficiency. So, preserving the quality of the signal before filtering, removing the in-

band and out-off band quantization noise added by the delta-sigma modulation and reconstructing 

the signal in an efficient manner, is still an important issue in designing a successful DSM-based 

transmitter. 

The advanced PLM-based transmitter with a CDSM was proposed in chapter five of this 

thesis to address the noise problem in the EDSM-based transmitter counterpart before filtering. It 
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seems possible to further reduce the quantization noise and improve the coding efficiency and 

ACLR of the PA’s input signal before the BPF in the proposed transmitter by employing the 

quantization noise reduction (QNR) proposed in [64]. In this technique a part of the quantization 

noise at the output of the CDSM for the whole band of the signal is removed which results in 

significant enhancement in the overall efficiency of the transmitter. However, the QNR technique 

leads to a fluctuation in the envelope of the signal. Therefore, it is important to find an optimum 

noise reduction level in order to minimize the linearity degradation caused by the envelope 

fluctuations.  In the in-band filtering technique proposed in [63], by removing just the in-band 

quantization noise at the output of DSM, the SNDR improves. Like the QNR technique, this 

technique also introduces variation to the signal envelope.  

The proposed HP DSM-based digital IF transmitter addressed the quantization noise 

problem, complexity, low SNDR and low coding efficiency of the signal when compared to the 

Cartesian digital-IF counterparts. However, it seems possible to further improve the power 

efficiency performance of the proposed HP DSM-based digital IF transmitter in chapter three 

through replacing the inverse class-F SMPA by a high efficient PLM PA at the output. Although 

the inverse class-F SMPA is designed for high efficiency, as the average power degrades in large 

output back-off power (OPBO) region its efficiency reduces. The PLM PA, on the other hand, is 

proven to have a higher average efficiency at 6dB OPBO region. The QNR technique or in-band 

noise cancellation method can also be applied in the proposed HP DSM-based digital-IF 

transmitter to improve the coding efficiency or the SNDR of the signal before the PA, respectively.  

We also suggest using digital pre-distortion (DPD) and linearization techniques to further 

enhance the output signal quality in DSM-based transmitter architecture [85]. Using a memory 
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polynomial model is suggested for the dynamic PA modeling approach especially when we are 

dealing with oversampled quantized data [86]. 

The use of a multi-level quantizer in CDSMs may improve the signal quality of the signal 

after the digital modulator since this reduces the quantization noise power. However, employing 

multi-level modulator will create multi-level signals which requires designing an asymmetric PLM 

PA for amplification in the CDSM-based transmitter structure. It seems possible to design a non-

symmetrical PLM PA using two different devices for the main and auxiliary amplifiers to extend 

the efficiency enhancement region to larger OPBO.  
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