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Abstract 
 

The evolving wireless communication technology is aiming high 

data rate, high mobility, long distance and at the meantime, co-exist 

with various different standards. This developing trend requires a 

highly linear transceiver system and it causes the problem of low 

efficiency due to the large crest factor of signals. On the other hand, 

with process scaling, digital blocks are occupying more functions and 

chip area than before, to fully utilize the digital process low power 

advantage and save design cost, hardware reuse is preferable. The 

concept of Software Defined Radio (SDR) is raised to make the 

system more adaptable to multiple communication standards with 

minimal hardware resources. 

  

In this doctoral dissertation work, the software defined radio 

architecture especially the all-digital polar transmitter architecture is 

explored. System level comparison on different transmitter topologies 

is carried out in the first place. Direct conversion, out-phasing and 

polar transmitter topologies are compared. Based on the system level 

evaluation, a Lowpass Sigma Delta Modulation (LPSDM) digital 

polar transmitter is designed under 90nm CMOS process and 

packaged in QFN32. 19.3% peak efficiency and 11.4dBm output 

power is measured under single 1.0V supply. The constellation 

measurement achieved 5.08% for 3pi/8PSK modulation and 7.01% 

for QAM16 modulation output. The measurement on the packaged 

transmitter AM/AM and AM/PM also demonstrated the linearity and 

power efficiency performance under low voltage environment. This 

verified the possibility for a fully SDR solution in the future. 

 

As a specific application and genuine creation, the UHF RFID 

standard is mapped into digital polar transmitter architecture. System 
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level simulation is performed and transient signal parameters are 

extracted. To prove the SDR possibility, the system is fully designed 

by VHDL language and downloaded into FPGA hardware with high 

speed serial port. The measured results confirm the possibility of the 

digital polar transmitter architecture potential in SDR system 

realization. 

 

Based on the design and verification of two different systems, the 

methodology for digital implementation of linear transmitter system 

is developed and the skill to carry out optimization and measurement 

is also possessed. In conclusion, the academic publication and 

verification proved the feasibility of digital polar transmitter 

application in linear system and point out the direction for a fully 

SDR realization. 

 

Key Words:  

Switching Power Amplifier, All Digital Polar Transmitter, Lowpass 

Sigma Delta Modulation, Software Defined Radio, RFID, H-Bridge 

Architecture, Resonating, Filter Matching Network. 
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Chapter I. Introduction 
 

1.1 Motivation and Author’s Contribution 

The development of the digital wireless communication standards 

is evolving towards higher data rate, longer distance and higher 

mobility in recent decades. For example, Worldwide Interoperability 

Microwave Access (Wi-MAX802.16) as a third generation (3G) 

standard can reach over 30Mbps downlink (DL) data rate and support 

communication under 120kMph speed, the Long Term Evolution 

(LTE 4G) standard is aiming 100Mbps at high mobile speed.  To meet 

these requirements, a highly linear transceiver system is required and 

corresponding system power consumption is increasing due to the 

high Peak-to-Average Power Ratio (PAPR) [1]~[5] transmitted signal. 

The direct effect of this phenomenon is short battery life and higher 

heat dissipation design cost. In the traditional transceiver architecture, 

the linearity to power efficiency trade-off is common in design 

considerations. 

 
Figure 1. Co-existence of Multi-standards Wireless Communication 
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At the meantime, varieties of wireless communication standards 

co-exist and complement each other to form a full cover of different 

needs, Bluetooth WiFi and UMTS modules are basic configurations 

in most CPEs. Systems like Bluetooth and WiFi may be designed in 

the same chip to form Multi-Chip-Module solutions. The use of 

different communication bands and time space slots increase the 

efficiency of limited resources usage. To handle the smooth switching 

between different standards, a fully integrated solution will have more 

values in the embedded system designs, because the costs of 

packaging and peripheral designs are saved. The Software Defined 

Radio (SDR) concept is proposed based on this purpose and it can 

provide highly adaptive system architecture for multiple 

communication standards [23]~[25]. The feasibility of SDR is also 

becoming higher with CMOS process scaling and more digital 

functions can be realized in the same silicon area. 

 

In this research work, the SDR transceiver architecture especially 

the all-digital transmitter architecture is investigated. The comparison 

between different transmitter architectures is firstly carried out to find 

a suitable topology for the all-digital implementation. Secondly, after 

choosing the polar architecture, an all-digital polar transmitter based 

on the 90nm CMOS technology is designed. The methods to optimize 

switching amplifier are developed using multiple design tools. The 

linearity and power efficiency performance is measured for the low 

supply voltage transmitter, the mechanism and compensation methods 

for the transmitter are also investigated. Thirdly, based on the all-

digital polar transmitter architecture feature, a fully SDR RFID 

transmitter is proposed, designed in hardware description language 

(HDL) and verified by FPGA. This experiment proved the adaptive 

feature of digital polar architecture in certain applications and pointed 

out the possibility of fully SDR realization for any transmitter in the 
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future by using digital polar architecture. 

 

In this thesis work, the contribution of author can be summarized 

as: 

1. The design and verification of the all-digital polar transmitter 

from schematic to the final PCB based demo with FPGA and 

computer aided measurement tools. [P3][P5][P6][P7] 

2. The theoretical work on the all-digital polar transmitter 

architecture and the performance under low voltage environment. 

[P2][P3][P6][P8] 

3. The genuine creation of the pure software RFID transmitter 

prototype based on all-digital polar SDR architecture. This 

experimental work extended the realm of digital polar transmitter. 

[P1][P4]. 

 

The thesis work is a mixed research on the digital design 

methodology for linear system involving different tools and design 

levels. The verifying of all-digital polar transmitter and the 

corresponding extension in RFID application proved the system can 

solve linearity to efficiency conflicts, and this feature can gain 

advantage from the process scaling, which provided a new design 

path for future CMOS SDR system. 

 

 

1.2 Thesis Research Backgrounds 

1.2.1 Wireless Digital Communication Developing Trend 

Modulation, Multiplexing and Duplexing. The contemporary 

wireless communication is a form of art to create new dimensions in 

human thinking and a technology to use limited space frequency and 

energy resources more efficiently. Due to the human needs of 
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seamless communication, a common trend of higher data rate and 

higher spectral efficiency are achieved by using complex signal 

modulations. Traditional Quadrature Phase Shift Keying (QPSK) 

modulation is gradually replaced by 8PSK (8 Phase Shift Keying) and 

Quadrature Amplitude Modulation (QAM16 QAM 64 even QAM 

256), the spectral efficiency is dramatically increased. 

 

As the wireless communication between two objects is through air 

interface media, the multiplexing methods of communication are also 

developing to accommodate the trend for high data rate and using the 

frequency or time window resource more efficiently. In the spectrum 

(frequency) domain, communication system is developing from single 

carrier (SC) system to multi-carrier (MC) system and one of the most 

implemented MC systems is using Orthogonal Frequency Division 

Multiplexing (OFDM) algorithm. A latest research even prototyped 

the transmission based on Orbital Angular Momentum (OAM) 

algorithm and reached the data rate over Terabits per second (TBPS). 

In the transient domain, Time Division Multiple Access (TDMA) is 

outdated by the Frequency Division Multiple Access and then Code 

Division Multiple Access (CDMA) for special requirements like 

Quality of Services (QoS). The use of Multiple Input Multiple Output 

(MIMO) and Space Division Multiple Access (SDMA) further extend 

the data rate triple or quadruple times. 

 

The duplexing of communication system is more about how 

separate systems communicate to each other. The prevailing two 

schemes are Time Division Duplexing (TDD) and Frequency 

Division Duplexing (FDD). Due to the limited spectral band, TDD 

system is gaining more favor but both of them will co-exist for 

different applications. In this case, the transceiver systems are 

required to have fast switching ability and high immunity to other 
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interferences. 

 

There are other parameters in the communication system like 

Cyclic Redundancy Check (CRC) or system enhance methods like 

Hybrid Automatic Repeat Request (HARQ) to increase the 

performance but the basic mathematical description of the system is 

defined by the modulation, multiplexing and duplexing parameters. 

Then, the design of the transceiver system is the mapping of the 

theoretical expressions into individual process blocks. 

 

 

1.2.2 Transceiver Architectures  

Mapping and Optimization. As the physical body to realize these 

wireless communication standards, the transceiver has to fulfill the 

linearity requirements to ensure signal transmitting/receiving quality. 

The corresponding blocks in the transmitter/receiver chain are 

required to accommodate the performance changes. Because of the 

trend described above, all the parameters demand a highly linear 

system in common, in both receiver and transmitter path, the cost for 

linear system is the power consumption and system efficiency. For 

example, the worst PAPR for WiFi (802.11g) communication is 52 

(17dB) [2] [5], for a pure linear transmitter, the efficiency of the linear 

power amplifier (PA) will be only 2%. It is a common scenario that 

the transmitter system efficiency is lower than 10% and the figure 

will be even lower for other high data rate communications. 

 

For this reason, the system blocks need to be balanced in work load 

and be efficient as a whole system. Based on this concept, the 

exploration of the system architecture is the focus at the beginning of 

the whole research period. Out-phasing and Polar systems are two of 

the options to realize the mathematical explanation of the transmitter 
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system, so the comparison on these two systems with the traditional 

Cartesian (direct conversion) transmitter system is made. On the other 

side, more digital processing functions are emphasized to increase the 

possibility of correct signal detection in the receiver system and the 

SDR realization. To combine the advantages of efficiency transmitter 

system topology and the digital processing algorithm, the all-digital 

polar transmitter architecture is chosen as the main direction of the 

thesis work. 

 

In the system level exploration, ADS and Matlab tools are used to 

simulate the signal flow and blocks performance. The simulation 

results reveal the weakness and advantages of different systems, and 

the optimization tool in ADS also accelerates the design progress for 

the filter matching network blocks. 

 

1.2.3 CMOS Process Features 

Digital, Fast Switching and Parasitic. The most underlying 

grounds for all these communication technologies are the 

Complementary Metal-Oxide Semiconductor (CMOS) technology. 

With the process scaling, CMOS technology is evolving towards 

shorter channels, higher transition frequency, lower supplying 

voltage, lower power and higher components density directions. The 

direct consequence of this phenomenon is that the CMOS transistors 

are acting more like on-off switching components than linear 

operation ones. This feature triggered the design migration from 

‘analog’ to ‘digital’ domain. More complex mathematical functions 

are realized in the digital parts and more transceiver components are 

designed in digital style. The ‘analog’ part of the system remains 

almost same design area due to analog linearity requirements but 

fewer functionality ratios of the whole system. For this reason, it is of 

great value to explore the solution using all digital transceiver design 
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to minimize the system analog design area and increase adaptability. 

 

With the scaling of CMOS process, even though the unit gate input 

capacitance is increasing, the trans-conductance, voltage gain and unit 

gain frequency is increased with shrinking channel length. For large 

power switching devices, interconnection parasitic power loss will 

dominant the loss, thus the driver circuits design and the whole power 

amplifier efficiency needs to be optimized for certain amount of 

output power. Another problem accompanying process scaling for 

CMOS power devices is the effective voltage headroom. When drain 

source supplying voltage is shrinking from 2.5 Volt to merely 1.0 

Volt, the effective voltage is reduced further than the voltage ratio. 

The voltage drop has great effect on the output voltage swing for the 

power amplifiers. The channel resistance is also increased since MOS 

transistors are following “alpha law” [155] instead of “square low” in 

the Nano-Meter realm. So under the siege of low voltage, large output 

power (large current) and channel resistance, the CMOS based 

switching power amplifier design needs considerations from different 

hierarchies. 

 

1.2.4 Software Defined Radio 

Flexibility and Multi-Standards. The definition of Software 

Defined Radio is “A communication system implementing most 

system blocks in software style and requires minimal hardware 

designs” [25], in other words, SDR system is designed to use as much 

baseband hardware computation resource as possible. The advantage 

of using SDR is that it has minimal receiver area to handle multiple 

standards. The reuse of hardware resource reduced the design cost 

and provided a balanced power efficient solution for the future 

wireless communication developing trends. 
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For the contemporary wireless communication standards, a variety 
of bandwidth, modulation and duplexing exists, so the specification 
of SDR needs to meet the most stringent requirements. In most cases, 
the system is featured with a high speed Analog-to-Digital Converter 
in the RX chain and the cost for a direct sampling ADC will need to 
cover a large frequency band over 6GHz. In other cases, adaptive 
SDR system will adjust itself for different applications and reduce 
power consumption when additional function is not running. In the 
TX chain, a cluster of transmitters for different bands with power 
combination module will be used. The flexibility is realized both with 
configurable hardware modules and digital control algorithms. 

 
 

1.3 Problem Description of the Research Work 

Based on the previous introduction on the wireless communication 
developing trend, transceiver architecture and CMOS process 
features, the main problems which this thesis work trying to solve are 
listed below: 

1. Which transmitter ARCHITECTURE can be the most suitable 
one to accommodate the developing trend of current wireless 
communication standards and provide a balanced solution to the 
linearity to power efficiency trade-offs. 

2. Based on the CMOS process scaling feature, can we take the 
advantage of the CMOS switching characteristics and to what extent 
can we find a digital design METHODOLOGY / ALGORITHM for 
the transmitter system design. 

3. Based on the answer of previous two problems, how to realize a 
SDR SOLUTION and maximally keep the advantages gained by 
mapping the system into mostly digital process even into a program. 

 
There are also other problems need to be solved before finding 
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answers to these three questions. For example, the engineering work 

like PCB design and measurement equipment operation to capture the 

data successfully, the use of different software tools to accelerate the 

design and to process the data to find rules. The most important thing 

in the research work is to keep an open mind and make full use of 

what you have learned and make a combined creation based on 

current technology and resources. 

 

Communication 

Standards
EDA Tools Design Process

System 

Architecture

Circuit 

Topology

Instrument 

Operation

Design for Test 

Experience

Circuit Design 

Skill
Testing Skill

Successful 

Design

 
Figure 2. The Pyramid of System Design 

 

! STEP 1: Process Design Kits & Design Tools Fixed Down. 

! STEP 2: Knowing and Understanding the Interface Parameters. 

! STEP 3: System Architecture Investigation and Fixed Down. 

! STEP 4: System Level Simulation and Block Partition. 

! STEP 5: Circuit Design and Simulation. 

! STEP 6: Layout and Post-layout Simulation. 

! STEP 7: Packaging Design. 

! STEP 8: Test Board Design and Instrument Configuration. 

! STEP 9: Measurement and Optimization. 

 

A general summarization based on personal experience is drawn in 

Figure 2 for illustration. The corresponding steps are listed below. It 

provides a general view for the whole system design process and 

thinking ahead of the steps will gain you more chance for a successful 

design. 
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1.4 Thesis Outline 

The following contents of this thesis are arranged in a top-down 

hierarchical style. 

 

In Chapter II, the SDR system architecture will be explained and 

the partition of analog and digital part will be briefly estimated. The 

contemporary wireless communication standards examples are listed 

and the key parameters for transceiver design will be extracted. As the 

key part of SDR TX chain, the transmitter architecture investigation 

and simulation will be analyzed and comparison will be made 

between different options. In the RX chain, as the bridge between RF 

analog and digital blocks, the analog to digital converter will be 

introduced. A fixed down of SDR system architecture will be done as 

the answer to the first question. 

 

In Chapter III, to maximize the use of digital process and 

algorithm, the modification on the transmitter blocks will be done and 

the blocks design work from schematic to layout will be presented. 

The measurement results for the transmitter will be examined to 

evaluate the linearity and efficiency. This part of work will also give 

the answers to the second question. 

 

In Chapter IV, to further realize a universal SDR architecture based 

on the design in previous chapter, it is of great value to optimize the 

system for certain applications like RFID and evaluate the possibility 

for fully SDR realization. In other words, check how the system can 

be designed in software and program into devices for different 

applications. And what are the basic hardware requirements for this 

hardware to software conversion. In Chapter V, the conclusions and 

summary of the complete work will be presented. 
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1.5 Publication List and Author’s Contribution 

The listed publications are the academic contribution during the 

research works. They provided the landmark for the whole research 

period and also point out the future developing direction. 

 

In publication P1 – "Systematic Design of a Flash ADC for UWB 

Applications", the author is aiming to provide a universal interface for 

the SDR receiver chain for different wireless standards. This paper 

presents the systematic design of a 5-bit, 1.2 GSPS interpolative flash 

ADC for multiband OFDM UWB applications. The proposed ADC 

architecture employs the proven capacitive interpolation, which 

greatly reduce the power consumption, by eliminating the need of a 

power hungry resistive ladder. The flash ADC has been implemented 

in a 0.18 um CMOS process. Circuit level simulations show that the 

proposed architecture can achieve an SNDR of 25.3 dB, and an SFDR 

of 29.3 dB, with an input signal frequency of 330 MHz, at a sampling 

rate of 1.2 GSPS.  The ADC core dissipates 130 mW from a 1.8 V 

supply. 

 

The contribution of the author is the investigation of ADC 

topologies for SDR architecture. The design from system level to 

circuit level of the selected interpolative Flash ADC and the writing 

of the manuscript is done by the author. Matlab modeling and 

Cadence simulation/layout is carried out in this work to verify the 

interpolative switching capacitance ADC. The article is submitted by 

Dr. Martin Gustafsson in 2007. 

 

In publication P2 – “RF Transmitter Architecture Investigation for 

Power Efficient Mobile WiMAX Applications”, out-phasing (LINC) 

and polar transmitter architectures are investigated and compared 

with direct conversion (DC) architecture. Complete system solution 
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targeting 23dBm output power is evaluated. System level simulation 

result shows that, with linear power combiner, LINC consumes more 

power than DC if non-clipping modulation scheme used. And polar 

system has stringent 3 degree phase matching and 0.5dB gain 

matching requirements to meet EVM and spectrum mask 

specifications. 

 

The contribution of the author is the system level comparison of 3 

different transmitter architectures and the extraction of power 

amplifier parameters for WiMAX transmitters. The author also wrote 

the manuscript for the publication. ADS simulation and system 

manipulation work is carried out by the author in this period to 

investigate the performance tradeoffs between different architectures. 

 

In publication P3 – “A switch mode resonating H-Bridge polar 

transmitter using RF ΣΔ modulation” is the result of circuit level 

design, a polar transmitter using H-Bridge configured Class-D 

amplifiers is proposed. To fully utilize low voltage resource, maintain 

linearity and meet the spectrum mask requirements, RF Low Pass 

Sigma-Delta Modulation (LPSDM) is used. An on-chip transformer 

based filter network is designed to filter out SDM noise and provide 

load matching. The system verification is carried out by using Matlab 

passband simulation on a 13dB PAR mobile WiMAX signal. 

Evaluation of noise shaping and spectral regrowth shows the 

proposed architecture can achieve -45dBc/10kHz ACPR in a 140MHz 

bandwidth range. This provides a solid ground for the circuit design 

work.  

 

The author contributes to the architecture selection, modification 

and system level simulation of the proposed digital polar transmitter 

architecture and the prepared further implementation of the 
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transmitter system like required PLL phase noise level and 

bandwidth. The manuscript is also finished by the author. Matlab 

simulation is carried out with technical support from Catena Wireless 

AB. 

 

In publication P4 – “A Polar Transmitter Architecture with Digital 

Switching Amplifier for UHF RFID Applications”, an all-digital polar 

transmitter is proposed and verified by transient signal analysis and 

random pattern simulation. The timing and signal quality constraints 

of the digital polar transmitter circuits are extracted. Due to the use of 

RF frequency low pass sigma delta modulation, the system can be 

designed in pure digital process without on-chip inductive 

components. Compared to the 31% theoretical efficiency by using 

class-A linear power amplifier, a minimum 77% theoretical efficiency 

can be achieved in this proposed digital RFID system. 

 

The contribution of the author is the simulation and design of the 

genuine prototype of SDR UHF RFID transmitter. The transmitter is 

programmed into FPGA for verification and the manuscript is written 

by the author. Matlab and VHDL design is carried out by the author 

alone. 

 

In publication P5 – "All-digital transmitter based on ADPLL and 

phase synchronized delta sigma modulator", A novel architecture of 

all-digital polar transmitters is proposed, mainly composed of an all-

digital PLL (ADPLL) for phase modulation, a 1-bit low-pass delta 

sigma modulator for envelop modulation and a high efficiency class-

D PA. The low noise ADPLL and high oversample Sigma Delta 

modulator relax filter design, enabling the use of an on-chip filter. 

The differential signaling scheme enhances the power of the 

fundamental tone and suppresses DC and high harmonics. The 
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transmitter was fabricated in a 90nm digital CMOS process, 

occupying 1.4 mm2. The measurement results demonstrate 

effectiveness of the architecture. The digital transmitter consumes 58 

mW from a 1 V supply, delivering a 6.81-dBm output. 

 

The contribution of the author in this article is the system 

architecture verification, the partition of the system and the block 

parameters extraction. Transmitter output measurement results and 

the first draft are provided by the author. My colleague Jian Chen is 

working on the all-digital PLL design. The measurement of the PA 

part is carried out by the author and the whole system measurement is 

carried out by both authors of the article. 

 

In publication P6 – "A 11.4dBm 90nm CMOS H-Bridge 

resonating polar amplifier using RF Sigma Delta Modulation", the 

author improved the measurement skill and applied optimization 

methods to the amplifier, measurement results are concluded on the 

digital polar transmitter. The experimental results from lab 

measurement with real physical design verify the initial concept and 

also revealed the possible improvements for future works. 

 

The contributions of the author are the optimization of the all-

digital polar transmitter/amplifier and the measurement and 

processing of the results. The manuscript is written by the author. 

During the measurement, features of the H-Bridge CMOS amplifier is 

explored and FPGA/Virtual instrument measurement skills are 

developed by the author. 

 

In publication P7 – "The Design of All-Digital Polar Transmitter 

Based on ADPLL and Phase Synchronized ΣΔ Modulator”, as a 

summary and collaboration, the publication completes the whole 
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thesis work and also proved the value of the research work. The 

complete solution described in the journal publication setup a good 

reference for further developing in this area. 

 

The contributions of the author are the providing of transmitter 

optimized power output measurement results, constellation 

measurement results and draft of the paper since this work is a 

promoted article from publication P5.  

 

In publication P8 - “High Efficiency RF Transmitter System 

Architecture Investigation for Mobile WiMAX Applications”, the 

author started his research on the transmitter architecture and it is 

carried out in the industry company. This period work provided first 

insight of the future advanced wireless communication standards and 

setup the direction of future research work. 

 

The contribution of the author in this work is the investigation of 

complex modulation and multiplexing system transmitter 

requirements. The author fixed down the system partitioned blocks 

parameters especially the transmitter requirements and wrote the 

manuscript based on this period of research. This work is carried out 

with the technical support and cooperation with Catena Wireless AB. 
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Chapter II. Software Defined Radio 

Architecture and Modules 
-- Architecture Investigation and 

Simulations 
 

With variety of wireless communication standards co-exist in one 

CPE, the reuse of hardware can save not only design cost but also 

power consumption. The idea of Software Defined Radio (SDR) is 

aiming to map as much as wireless system modules into pre-designed 

hardware and make the system more adaptive to multiple standards. 

 

Coding, Encryption,

Baseband modulation, 
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SDR RX Frontend
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Baseband Controls
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LNA, down-converter
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Digital filtering, 

Down-converting, 
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Up-

conversion

Power 

Amplification,

Impedance 

Matching

 
Figure 3. Illustration of Software Defined Radio (SDR) System 

 

As shown in the Figure 3, the transmitter path and receiver path of 

SDR have almost the same topology as traditional transceiver 

architecture but the functionality of the backend process is much 

more emphasized. In the RX chain, to be compatible for different 

wireless communication standards, some of the filtering, channel 

selection analog functions are migrated into digital domain. Based on 

this change, the requirements for the Analog-to-Digital Converter 
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(ADC) are increased on the resolution, sampling rate and full scale 

range aspects to cover the largest bandwidth, the largest dynamic 

range inputs among all the received signals. In the TX chain, to 

generate the corresponding signal, a high speed large resolution 

Digital-to-Analog Converter is also needed and the up-converter will 

be required to have 100MHz to 3GHz up-conversion range. The 

power amplifier of the transmitter will also be adapted for this large 

frequency range. 

 

In order to make the whole system work, the SDR system is not 

only required to have a powerful backend processing capability but 

also a balanced front end design. Multi-chip Modules (MCM) 

solutions are mostly accepted with programmable center controlling 

unit [24] and the research on integrated solution is still on-going. 

 

2.1 Wireless Communication Standards 

Although the modern digital communication system has the trend 

of expanding bandwidth, the available frequency band is remaining 

the same for decades since the introduction of the first generation 

(1G) wireless communication in the early 1980s. Due to the scarce of 

spectrum resource, complex spectrum efficient modulation and 

multiplexing algorithms are developed. A summarized table (Table 1) 

is presented below for the explanation of the developing trend. 

 

The pursing of high date rate has pushed wireless communication 

system to use QAM64 and OFDM-1024 technique and error 

correction algorithms, the advantages of using these advanced 

communication systems are: 

 Higher spectrum efficiency of up to 16bps/Hz. 

 Robustness to multipath fading and interference. 

 Support large number of users by scalable channel usage. 
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 QoS to ensure communication latency for data and real-time 

transmission like video streaming online gaming. 

 Communication security and efficient error correction. 
 

Table 1. Prevailing Wireless Communication Profiles 

 Band (Hz) Modulation Multiplex Duplex Bandwidth DL/UL 

GPRS (2.5G) 

850M 

/900M 

/1.8G 

/1.9G 

GMSK 
TDMA 

/FDM 
FDD 200kHz 

57.6kbps 

/28.8kbps 

EDGE (2.75G) 

900M 

/1.8G 

/2.1G 

GMSK  

/8-PSK 

TDMA 

/FDM 
FDD 200kHz 

236.8kbps 

/59.2kbps 

CDMA2k*1 

800M 

/900M 

/1.8G 

/1.9G 

BPSK  

/QPSK  

/8PSK 

/QAM16 

CDMA FDD 2X1.25MHz 
3.1Mbps 

/1.8Mbps 

WCDMA*2 

1.8G  

/1.9G 

/2.1G 

/2.5G 

BPSK  

/QPSK  

/QAM16 

DS-CDMA FDD 2X5MHz 
14Mbps 

/5.8Mbps 

WiMAX*3 

2.1G  

/2.3G 

/2.5G 

/3.3G 

QPSK  

/QAM16 

/QAM64 

S-OFDMA 

/MIMO 

FDD 

/TDD 

1.25MHz 

~20MHz 

31.68Mbps/ 

23.52Mbps 

LTE*4 

850M 

/900M 

/1.8G 

/1.9G 

QPSK  

/QAM16 

/QAM64 

OFDMA 

/MIMO  

/SC-FDMA 

FDD 

/TDD 
<40MHz 

100Mbps 

/50Mbps 

WLAN*5 
2.4G 

/5.3G 

QPSK 

/QAM16 

/QAM64 

OFDM 

/MIMO 
TDD <40MHz <300Mbps 

Bluetooth 

V2.0 EDR 

2.4G 

~2.48G 

π/4-DQPSK 

/8DPSK 

Frequency 

Hopping 
TDD 1MHz 3Mbps 

OFDM-UWB 
3.1~4.6G 

~10.6G 
QPSK OFDM-128 TDD 512MHz 480Mbps 

 

There are also some signals redundancies like Cyclic Prefix (CP) 

                                                 
1. CDMA 1xEvDO 

2. WCDMA HSPA 

3. Mobile WiMAX 802.16e 

4. LTE (3.9G), LTE-Advance is 4G(IMT-Advanced), so is WMAN-Advance 

(802.16m or WiMAX2)
 

5. WLAN 802.11 g/n (LAN), 802.11ac/ad is going to have >1Gbps DL data rate. 

http://en.wikipedia.org/wiki/DQPSK
http://en.wikipedia.org/wiki/DPSK
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and Coding Rate (CR) exist in the transmission. They are data 

packaging parameters in the baseband signal processing. The main 

front-end design parameters like modulation and multiplexing are the 

focus of this thesis work and these are the parameters defining the 

transmitted signal characteristics. 

 

2.1.1 Wireless Communication Air Interface Example 

To identify the general requirements for SDR transmitter 

application, the WiMAX (IEEE 802.16e) standard is used here as an 

example. The parameters defined are quite representative for future 

wireless communication based on the developing trend.  

 

A. Output Power 

The output power (Pout) requirements for wireless communication 

system are different for Customer Premises Equipment (CPE) uplink 

(UL) and Base Station (BS) downlink (DL) part. For IEEE 802.16e 

mobile WiMAX hand-held devices, the output power level is defined 

by different classes listed in the Table 2 below. 

 

Table 2. Power Class Profile for IEEE 802.16e Uplink (User Client) 

 Class 4 Class 3 Class 2 Class 1 

QPSK >30dBm >27dBm >23dBm >20dBm 

QAM-16 >30dBm >25dBm >21dBm >18dBm 

QAM-64*
6
 >30dBm >23dBm >19dBm >16dBm 

 

As a general trend, an average output power of 18dBm (63mW) is 

required to achieve Class 1 power emission standard for the non-

constant envelop signal. In most constant envelop transmission 

                                                 
6. QAM64 is not supported in the 802.16e UL, here the power class is assumed by 

the author according to the categorization trend. 
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standards like GSM or EDGE, the required average output power will 

be over 30dBm (1W), which is quite a high power comparing with 

short range wireless communication. 

 

B. Spectrum Mask (Spectral Mask) 

The spectrum mask is used to define the bandwidth and spectral 

shape of transmitted signals to avoid interference to neighbor 

channels. The requirements clearly specify the Out-of-Band (OoB) 

and neighbor channel leakage power level, and the corresponding 

adjacent channel leakage/power/rejection ratio (ACLR/ACPR/ACRR) 

can be derived. For mobile WiMAX, there are 3 different spectrum 

mask specifications available as shown in the Table 3 and Figure 4. 

As it can be seen, mobile WiMAX spectrum mask requirements are 

not so restrict as formal 3G (IMT-2k) specifications. 

Table 3. Spectrum Mask for Mobile WiMAX 

Emission Level 
(dBm) 

Frequency Offset (MHz) from Fc 
4.75 5 5.45 6 7.14 9.75 10 10.57 11 14.75 15 20 25 

802.16e*
7
 --- -8 --- --- -32 --- --- -38 --- --- --- -50 -50 

802.16d 0 --- -25 --- --- -32 --- --- --- -50 -50 -50 -50 

ITU-R M.1581*
8
 --- -7 --- -33 --- --- -33 --- -45 --- -48.6 -57 -57 

 
The linearity of the transmitter will affect the spectrum mask 

compliance directly. If the transmitter has large third order 

intermodulation products (IM3), the output interception point (OIP3) 

will be small. With the phase noise of local oscillator frequency (Fc), 

output signal noise floor will increase and spectrum mask 

requirements are easily violated [P2]. 

                                                 
7. Spectrum mask is used for 10MHz bandwidth w Pout <23dBm. Example is from 

ADS Knowledge Base Library. 

8. The spectrum mask is used as a compliance to both IMT-2000 (3G) standard and 

WiMAX.
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Figure 4. WiMAX Spectrum Mask Illustration 

 

C. Error Vector Magnitude (EVM) 

Error Vector Magnitude (EVM) is the evaluation of the transmitted 

signal baseband quality and the value is defined by the deviation of 

the actual constellation points from their ideal locations (as shown in 

Figure 5), due to both magnitude and phase errors caused by the non-

linearity of the system [13][14]. The equation for the EVM calculation 

is given in Eq. (1) where ri(rj) is the measured vector in constellation 

plot,  vi(vj) is the ideal constellation reference location and ei(ej) is the 

error vector. 

vi

ri

ei

ej vj

rj

ideal ref

measured

 
Figure 5. Error Vector Magnitude (EVM) Illustration 
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The EVM is an important evaluation standard for in-band signal 

quality and it is directly related with the Bit Error Rate (BER) of the 

demodulated signal. Mostly the requirement of wireless 

communication will be -30dB to support complex modulation like 

QAM64. The requirement for mobile WiMAX is listed in Table 4 for 

reference. 

Table 4. Mobile WiMAX Transmission EVM 

Modulation QPSK QPSK QAM16 QAM16 QAM64 QAM64 QAM64 

Coding Rate 1/2 3/4 ½ 3/4 1/2 2/3 3/4 

Tx EVM (dB) -15 -18 -20.5 -24 -26 -28 -30 

 
 
D. Adjacent Channel Power/Leakage Ratio (ACPR/ACLR)  

ACPR is defined as the ratio of power (the distortion product) in a 

bandwidth (channel) away from the main signal to the power in a 

bandwidth (channel) within the main channel [11][12], it can also be 

referred to ACRR (rejection ratio). This parameter is a derivative 

calculation of the system spectral purity since it measures the total 

power in the adjacent channels. If the spectrum mask is met then the 

spurious elements in the output will be the dominant noise power.  

 

In conclusion, if the transmitter system has good linearity, the 

system will have low Intermediate Modulation Distortions (IMD) and 

the energy leak into neighbor channels will be minimal. The spectrum 

mask requirements will be fulfilled in the same time.  

 

 

2.2 Software Defined Radio Topologies 

To further explain the SDR system topology, the TX/RX chains are 

partitioned into blocks as shown in Figure 6, the extent of how many 
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modules can be realized in programmable style defines the fact that 

how close the system can be called SDR. 

 

Software Defined Radio System Frontend

ADC

Antenna

System

D
S

P

DAC

Power Amp

isolator

LNA

Filter

synthesizer

Down 

Converter

UpConv. Filter

VGA

 

Figure 6. Frontend of Software Defined Radio 

 

Based on the wireless communication standards trend presented in 

previous section, a SDR system needs to support frequency band 

from 800MHz to 5.3GHz. If ADC module is used directly after the 

LNA in the RX chain, a sampling frequency of 11GHz and resolution 

over 12 bits is needed, the corresponding power consumption of ADC 

module may even exceed the power amplifier [23] and it is almost 

impossible for current technology to realize without parallel 

processing. With a down converter used in the RX chain, the ADC 

sampling frequency is considerably reduced. Of all the wireless 

communication standards, OFDM-UWB has the largest 512MHz 

baseband signal bandwidth and it needs at least 1GHz sampling 

frequency for the ADC based on the Nyquist sampling rate theory. In 

the resolution aspect, ADC with minimal 5 bits resolution will be 

needed, thus a scalable resolution ADC architecture will be 

preferable. 
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In the TX chain, if a Cartesian In-phase Quadrature architecture is 

adopted, traditional linear power amplifier will be mostly used to 

increase the power level. The blocks after DAC will always use 

analog/RF design methodologies so the SDR concept is constrained 

by this limit in the TX chain. 

 

In recent years, the research on direct RF concept [88] [95] [129] is 

raised, high speed DAC is used and generate RF signal with digital 

style, these experiments are very important in the SDR system 

development and also provide new thoughts. In later chapters, the TX 

chain design will be further explored in the thesis work. 

 

2.3 Analog-to-Digital Converters in SDR RX 

Chain 

To meet different wireless communications requirements, the SDR 

RX ADC for future multi-standard wireless communication should 

have features as: 

 

 High speed sampling rate to cover different bandwidth even 

carrier frequency. 

 Large resolution and adaptive output bits for different 

applications. 

 Configuration architecture and dynamic power saving. 

 Linear and scalable under CMOS process. 

 

In the [P1], a switching capacitance interpolated flash ADC is 

modeled and simulated at system level. To cover 512MHz baseband 

bandwidth, 1.2GHz sampling frequency is used and 5-stage scalable 

architecture is adopted, the ADC is designed in 180nm process and 

the topology of the Flash ADC is shown in Figure 7.  
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Figure 7. Switching Capacitance Interpolated Flash ADC Architecture 

 

Based on circuit level simulation, the ADC can work at 1.2Gsps 

with effective number of bits of 3.6 for 530MHz input frequency 

signal. The total power consumption is 153.8mW under 1.8V supply. 

The design is featured with small input differential buffers and 

pipelined stages to process the first-order-hold sampled input signal. 

Due to the using of pipeline interpolation, the input stage capacitance 

is minimized and the connection bandwidth from previous block will 

be less affected. With pipeline stage architecture, the throughput of 

the ADC is also increased. The design of Flash ADC was improved in 
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[28] which can provide configurable output bits for different 

application. Extra stages of the interpolation Flash ADC can be 

disabled so the power efficiency performance is enhanced.  

 

In order to enable the SDR RX chain support 900MHz band and 

process multi-standard signal, the ADC sampling rate needs to be 

further raised to 2GHz under 90nm CMOS process. Under close field 

communication like RFID, the LNA may amplify received signal to 

detectable range for the ADC and thus the down converter can be 

removed. The on-off keying envelope modulation used in the UHF 

RFID specification also require lower resolution and a more complete 

SDR system can be realized. 

 

 

2.4 Transmitter Architecture Selection in SDR 

TX Chain 

In current prevailing transmitter design, three different 

architectures are mostly seen. They are Cartesian In-phase Quadrature 

modulation Direct Conversion, Out-Phasing (Linear System with 

Non-linear Components, LINC), and Polar Modulation architectures.  

 

The hierarchical design of transmitter systems follows the same 

procedures from system model simulation to the circuit design and 

verification. Firstly, partition of the system and functionality mapping 

to corresponding blocks. Secondly, system level optimization and 

signal node parameter calculation. Thirdly, block design parameter 

calculation from known signal requirements.  

 

During these design steps, the knowledge of EDA tool and the 

process characteristics is very helpful to the designer, a simplified 
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model can enable the designer to make correct choice and shorten the 

verification time. 

 

2.4.1 Direct Conversion Transmitters 

As the most vastly used transmitter architecture in wireless 

communication system, Direct Conversion (DC) transmitter is very 

concise in topology comparing to out-phasing and polar architecture. 

And it usually has minimal chip design area based on the assumption 

that the blocks are same in other designs. The system architecture 

illustration is shown in Figure 8. 

Direct

Conversion

Baseband

DAC

Attenuator VGA

On chip part

DSP

DAC

PLL 900

PA

 
Figure 8. Direct Conversion Architecture 

In the DC system baseband, Cartesian modulation is used and In-

phase / Quadrature signals are generated. Since the IQ modulation is 

realized by digital processing, two digital-to-analog converts (DAC) 

are used. After the DACs, low-pass filters (LPF) are used to remove 

the harmonics caused by zero-order holder style output signal from 

the DAC. Attenuators are used to adjust the signal swing amplitude to 

ensure the mixer is working at the best input bias, after the mixer, 

baseband signal is up-converted to RF frequency. Then the signal will 

be adjusted by RF-VGA and combined to create the final RF output 

signal. 

 

Due to the process limitation, the IQ signal combiner output power 

level is still small and normally it is in the range of -1dBm to 3dBm. 

In order to achieve required 23dBm average output power, a discrete 
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Power Amplifier (PA) is used in most designs. The use of discrete PA 

brings the system disadvantages as below. 

 

 Different voltage domain and extra discrete components cost 

for PCB integration. 

 Matching of RF transmission trace and power noise isolation 

problems. 

 Power waste and thermal problems.  

 

The discrete PA using BiCMOS or SiGe process is much expensive 

than integrated CMOS solution and the most critical drawback is the 

power waste of the linear PA. For future WiMAX or LTE system with 

QAM64 and OFDM-1024, the calculation of peak output signal 

voltage is based on transient response of IFFT conversion signal from 

Eq. (2) listed below. 
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Eq. (2) 

 Here N present the number of subcarriers, f0 is the center carrier 

frequency of RF signal, Tcp is the time of Cyclic Prefix (CP) time to 

avoid Inter Symbol Interference (ISI) during transmission, Δfsc is the 

frequency space for each subcarrier in the band. M is the mutual 

product coefficient of two subcarrier signals. 

 

This equation presents that the peak value is dominated by the 

carrier number as well as the inter-modulation coefficient of the linear 

PA. For example, there are 720 data sub-carriers, 184 null sub-carriers 

and 120 pilot sub-carriers exist in the mobile WiMAX OFDM-1024 

system, the effective number is 840 for N. Based on this equation and 
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system level model transient simulation, the measured Peak-to-

Average Power Ratio (PAPR) can reach 13dB [P2]. Even with 

allowed saturation and peak compression algorithm, the PAPR is still 

over 9dB and hence the average drain power efficiency is merely 10% 

for the power amplifier. 

 

2.4.2 Out-Phasing Transmitters 

A. Traditional Out-Phasing Transmitter 

The Out-Phasing, also known as LInear system with Nonlinear 

Components (LINC) architecture is aiming to solve low power 

efficiency problem by using saturated PA and power combination 

technique. The transmitter architecture is shown in Figure 9. The idea 

behind this architecture is to overcome the non-equal-envelope 

amplifier power loss problem. Any vector signal in the Cartesian 

domain can be separated into two equal length vector signals as 

shown in the Figure 10, by using saturated power amplifier to create 

the partitioned signal S1 and S2, the efficiency of the amplifiers can 

reach 100% theoretically. And then, the amplified signal S1 and S2 

will be combined to reconstruct the vector output. 
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Figure 9. LINC Transmitter Architecture 
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Figure 10. LINC Transmitter Signal Combination Illustration 

Comparing to direct conversion architecture, LINC architecture 

need additional power combiner and the chip area is almost doubled 

than DC architecture. There is possible chance to optimize the on-

chip circuit since only the phase signal of each branch needs to be 

tuned. However, due to the large bandwidth of the phase signal, direct 

phase control of each branch will need at least 3 times the bandwidth 

[54] than original IQ signal. 

 

Even though two non-linear power amplifiers are quite power 

efficient, the combination power loss will counter-act the efficiency 

gain due to the combiner efficiency and the Rayleigh distribution of 

the non-equal envelop signal. The combiner efficiency can be 

calculated based on the vector angle difference from Eq. (3) with 

angle value   shown in Figure 10.  

 

22coscomb    Eq. (3) 

In Figure 11, when two vector signal has same direction (0 degree 

vector angle difference), the gain in power is 3dB and the efficiency 

is 100%, but this is a quite rare situation according to the statistic 

angle distribution of the OFDM LINC signal shown as the green 

curve in the figure. The most possible vector angle is in the range 

around 140 to 170 degrees and it is where the power combination will 

lose at least 7dB. So as a matter of fact, LINC system may not be 

efficient as a complete system solution due to the power loss 
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happened at the power combiner.  

 

 
Figure 11. Combiner Gain and Vector Angle Distribution for LINC 

 

Another problem associated with LINC architecture is the phase 

noise of the Phase Lock Loop module, since there are 4 phase paths 

exist for the transmitter, the combination of the signal need very low 

phase noise and hence the design challenge is higher than direct 

conversion one. The best efficiency achieved for LINC system is 

15.9% according to system level simulation based on the same 

example used in Direct Conversion architecture. 

 

B. Multi-level LINC Transmitter 

In order to increase the combinational efficiency of traditional 

LINC system, a modified LINC system with varying saturation power 

amplifiers are developed [62][67][68]. The idea is as illustrated in 

Figure 12, when the separated vector angle difference is too large and 

the combinational efficiency drops to certain level, the peak 

saturation power of branch amplifier will be reduced to increase the 
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power combination efficiency. As a result, the system efficiency will 

be kept at high level until the output combined power is too small to 

be realized by minimal power combination scheme, the efficiency 

trend of MLNC system is briefly illustrated in Figure 13. 
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Figure 12. MLINC System Vector Signal Combination Illustration 
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Figure 13. Power Efficiency for MLINC System 

 
To realize the MLINC transmitter, envelop level sensing and power 

combination blocks are always required, transformer based power 
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combination circuits are mostly used and it will require large on-chip 

area. From the programmability aspect, MLINC system is still using 

analog/RF design methodology and the adaptive ability is limited by 

the hardware configuration. 

 

C. Doherty Transmitter 

The Doherty architecture provides a compromised solution 

between traditional Out-Phasing architecture and MLINC 

architecture. By using uneven amplifiers in the forwarding path, two 

non-equal amplifiers cover the output power range with sufficient 

system efficiency. The system topology is shown in Figure 14, with 

different gain and saturation input power parameters of the 

transmitters, the peaking amplifier (P2) will exit saturation mode first 

and the power back-off efficiency drops. This will cause the whole 

system efficiency to drop, when the input power has reached certain 

level, only the main amplifier/carrier amplifier (P1) will work in 

saturation mode and the efficiency will peak again. After this 

threshold, the system efficiency will decrease to zero as shown in 

Figure 15 if linear class-AB PA used. 
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Figure 14. Doherty Transmitter Architecture 
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Figure 15. Doherty System Efficiency 

The Doherty system power division ratio defines the efficiency 

curve performance and in real application, the control of transmitter is 

not so flexible and thus it is still not a satisfactory solution for the 

SDR. 

 

2.4.3 Polar Transmitters 

Polar transmitter is another transmitter topology to generate 

amplitude and phase modulated signal described in Eq. (4). The 

architecture is shown in Figure 16. 

 

Figure 16. Polar Transmitter Architecture 
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In direct conversion system, I(t) Q(t) is multiplied with quadrature 

RF signal and then added together like the first part of Eq. (4). While 

in polar transmitter, the envelop signal is extracted from baseband 

signal and then multiplied with phase modulated RF oscillating 

carrier signal. The conversion from Cartesian domain to polar domain 

is simply as shown in Eq. (5) and the increase in computation power 

during conversion calculation is acceptable. 
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  Eq. (5) 

 From topology aspect, the increase in chip area is not so easy to 

estimate because 

1. Modules are different from DC or LINC architecture. 

2. Power modulator noise filtering and PA matching circuits can be 

realized by either on-chip or off-chip passive components. 
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Figure 17. Polar Transmitter using Switching Power Modulator and Class-E PA 
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In Figure 17, a traditional implementation of polar transmitter is 

presented. It consists of switching power modulator and Class-E PA. 

Because the Class-E PA is a two-node-input control component, it is 

the only option for polar architecture using envelope power 

modulator scheme (envelop control from drain node and phase signal 

from gate node).  

 

The advantages of using polar transmitter architecture are as 

follows: 

1. High efficiency can be achieved by using power modulator. The 

input power is dynamically controlled by the envelop signal and the 

power amplifier is always working in the saturation mode. The 

theoretical efficiency is 100% when both power modulator and 

amplifier achieve full efficiency and the reported highest efficiency is 

60% for tested design. [111] 

 

2. The PLL phase noise requirement is reduced in polar 

architecture. In direct conversion architecture, the phase carrier 

signals exist in both I/Q paths to up-convert the baseband signal, thus 

the chance for phase noise to cause signal quality loss is doubled. The 

illustration is shown in Figure 18 and Figure 19. 

 

 
Figure 18. Single PLL Phase Noise Path in Polar Transmitter 
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Figure 19. PLL Phase Noise Paths in Direct Conversion Transmitter 

 
Figure 20. Direct Conversion Transmitter Vs. Polar Transmitter PLL Requirements 

From system level simulation results in Figure 20, the required 

phase noise of the PLL is 5dBc/Hz (@10kHz carrier offset) lower 

than DC architecture at EVM (RCE) of -34dB. 

 

As the trade-offs for the advantages, the polar modulation 

architecture has also defects and it comes along with the 

asymmetrical architecture itself. 

1. The matching of the phase signal path and power amplitude path 

is needed. [122] 

2. The bandwidth of the amplitude and phase modulation signal are 

extended to at least 2 times larger than Cartesian modulation as 

shown in Figure 21. 
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Figure 21. Bandwidth of Amplitude and Phase Modulated Signal in Polar 

Transmitter 

3. Due to the use of Class-E amplifier with variable supplying 

voltage (amplitude envelop), the parasitic capacitance Cgd is always 

changing and it cause the problem of varying amplitude-to-phase 

(AM/PM) and amplitude-to-amplitude (AM/AM) distortions. 

 

4. Power efficiency of switching (envelop) power modulator is 

affected by Rayleigh distribution of envelope amplitude and the 

modulator consumes power when input–to-output voltage drop is 

large. In addition, to filter out the power modulator switching noise, 

high Q off-chip filter circuit must be used. It causes a dilemma that 

the bandwidth of the LC filter network should be large enough to 

adopt the extended bandwidth of envelop signal and it also should be 

small enough to filter out modulation switching noise [124]. So the 

value of off-chip filter should be selected carefully. 
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In short conclusion on the traditional polar transmitter using Class-

E PA, power combination algorithm is used based on the architecture. 

Improvements can be made for polar modulation by taking the 

advantage of digital processing to compensate the AM-AM or AM-

PM distortions but for traditional architecture, the effect is limited 

due to CMOS transistor feature in low drain voltage situation. 

 

2.4.4 Conclusions on Transmitter Architecture for SDR 

The design of SDR transmitter is a process of mapping the 

mathematical expression of the transmitted signal into corresponding 

transmitter blocks. Among all the transmitter architectures described 

above, only the polar transmitter architecture is not involving any 

‘accumulation’ operation in the expression, which means there will 

not be any analog incremental ‘add’ operation exists in the system. In 

polar transmitter, the envelope signal is multiplied with the phase 

signal to create the output signal as shown in Eq. (4). From another 

point of view, the multiple operations can be easily realized by logic 

‘AND’ operation and this implies a possible digital realization. This 

feature is complying with the SDR concept and worth further 

investigation in real implementation. And based on this thought, the 

all-digital polar transmitter will be implemented. 

 

The conclusion for the first question is also answered from the 

system level investigation. Polar transmitter architecture is suitable 

for the future SDR transceiver solution and it is further explored in 

the following work. 
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Chapter III. All Digital Polar 

Transmitter Design 
 

It is a common concept that switching amplifier is inferior for 

systems with high linearity requirements. But based on the evolving 

CMOS process and new transmitter architecture, this concept may be 

changed in the future. The Nano-CMOS technology is the bricks 

build up modern complex systems and it brings the advantages in 

many aspects: 

 

A. Manually or automatically dynamic system control. System 

modules like gain control, dynamic architecture adjusting, power 

management, minimal pin-number real time control interface can be 

realized by digital standard cells with minimal on-chip area. 

B. Functionality enhancement and digital compensation. Digital 

optimization algorithms like searching table or error cancellation is 

generally realized in digital format, with advanced digital processing, 

more complex algorithms can be integrated in the system to overcome 

or fix the non-linearity. 

C. Lower power consumption and higher unit gain frequency. The 

switching power loss is decreasing with fast switching rise/fall time. 

The MOS transistors are acting more digital with process scaling. 

 

For polar amplifier using Class-E PA as last stage, RF power signal 

generation is realized in two steps, first the switching modulator 

convert DC power into envelop power (power modulation) and then 

in the second step, it is combined with phase modulated signal 

(frequency up-conversion by Class-E PA). The RF signal generation 

is proceed in two places so the power loss still happens when the 
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voltage drops from DC supply to the Class-E PA drain node. This 

inherited disadvantage for traditional polar amplifier can be improved 

by using information combination methods. In this thesis work, 

Class-D power amplifiers are used and it has fixed supply DC 

voltage. The only signal input node is the gate of Class-D PA and only 

switching signal exists, so the power loss will be the switching loss 

when multiple stages are connected in Class-D PA. 

 

Due to the solo input node, the switching information input into 

Class-D PA must contain both phase information and amplitude 

information in digital style. This provides a chance of fully digitized 

realization before the Class-D PA. The phase modulation using 

switching mode amplifier was first proved in the 70’s [131] and to 

mix with amplitude (envelope) information, possible amplitude 

modulation algorithms are investigated in this work [P3]. The system 

topology of the proposed polar transmitter using Class-D power 

amplifier is shown in Figure 22.      
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Figure 22. Switching Mode Polar Transmitter with Class-D Power 

Amplifier 

 

In this transmitter, the phase information is sent from baseband 

processor to the digital PLL so that the output of the carrier signal is 
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phase modulated. The required loop bandwidth of the digital PLL is 

larger than traditional PLL based on the system level simulation and 

the output wave form is rectified to square wave in digital style. 

 

The amplitude modulator accepts continuous baseband envelop 

signal and modulate it into digital format, since the phase signal is 

square wave, the envelop amplitude signal should also be in digital 

format so that they can be combined to form phase and amplitude 

modulated signal. In the system, the modulator clock signal is 

provided by the phase modulated carrier signal clock, in this way, two 

signals are synchronized. Due to the modulation processing delay, a 

delay trimming circuit is needed to match two paths’ timing.  

 

A high speed ‘AND’ standard cell is used as mixer to combine 

phase and amplitude digital signal, in this way, phase and amplitude 

information is embedded into one and it can drive Class-D PA 

directly. The output from Class-D PA is square wave and it needs 

‘Filter and Matching’ circuit to restore the phase and amplitude 

modulated RF waveforms. Since this part of circuit is consists of 

inductive and capacitive components, the switching energy is 

accumulated and there is resonation between the primary stage and 

secondary stage. Even when there is no switching activity, the 

resonating process will sustain the output signal for short period, and 

the modulated square wave is converted back to phase and amplitude 

modulated RF signal with requested output power (amplitude).  

 

The ‘Filter and Matching’ network is designed to have suitable 3dB 

bandwidth. With this feature, the high order harmonics and neighbor 

channel noises generated by square wave will be attenuated and the 

carrier frequency channel signal is kept. However, the system may 

need an extra band filter in case of high quantization noise. 
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In the next chapter, the detailed analysis on the digital polar 

transmitter will be presented and mathematical model analysis will be 

given. Except for the digital PLL part, other transmitter blocks are 

designed in work [P6].  

 

 

3.1 All-Digital Polar Transmitter 

To verify the digital polar transmitter architecture, the use of 

mathematical expression is the first step and then system level models 

are built and simulated to identify possible problems that will happen 

during the circuit design. As the resolution of system level simulation 

is not comparable to circuit level simulation, the results of simulation 

may be further improved under next level verification process. 

 

3.1.1 Amplitude Modulation Scheme Selection 

The conversion from analog envelop signal to switching signal 

format can be realized by different modulation schemes, the mostly 

used are Pulse Width Modulation (PWM), Bandpass Delta Sigma 

Modulation (BPDSM) and Lowpass Sigma Delta Modulation 

(LPSDM) [131]~[140]. 

 

In the proposed architecture, upholding system efficiency by using 

switching Class-D power amplifier is the most important advantage 

and the idea of ‘soft switching’ is part of the key mechanism in this 

circuit. The ‘soft switching’ idea is that the switching activity always 

happens when the current applied at the switches is minimal or zero, 

so that the transistor transition loss is minimized. The spectrum 

composition of modulated envelope signal is also revealing the power 

distribution, in this case, the more power concentrated in the carrier 
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frequency, the higher efficiency the system will have. 

 

A. Pulse Width Modulation (PWM) 

In PWM modulation, the envelop signal is compared with either a 

reference signal which is phase synchronized with the carrier signal 

or use the phase modulated carrier signal directly (RF-PWM). In 

order to reduce the harmonics level, triangle or sine wave will be used 

as comparison reference and the output waveform is shown in Figure 

23. Based on the waveform plot, it is theoretically not feasible to 

achieve ‘soft switching’.  

 

For the first sight, the output square waveform from PWM 

modulation will have varying pulse width related with the input 

envelop amplitude and it is usually aligned with the center of 

reference signal, so when combined with the phase modulated carrier 

signal, the phase information may be distorted at the edge of PWM 

modulated output switching signals.  

 

ReferenceInput Output
 

Figure 23. Pulse Width Modulation Illustration 
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fc fc+fm fc+2fmfc-fmfc-2fm  
Figure 24. PWM Up-converted Spectrum 

In the second place, when phase modulated carrier is used as 

reference directly, switching loss happens every carrier cycle as 

illustrated in Figure 26. When small envelop is processed, due to the 

fast reference signal, narrow pulses may not be generated by the 

comparator so ‘bits loss’ may happen. 

 

From spectrum aspect, after PWM modulation, the up-converted 

output signal will have spectrum as shown in Figure 24. In which fm 

is the PWM modulation frequency and fc is the carrier frequency. 

When RF-PWM is used, modulation harmonics will disappear in the 

notch of PWM square window spectrum response. 

 

Since the sum of all the spectrum power come from the drain 

supply node in class-D amplifier, the power contained in the 

modulation harmonics is taken considerable portion in the whole 

input drain power. From system aspect, RF-PWM will have lower 

band filter design challenge but higher comparator design challenges. 

The switching loss in both RF-PWM and low-frequency-reference 

PWM are almost the same and ‘soft switching’ is not possible. 

 

B. Bandpass Delta Sigma Modulation (BPDSM) 
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In Bandpass Delta Sigma Modulation, the modulator process 

carrier frequency signal directly and then restore the carrier frequency 

components by band filter. As shown in Figure 25, a 4 times OSR 

BPDSM modulator is used here as example. From the spectrum we 

can identify the frequency components of 3fc, 4fc and 5fc, and they 

are formed by the up-converting frequency components from –fc, DC 

leakage components and fc. It has been tested for 800MHz band in 

the work [136] and proved to be effective in that case. 

 

For BPDSM, over sampling ratio is the biggest issue, traditionally 

over sampling ratio higher than 1 is required (the optimum value may 

be 2~4 [144]), it will be very hard to realize for applications with over 

Giga-Hertz carrier frequency. And from the spectrum power view, 

BPDSM still has high harmonics power. The filtering requirements 

will be high in order to remove close-band Delta Sigma shaped noise. 

The high frequency switching loss of the driving stage is also needed 

to be optimized. 

fc 3fc 5fc2fc 4fc  
Figure 25. Bandpass Delta Sigma Modulation Spectrum 

 

C. Phase Synchronized Lowpass Sigma Delta Modulation 

For phase synchronized low pass (LP) Sigma Delta Modulation, 

phase modulated carrier is used as LPSDM clock signal directly. For 
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every phase clock signal, a matched envelop signal generated from 

the modulator and it will occupy a whole phase signal period, in this 

style, the phase information is preserved when tow signal is mixed at 

the AND mixer. On the other hand, using over Giga-Hertz clock in 

the LPSDM, the oversampling ratio of the envelop signal is high 

enough to provide required SNR. For single tone signal Sigma Delta 

Modulation, the output quantized signal SNR can be expressed as Eq. 

(6) under first order SDM modulator architecture. 

 
2

10 106.02 1.76 10log 30log ( )
3

MAXSNR N OSR


      Eq. (6) 

In this equation, the N stands for output symbol bits and it is 1 for 

switching transmitter in this work. The second and third components 

in the Eq. (6) are gain constant and the forth one is defined by the 

Over-Sampling Ratio of the signal. In this polar transmitter, the OSR 

is as the following equation. 

 
 / 2clk effOSR f BW    Eq. (7) 

For the original Cartesian modulation scheme, the bandwidth of the 

signal in baseband is only half of the RF signal bandwidth (e.g. 

10MHz bandwidth in RF band will require 5MHz bandwidth around 

DC), but for polar transmitter, the envelop bandwidth is extended as 

described in Figure 21. So during the calculation of the effective 

bandwidth of the sampled input data, BWeff  should be at least 2~3 

times the original baseband bandwidth in order to contain sufficient 

envelop information. And ground noise level should also be noticed. 

 

If a 2.5GHz center carrier frequency is used, the phase shift at RF 

clock is relatively small for every RF signal cycle. With 10MHz 

bandwidth RF signal, the maximum phase shift each period can be 

calculated by using equation Eq. (8) based on Eq. (4). The maximum 

possible phase shift is around 0.0251rad and it is equal to 1.44 degree. 
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From zero-crossing timing drift aspects, we can assume the 

modulator clock signal is relatively stable and it can be regarded as 

fixed values. Replacing corresponding parameters in the Eq. (6), the 

modulated envelope signal SNR achieved by using high over-

sampling ratio is 60.23dB for 1st order 1 bit SDM modulator (N=1, 

OSR=83.33).  

0

Δt=T·B/fc

ΔV≈A·tg(2π·B/fc)
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Figure 26. Soft Switching for PWM, BPDSM and LPSDM 

 

To compare the soft switching feature of all three amplitude 

modulation schemes fairly, PWM modulation is using the carrier 

frequency. From Figure 26 we can see the PWM signal transition 

happens at non-zero current positions due to the comparison of 

reference signals. For BPDSM, due to using processing clock about 

twice the carrier frequency, the period will not cover the whole output 

current period so there will non-zero switching as well. For LPSDM, 

due to using the phase modulated carrier signal as clock, there will be 

either full or none switching for each period, and the soft-switching 

feature is ensured, the power loss will be reduced in this case. 
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From signal power translation view, PWM modulation is using the 

width parameter to convert the drain power to output power while for 

both BPDSM and LPSDM, the converting of energy is realized by the 

quantity (number) of pulses (sliced power) generated. With high 

oversampling ratio and soft-switching feature, the LPSDM is slightly 

advantageous in comparison with the other two. In switching 

transmitter system, a parameter called ‘coding efficiency’ is defined 

to evaluate the system and it is related with modulation scheme, the 

output pulse shape and transistor process. So the final efficiency of 

the amplifier even the whole transmitter system efficiency will be 

revealed after the measurement. 

 

Based on the preliminary analysis, the targeting system topology is 

elaborated in Figure 27 and corresponding system level simulation 

model built in Matlab. The transient and spectral data flow of the 

system is introduced in the next section. 
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Figure 27. All Digital LPSDM Polar Transmitter Topology 

3.1.2 Transient Response of Digital Polar Transmitter 

To explain how digital switching signals can be converted back to 

phase amplitude modulated RF signal, the transient signal waveform 

is illustrated in Figure 28 to explain the data flows in the polar 

amplifier shown in Figure 27. 
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Figure 28. Transient Waveform in LPSDM Digital Polar Transmitter 

 

For every clkp pulse, there are phase matched LPSDM signals SD 

and SD’ generated based on input Envelop. To reduce signal setup 

time requirements in ’AND’ standard cell, the SD’ signal is 1/2Tclk 

lagged behind SD and they are mixed with clkp and clkn respectively. 

A fixed offset is also used between SD and clkp (SD’ and clkn), by 

doing this, the AND standard cell transport delay is only defined by 

the phase clock signal and this ensures phase (clkp and clkn) 

information correctly preserved. To drive the class-D switching 

amplifier more efficiently, the pseudo differential output a and b 

signals are fed to pulse shaping driver stage (PSDS) instead of driving 

H-bridge class-D power amplifier directly, the H-bridge class-D 

power amplifier is source pull optimized by tuning PSDS. Compared 

to [139]’s single ended solution, the differential output Vdiff 

concentrates more power at carrier frequency. After filtering by 

differential to single ended filter matching network, phase and 

amplitude modulated signal is reconstructed at output node ‘Out’.  
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3.1.3 Spectral Analysis of Digital Polar Transmitter 

In the digital polar transmitter, all the signals including phase 

modulated carrier signal are in square waveforms digital style, the 

expansion in spectrum can be predicted by using Fourier transform of 

the signals. Due to the use of differential switching to increase the 

utilization of fixed low supply voltage, the phase modulated carrier 

signal (used as amplitude modulation clock signal) can be express as  

 

 
1,3,5 1,3,5

( ) sin( ) sin 2 ( )
n n

A A
clk t n t n ft t

n n
  

 

 

 

       Eq. (9) 

Due to the square waveform SINC function, the LPSDM 

modulated envelope quantization noise will rise till half of the 

processing clock frequency, and then it will fall at the notch of the 

SINC function spectral response. As the time domain multiplying is 

the convolution in frequency domain. The spectrum shape of mixed 

signal ‘Vdiff’ will look like the third quadrant of Figure 29. It is 

estimated the shaped quantization noise will expand over hundred 

MHz, and a band filter will be used to attenuate the noise to reduce 

OoB noise. 
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Figure 29. Spectral Analysis of Lowpass Sigma Delta Modulation Digital 

Polar Transmitter 

 

3.1.4 System Level Simulation 

By using Matlab® language to describe the dataflow in the digital 

polar transmitter, the initial evaluation of spectral performance is 

verified [P3]. Due to use discrete time step simulation and long data 

period, the minimal phase resolution is set to be 5 degree (still larger 

than the 1.44degree mentioned above) and the results are shown in 

Figure 30. Since the baseband simulation is far from accuracy in the 

estimation of combined signal, a passband simulation has to be 

carried out in the system verification, and this brings the problem of 

long simulation time. 



54 Chapter III. All Digital Polar Transmitter Design 

 Royal Institute of Technology (KTH) Sweden, Ph.D. Thesis 

 
Figure 30. System Level Simulation for LPSDM Digital Polar Transmitter 

 

From the simulation result, the estimation shown in Figure 29 is 

approved, the peak LPSDM shaped quantization noise will reach -

35dBc level after the channel filter, so to keep the spectrum mask 

requirements met, a band filter with at least 15dB off-band 

attenuation level is required. 

 

In transient simulation, transient signal waveform shape is also 

required to avoid the output signal distortion, power loss and 

harmonic power in the H-Bridge amplifier configuration. Cited from 

Figure 28, if the pseudo differential signals ‘a’ and ‘b’ voltage curves 

have duty cycle error and overlapped as the dashed curve in Figure 

31, the intermediate level created by overlap will cause carrier 

frequency signal power drop. The power loss expression can be 
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calculated as Eq. (10) in complex signal format.  

 

 
Figure 31. Duty Cycle Error in Phase Modulated Signal 
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  Eq. (10) 

On the other hand, the output waveform shape will also be 

distorted from ideal square waveform due to transistor channel 

resistance and driver capability. As shown in Figure 32, the effect of 

limited slope rate will be estimated by Eq. (11), the change of 

waveform rising/falling edge will reduce the 3rd order harmonic 

power as well and needs to be optimized for power efficiency. The 

dashed line in Figure 32 is caused by resistive parasitic on the power 

network and it is neglected in the calculation for simplification. 

 

 
Figure 32. Digital Polar Amplifier Output Waveform Distortion 
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  Eq. (11) 

The combinational effect of both overlapping and limited slope rate 

is shown in Figure 33, for the 1dB power loss limitation, the 

combined timing error should be controlled less than 10% of the 

whole clock period. 

 

 
Figure 33. Combinational Effect of Overlapping and Slope Rate 

 

In order to realize the maximum programmable possibility, digital 

design skills are used to keep the internal signal timing matched and 

avoid the distortion as mentioned above. The methods used are more 

digital than analog and programmable controls are used in the 

modules design. Except for the power amplifier and filter match 

network, most circuits are reusing digital standard cells directly or 

optimized digital cells for speed.  
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3.2 Transmitter Modules Design 
 

In this thesis work, to verify the digital polar transmitter 

performance and the integration with other SDR parts, most of the 

blocks in the system are designed with digital standard cells. To 

interface the taped out design with test setup, input/output IO buffers 

are used to provide sufficient isolation, these buffers are designed by 

analog/RF methods with digital control words. As shown in Figure 27. 

All Digital LPSDM Polar Transmitter Topology, the main blocks 

designed will be introduced in the following sections. 

 

3.2.1 Digital Controlled Current Source 

In order to tune the input buffers with dynamic driving capability, 

dynamic gain controlled differential to single ended buffers are used 

at interface and the topology is in Figure 34.   
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Figure 34. Digital Drain Current Controlled Input Buffer 
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By using current steering differential pair circuit, off-chip 

differential input signal is converted to single ended on-chip signal. 

The tunable digital controlled current source will shift the common 

voltage of the output signal so that in the following digital buffers, the 

square wave signal’s duty cycle can be controlled. The detailed 

analysis on this block can be found in [161] and the small signal gain 

equation is as Eq. (12). 

 2 4

1
2 || ||V m L n OX S ds ds

L

A g Z C I r r
SC


 

   
 

  Eq. (12) 

The tail current IS will control the gain of the differential pair and 

also it will affect the common output voltage. So by controlling the IS, 

we can achieve the tuning of phase square wave signal. The digital 

drain current source consists of cascoded NMOS transistors to 

enhance the output resistance and the whole topology, including 

analog MUX circuit, is shown in Figure 35. 
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Figure 35. Digital Controlled Current Source 

 

The bias circuit is generating bias voltage by using external input 

reference current. The binary weighted control bits b0~bn-1 are 

controlling the analog MUX input so that the current source can 

output 2
n
 level current. The simulation results are shown in Figure 36 

with different corners. 
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Figure 36. Corner Simulations for Digital Controlled Current Source 

 

3.2.2 Digital Delay Trimmer 

In digital polar transmitter, the phase modulated carrier signal and 

SDM modulated envelope signal are required to be matched and 

mixed correctly. Due to the SDM modulation delay, the phase signal 

path needs be balanced to ensure correct match. In high frequency 

domain, a current steering delay control circuit is designed as shown 

in Figure 37. 
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Figure 37. Current Steering Digital Delay Circuit 
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Since the delay circuit consists of inverters, the load of each 

inverter is the gate capacitance of the next one, by changing the 

charging/discharging speed of the previous stage, the delay of the 

phase signal can be controlled. As there is only one direction of 

current bypass circuit available, the duty cycle of the signal will be 

distorted and it will need a final restoration buffer. The estimated 

signal duty cycle change is illustrated in Figure 38. 
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Figure 38. Duty Cycle Distortion in Controlled Delay Circuit 
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  Eq. (13) 

 

As shown in the Figure 38, for the first inverter, the controlled 

steering current source will reduce the charging rising slope rate.  So 

it will take longer time to reach the same inverting threshold voltage 

of the second inverter. On the other hand, when the output signal is 

discharging from high to low, due to the co-work of the bypass 

current, the falling slope rate will be enforced. Thus the duty cycle 
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will be changed a little bit. The equation to calculate the rising and 

falling 50% time constant is given by Eq. (13). The final stage of the 

controlled delay block is the restoration buffer to compensate the duty 

cycle error, it helps to reduce the error rate but the effectiveness is 

limited. The duty cycle change is shown in Figure 39. The duty cycle 

time is decreasing from 50.5% to 47.6%. According to the system 

level simulation, the value is smaller than the -1dB power loss (10%) 

boundary (55%~45%) so the range is acceptable.  

 

 
Figure 39. Digital Controlled Delay Circuit Duty Cycle Distortion 
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3.2.3 Sense Amplifier Flip-Flop (SAFF) 

According to the system topology in Figure 27 the LPSDM is 

placed off-chip, the phase and envelope bit stream is re-synchronized 

by the sense amplifier based flip-flop (SAFF) to reduce the matching 

error caused by long connection distance. To capture the signal over 

2GHz signal under different process corner, the SAFF is designed 

based on [153] and modifications are made with reset function added. 

The circuit topology is shown in Figure 40. 

 

The upper part of the SAFF is a pre-amplifier used to increase the 

driving force to settle the latches connected behind. When 'clk' signal 

is low and 'RB' is set high, the lower part of the SAFF will keep its 

status by using positive feedback loop in Mp12 Mp13 and Mn8 Mn9. 

When the setup time requirements are met, signal 'D' will be kept by 

Mp5 Mp6 and Mn1 Mn2 and change the output Q Qb value through the 

co-work of Mp8 Mp11 and Mn10 Mn13. The transistor Mn4 is of minimal 

size and it is used to reduce the switching overshoot and avoid miss-

sampling during the 'clk' switching. The circuit is tested to be capable 

of working over 3GHz under worst case corner. 
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Figure 40. Sense Amplifier Flip Flop 
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3.2.4 Switching Power Amplifier Optimization 

Since the Class-D PA is non-linear, the measurement of peak output 

power, gain or linearity like IM3 cannot be realized by traditional 

methods, instead of spectral domain small signal simulation, large 

signal transient signal simulation has to be used in the design. Then 

all the test results should be extracted from transient simulation. The 

optimization of CMOS transistor size for certain load and 

corresponding output power is also carried out in transient simulation.  

 

To identify the suitable load value and then optimize the PA, 

estimation is performed based on the process limitations, the top 

metal reserved for the transformer is capable of supporting 8mA per 

micrometer and 10um metal width is chosen for the transformer. The 

average peak current supported is 80mA and transient peak is 4/pi 

times larger, so the peak current is 101.86mA. For an equivalent load 

at the primary stage of the transformer, it will be 2VDD/IMAX and it is 

equal to 20 Ohm in the design. To remove the higher order harmonics 

and convert square wave to analog signal, a simple 2nd order LC 

filter is used and serial connected with the equivalent load. 

 

The optimization is mainly targeting two parameters, the efficiency 

and output power, the efficiency is the primary requirement and the 

size of the PN-MOS in Class-D PA is tuned. Since the large Class-D 

PA cannot be driven directly, ‘exponential horn’ topology is used and 

it consists of size-up inverters as shown in Figure 41. The 

corresponding power loss model is also built upon the circuit 

topology and the equation is given in Eq. (14). 
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Figure 41. H-Bridge Class-D PA with Exponential Horn Topology 

In the Eq. (14), Pg is the gate charging power loss for exponential 

horn stage 1~N and Pint is the final stage internal channel resistance 

power loss. The PS is the switching CMOS transistor current short 

through power loss. In the sub-micron CMOS technology, the 

transistor model is following alpha law instead of square law [155]. 

Thus the Ps can be calculated by as below. More detailed MOS model 

extraction and Class-D PA power loss is given in Appendix II. 
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  Eq. (15) 

In Eq. (15), pc is mobility constant, T  is switching transition time, 

  is the velocity saturation index of 1.52. VT equals to VTH/VDD. The 

calculated and simulation power loss is 2.3pW, quite small compared 



66 Chapter III. All Digital Polar Transmitter Design 

 Royal Institute of Technology (KTH) Sweden, Ph.D. Thesis 

with Pg., the stage number and transistor size are tuned to achieve 

optimized efficiency. Tuning step is as the follows. 

1. An equivalent 20 Ohm load is used. The last stage PA is driven 

by ideal differential square wave signal with signal property 

complying with rules given in system level simulation.  

2. Inside the last stage PA, PN MOS transistor size is tuned by 

enumeration all the possible combination of transistors size.  

Transient simulation data are processed to extract efficiency and 

output power values. 

3. After identify the optimized size of the last stage, second last 

stage is connected and it is still driven by ideal source as it is in the 

step.1. The simulation results are evaluated again for optimized size 

for the second last stage. Based on same procedure, the third and 

fourth last stage sizes are identified.  

 
(a) Stage 4                                                 (b) Stage 3 

 
(c) Stage 2                                                      (d) Stage 1 

Figure 42. Class-D PA Efficiency Optimization Contour 
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The optimization results are shown as Figure 42.Based on the 

contour, the maximum efficiency position (PN MOS size) is found 

and the highest efficiency is 38% (Figure 42.(a)) when using 

equivalent simple RLC load. However, when connected with real 

transformer and on-chip capacitance, the efficiency drops to 27.5% 

and the maximum output power is 23.1mW (1.517Vp over 50Ohm 

load). 

 

3.2.5 Filter and Matching Network 

The filter matching network shown in Figure 27 is designed with 6 

parameters, Cin, L1, L2, k, LO and CO as shown in Figure 43. EDA tool 

ADS® is used during the design and filter optimization. 
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Figure 43. Filter Match Network 

 

The design of FMN starts with the fixing of transformer and 

calculating the transfer function of the FNM. The transformer 

network is modeled as Figure 44 ([162]). The corresponding transfer 

function is shown in Eq. (16), where , k is the 

transformer coupling coefficient. 

21LLkM 



68 Chapter III. All Digital Polar Transmitter Design 

 Royal Institute of Technology (KTH) Sweden, Ph.D. Thesis 

 
Figure 44. Ideal Transformer Lumped Model 

 

Eq. (16) 
 

In Figure 45, the simulated frequency response of the filter 

matching network is compared with ideal components model, an over 

1.5dB insertion loss exist in the block and this caused further output 

power and efficiency drop. At high frequency, the skin effect may 

further increase the power loss on the transformer, the trade-off of on-

chip accurate tunability and off-chip high quality components exits 

here. To further evaluate circuit performance, the system level 

simulation stimulus used in the Figure 30 is reused and the output is 

shown in Figure 46. 
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Figure 45. Filter Matching Network Simulation 

 
Figure 46. OFDM-1024 PA and Filter Circuit Simulation 

 
The noise level of the circuit simulation output is higher comparing 
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with ideal system model simulation. However, the -45dB spectrum 

mask can still be met with some margin. In real application, an 

additional band filter (2.5GHz to 2.7GHz) will be needed to further 

remove the SDM shaped quantization noise. 

 

3.3 All Digital Polar Transmitter Measurement 

and Analysis 
 

The digital polar transmitter design illustrated in Figure 27 is 

designed with UMC90nm 1P9M 1.0V process. The chip micrograph 

is shown in Figure 47. The total chip design area is 0.72mm2. It is 

packaged in QFN 32 and mounted on FR4 4 layer PCB for on board 

measurement. 
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Figure 47. Digital Polar Transmitter Chip Micrograph and Test PCB 

 

The measurement setup is shown in Figure 48. Maximum input 

buffer gain is used to convert the analog/RF input signal into digital 

style signal. To ensure fully synchronization, additional phase 

synchronization module is used as shown in Figure 49.a. It provide 

divided phase synchronized clock to the FPGA. 
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Figure 48. Measurement Setup Illustration 
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Figure.49.a Test bench for Digital Polar TX Measurement 
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Figure 49.b Test bench for Digital Polar TX Measurement 

 

To realize the compensation and make the transmitter more 

tunable, SDM modulation data is pre-stored in the FPGA. The 

switching Class-D amplifier measurement has its features different 

from conventional constant biased linear amplifiers, transient domain 

parameters are also emphasized. 

 

3.3.1 Delay Trimmer 

To meet the requirements of half cycle delay time, 4 delay units are 

serial connected and the output comparison between simulation and 

measured results are shown in Figure 50. 
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Figure 50. Digital Controlled Delay Trimmer Measurement 

 

Due to the inter connection, the measured results are lagged than 

simulation results for around 50pS. For small control words 0 to 6, 

the digital delay trimmer is less effective because the current steering 

transistors are in sub-threshold region. The current steering delay 

trimmer can be further replaced in the future, pure digital delay can 

be realized by chains of inverters and output selection mux for a more 

programmable architecture. 

 

3.3.2 Filter Matching Network Frequency Response 

The frequency response of filter matching network is measured 

with single tone RF input. Due to the input buffer bandwidth 

limitation, the maximum working frequency is 3.2GHz. Without the 

filter matching network, the output square waveform will have an 

almost flat carrier frequency response under fixed supply voltage. So 

here the attenuation of output power is the direct flection of the filter 

matching network spectral selectivity. The normalized filter matching 
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network frequency response is shown in Figure 51. Due to the layout 

parasitic, the peak resonating frequency is shifted 100MHz lower than 

simulated frequency response (dashed line in Figure 51). 

 

 

Figure 51. Filter Matching Network Frequency Response 

 

The -3dB bandwidth measured is 340MHz, which represents a total 

quality Q value of 7.35, this value is smaller than traditional off-chip 

solutions. To investigate the noise shaping performance, a 200 kHz 

bandwidth, sigma delta modulated power back-off signal is used with 

a carrier frequency of 1.68GHz. As shown in Figure 52, the shaped 

quantization noise demonstrates the effectiveness of LPSDM. Since 

the carrier frequency of 1.68GHz is not of the center frequency of the 

filter matching network, the output power and quantization noise 

shaping performance is not as good as it is at 2.45GHz. The filtered 

quantization noise is obviously unbalanced with right wings higher 

than the left wings, however, it still reaches -58dB maximum SNR 

and extended to a range of 90MHz under -50dB.   
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Figure 52. Lowpass Sigma Delta Modulation Noise Shaping 

 

The problem of ground noise reflection and supply network voltage 

drop is still a problem for the digital polar transmitters. When output 

power is shifting from low to high, the digital low power part of the 

transmitter will be affected by the power amplifier ground noise and 

thus bit-missing may happen.  

 

3.3.3 Amplifier Power and Efficiency 

The output power and efficiency measurement is realized by 

spectrum analyzer and power meter. The matching on PCB board is 

very important to achieve maximum output power and efficiency 

value. The load pull measurement is carried out by using manual load 

pull device and the data is processed in Matlab, the result is shown in 

Figure 53.  



76 Chapter III. All Digital Polar Transmitter Design 

 Royal Institute of Technology (KTH) Sweden, Ph.D. Thesis 

 

Figure 53. On-board Digital Polar Load Pull Measurement 

 

The peak output measured is 11.4dBm with drain efficiency of 

19.4%, when applied with power back-off modulation inputs, the 

output power is also reduced and the corresponding efficiency is 

shown as Figure 54. A general trend for the polar amplifier efficiency 

is summarized in Figure 55. In the circuit level simulation with on-

chip transformer and CMOS Class-D PA, the maximum efficiency is 

27.5% and output power is 23.1mW. After layout and packaging, the 

parasitic in the design wasted almost 10mW power. As we can find, 

the power back-off efficiency is following several trend. Firstly, the 

efficiency will drop when PA is approaching small output power, but 

it maintains relatively constant at small power back-off region based 

on the circuit level simulation and post-layout simulation. Secondly, 

the measured efficiency back-off is almost linear but with more 
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parasitic added, the slope rate of the linear trend is increasing. 

 

Figure 54. Digital Polar Amplifier Power Back-off and Efficiency 

 

Figure 55. Digital Polar Amplifier Power Back-off Comparison 
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Based on LPSDM algorithm, either a full cycle pulse or non will be 

generated during a carrier frequency cycle. The SDM modulation is 

charging sliced power portion into the filter matching network and the 

amount is defined by the oversampling ratio. The discrete portion of 

power is generated by the class-D amplifier and averaged by the filter 

matching network for a smooth output. Based on the H-Bridge 

architecture and the filter matching network, when output power is 

low, the corresponding SDM envelope pulse number will also 

decrease. In order to maintain the resonating between the primary and 

secondary stage of the transformer in filter matching network, the H-

Bridge will provide a grounding path for the current. So the averaged 

impedance of the transformer is varying with the output power level.  

 

For example, assuming the oversampling ratio is 10. When it is a 

full swing SDM envelope output case, 10 portions of power will be 

injected and the transformer consumes 0.1 portions every cycle. The 

total efficiency will be 90%. While in 10% swing case, only 1 portion 

of power is injected and the output has to sustain for 10 cycles to 

average the output, the accumulated transformer lost will be over 0.8 

portions and the total efficiency will be lower than 20%. A more 

detailed analysis on the time amplitude related impedance is given in 

Append II. 

 

Based on this observation, a simplified model is built and the 

corresponding simulation is compared with measured results shown 

in Figure 56. It can be seen that the simulation results are similar to 

the measurement results. In order to maintain power efficiency level, 

large grounding NMOS transistor should be used but the driving 

power loss will increase, this is also a trade-off in the class-D PA 

optimization. 
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Figure 56 Power Loss System Model for Digital Polar Transmitter 

 

The quality factor of the filter matching network needs to be 

optimized in the design as well. If a Q value is low, more quantization 

noise will enter the adjacent and alternate channel and violate the 

spectral mask requirements. On the other hand, if the Q value is too 

high, the output signal power will be averaged and taking longer time 

to build up or reduced to follow the envelope signal curve. 

 

The digital polar transmitter power back-off performance also 

reveal a corner of the “coding efficiency” problem in all switching 

transmitters. The definition for coding efficiency is the “ratio of 

output power to the coding represented switching input power”, the 

coding efficiency is a comprehensive definition and it is determined 

by the output pulse shape, filter matching network quality factor and 

the modulation algorithm. This will remain a further work to explore 

in the area of filter PA co-design and the pulse shaping. 

 

3.3.4 Transmitter Linearity  

The transmitter linearity is measured by the amplitude to amplitude 

distortion (AM-AM) and amplitude-to-phase distortion (AM-PM) 

parameters, the results are shown in Figure 57. 
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Figure 57. Digital Polar Transmitter AM-AM and AM-PM Distortion 

 

The measurement is carried out by feeding digital polar transmitter 

with 95% modulation depth single tone sine signal data stream, 20k 

samples are captured in the measurement. A simple square root pre-

distortion algorithm is used on the original envelop data to counter off 

the power loss in small envelope region. The sampled points are 

aligned along the plot diagonal line and this proves the digital polar 

transmitter has a good linearity in the AM-AM measurement. For the 

phase distortion, since the discrete pulse of SDM modulation is 

generated randomly, the output signal phase information will be 

updated randomly following the generation of the SDM pulse. So at 

high output power region, the phase distortion is almost zero and at 

low swing region, the phase distortion is kept low under 10 degree. 

Compared with [124], the performance of phase distortion is much 

improved. 

 

3.3.5 Constellation 

To measure the phase amplitude modulation signal quality, 3pi/8-

PSK and QAM16 two different modulation signals are used. The 

corresponding EVM (Relative Constellation Error, RCE) value is 

5.08% and 7.01% correspondingly as shown in Figure 58 and Figure 

59. In the 3pi/8-PSK, the trajectory is also plotted.  
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Figure 58. Digital Polar Transmitter 3Pi/8PSK Modulation Constellation 

 

Figure 59. Digital Polar Transmitter QAM16 Modulation Constellation 
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The constellation results are the measurement of the combined 

amplitude and phase modulation response. From the figure it is clear 

the transmitter system has good signal linearity and suitable for 

complex modulation schemes. 

 

3.3.6 Transient Response 

To check the transient response of the transmitter, a high speed 

oscilloscope is used to capture the 2.5GHz signal. The plot is shown 

in Figure 60. 

 

Figure 60. Transient Response of Digital Polar Transmitter 

From the transient capture it can be found the full swing resonating 

process takes less than 8 cycles. This result matches the estimation of 

low quality factor effect of the filter matching network. With low Q 

value, the resonating will build up fast. On the other hand, more 

quantization noise power will leak into neighbor channels and cause 

the problem of spectral violation. From system design aspect, a higher 

quality filter matching network can achieve further improvement in 
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output signal purity. 

 

3.4 All Digital Polar Transmitter Design 

Summary 

In this chapter, the systematic analysis, design and measurement of 

the digital polar transmitter is carried out. By exploring the polar 

architecture and developing models to verify the idea, polar 

transmitter in digital style has been proved to have satisfactory 

linearity and simple architecture. Possible modulation algorithms are 

evaluated and phase synchronized RF LPSDM algorithm is chosen to 

realize a fully digital polar transmitter. In order to use the CMOS 

process scaling advantages, the system is designed in UMC90nm 

process with on-chip filter matching network. The output power and 

efficiency performance is measured and possible power loss 

mechanism is detected.  

 

This chapter also gives the answer to the second question raised in 

the beginning. It is absolutely possible to take the fast switching 

advantage of the CMOS process to create a fully digital polar 

transmitter. And the phase synchronized RF LPSDM algorithm is 

suitable to reduce the switching loss to achieve satisfactory linearity. 

The output power and efficiency performance revealed the design 

limitation in low supply voltage process and further improvements 

can be made.  
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Chapter IV. SDR Implementation 

for Radio Frequency Identification 

(RFID) Technology 
 

The Radio Frequency Identification (RFID) technology is a low 

power, low data rate, shot to medium range wireless communication 

gaining more and more attention recent years. The demands of global 

merchandise location tracking, item quality control and product 

promotion stimulate the development of RFID technology and the 

growth of the market will last for the coming decade. To keep this 

trend, the RFID system has to overcome many design challenges to 

reduce the manufacture cost as well as be more efficient in power 

consumption. The implementation of RFID embedded mobile phone 

also propels a ’green’ RFID system for long battery life applications. 

In different system design hierarchies, progress can be made to realize 

the targeted economic RFID readers and tags.  

 

In this chapter, a SDR based RFID system is proposed based on 

previous digital polar transmitter architecture and the flash ADC. The 

feature of RFID in UHF band provided a very suitable targeting 

application for the verification of TX/RX blocks introduced above. In 

the work [P4], the UHF RFID transmitter system is simulated totally 

by digital programming. FPGA platform is used to prototype the 

design to show the whole system can be realized in SDR format. 

Based on the results, further improvement on the digital polar 

transmitter is triggered and they are providing a direction to realize 

other complex wireless communication. 

 

 



86 Chapter IV. SDR Implementation for RFID Technology 

 Royal Institute of Technology (KTH) Sweden, Ph.D. Thesis 

4.1 The RFID Features 

The RFID wireless communication defined by EPCglobal® is 

deployed in the UHF frequency band within the range of 860MHz to 

960MHz. Based on the air interface definition, the transmitter design 

can take the advantages of the standards specification and be 

simplified by mapping most of the modules into baseband. This will 

require minimal radio TX/RX frontend hardware and thus increase 

the system power efficiency. The design of the UHF RFID SDR is 

following the same design methodology as digital polar transmitter. 

The understanding of RFID RF signal features is the first step. 

 

4.1.1 Data Frame Package and Coding 

The RFID interrogator to tag data frame consists of 128 to 256 data 

bits and other sections as shown in Figure 61. Pilot bits and preamble 

bits are used to notify the tag receiver operation codes and setup the 

initial links. The ending bits are used to signaling the target the end of 

transmission.  

 

Preamble Data EndingPilot

 

Figure 61. UHF RFID Data Frame Package Structure 

 

The packaging of original data bits is the first step of RFID data 

transmission and it is realized in digital domain. Since it is not 

affecting the transmission RF signal feature, no further introduction 

will be presented. 

 

In the EPC class 1 generation 2 standards, interogator is using 

Pulse Interval Encoding (PIE) and tags are using either ‘FM0’ or 
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‘Miller’ encoding. The corresponding encoding algorithm add phase 

swithing information into the original packaged data bits. The 

corresponding encoding state machine can be found in [158]. The 

encoded data bits are of certain data rate and the corresponding 

parameter Type A Reference Interval (Tari) will be in the rage of 

6.25uS to 25uS. In other words, the corresponding channel bandwith 

is confined to 100kHz to 400kHz. 

 

4.1.2 Modulation Schemes 

The modulation schemes used in either RFID transmission are 

envelope Amplitude Shift Key (ASK) modualtions, the transient 

waveform are shown in Figure 62. 

 

 

Figure 62. Amplitude Shift Keying Modulation in RFID 

 

In either modulation scheme shown in Figure 62, the carrier signal 

is of constant frequency and the phase inforamtion has only 2 status 

(0 or 180 degree), which means the quantized carrier clock can be 

translated into serial of ‘1’ and ‘0’ like ‘1010…10’ or ‘101001…01’. 

 

4.1.3 Spectrum Mask and Power Efficiency 

As for the envelop signal, the rising and falling edge will follow 
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the specification shown in Figure 63 and Table 5, if traditional linear 

amplifier is used, the efficiency will be smaller than using polar 

amplifier based on the first estimation as shown in Figure 64. 

 

 

Figure 63. UHF RFID Envelope Illustration [159] 

 

Table 5. UHF RFID Envelope Parameters [159] 
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Vdd

Power loss using linear PA 
Power loss using polar PA 

 

Figure 64. UFH RFID ASK Power Loss Illustration 

 

When linear class-A PA is used, the ideal efficiency achieved is 

32.2% for PIE modulation and for FM0 or Miller modulation case, 

the ideal efficiency is 26.3%. If class-AB amplifier is used, the value 

is 47% and 38.4% respectively.  

 

The spectrum mask for UHF RFID is also placing demanding 

requirements. For multiple and dense RFID environments, two 

different sets of spectrum mask requirements are used as shown in 

Figure 65. The envelope needs to be filtered to reduce the noise in 

neighbor channel and hence the real efficiency will further lower than 

the ideal value. 
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Figure 65. UHF RFID Multi and Dense Environment Spectrum Mask 

 
 

4.2 SDR UHF RFID Architecture and Digital 

Polar Transmitter 
 

Based on the digital polar transmitter architecture, the mapping of 

UHF RFID into fully SDR transmitter is feasible based on following 

reasons: 

 

1. Only two phase value are available for the constant carrier 
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frequency of UHF RFID, so when mapping RFID into digital polar, 

the carrier value can be directly stored as 1010 sequence, the 

reversing of phase value can be represented as converting ‘10’ to ‘01’. 

 

2. By using envelope ASK modulation, the envelope can be 

translated into 4 patterns like rising/falling/high/low. And with SDM 

modulation, only the rising/falling edge SDM modulation bits need to 

be stored. Thus the whole transmitter system can be mapped into 

looking-up table style, which is also quite easy to be realized in 

software program. 

 

3. The frequency up-conversion can be simply done by AND logic 

and realized in the baseband signal processing. 

 

Based on these observations of the digital polar transmitter 

architecture and UHF RFID modulation scheme, a SDR UHF RFID 

system is proposed as shown in Figure 66 and the transmitter system 

level verification is done and published in [P4]. 
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Figure 66. SDR UHF RFID Transceiver 
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Figure 67. Digital Polar UHF RFID Transmitter Spectrum Mask 

 

In the [158][[159], the transmitter envelope rising and falling edge 

timing requirements are investigated as shown in Figure 67, to meet 

the dense tag environment spectrum mask requirements, the 

minimum rising/falling edge timing value is 0.22Tari. The 

corresponding ideal system efficiency is also measured and over 77% 

efficiency can be achieved. 

 

 

4.3 FPGA Programmed SDR UHF RFID  

To further prove the feasibility of SDR UHF RFID transmitter, the 

system is programmed in VHDL language and downloaded in to 

SP605 Xilinx® FPGA for the verification. The corresponding output 

spectrum is shown in Figure 68. 
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Figure 68. Digital UHF RFID FPGA Transmitter 

 

Due to the FPGA differential output configuration, the FPGA has 

non-return-to-zero (NRZ) signaling output. Thus the spectrum is 

different from Figure 67 with higher carrier leakage. And since  on 

board DCDC voltage converter module is also fixed on the FPGA to 

convert 12V to 5V IO voltage, the noise floor of the output signal is  

higher than the -65dBc/kHz in the measurement. 

  

However, this experiment proved the hardware can be programmed 

into UHF RFID transmitter by implementing the digital polar 

transmitter algorithm. As a part of the SDR system design, with better 

supply noise filtering, a fully digital polar transmitter can be realized 
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and the integration level with digital part is high. 

 

 

4.4 Conclusion on SDR UHF RFID Digital Polar 

Transmitter 
 

In this chapter, a SDR UHF RFID digital polar transmitter is 

verified by system level simulation and designed in the VHDL 

language. The system level simulation results provide important 

RFID envelop timing requirements and power efficiency 

performance. In order to map the system into digital polar transmitter 

architecture with more programmable feature, the algorithm 

developed is designed in the VHDL codes and this provides an 

example for further application of the architecture for other similar 

wireless communication standards.  

 

The practical results demonstrated in FPGA board also answered 

the third question raised in the beginning. The SDR solution is 

possible to be found for other wireless communication standards as 

well. The UHF RFID is a specific application since it has limited 

phase information in the transmitted signal. For other wireless 

standards embedded with phase modulation scheme, the problem can 

be solved by improve the digital phase modulator part and it is also 

possible to be realized in pure digital process and programmable 

style. 
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Chapter V. Summary of Thesis and 

Future Works 
 

In the previous chapters, the investigation on the SDR architecture 

[P1] and transmitter topology selection are performed, the 

comparison on different transmitter architectures shows that the polar 

transmitter has the advantages in power efficiency and possibility in 

the digital realization [P2]. Based on the system level simulation, the 

digital polar transmitter is designed under 90nm CMOS process as 

introduced in Section 3.2 [P3].  The system performance parameters 

like frequency response, output power and efficiency are measured. A 

peak output power of 11.4dBm with 19.4% efficiency is achieved 

with single 1.0V supply voltage. Due to the use of switching 

amplifier, transient phase and amplitude serial input data 

measurement skills are developed. The system achieved EVM value 

of 5.08% and 7.01% for 3pi/8-PSK and QAM16 modulation 

respectively. The measurement results proved the system linearity and 

revealed the power back-off efficiency characteristics under low 

supply voltage, low Q devices environment [P6][P5]. As a whole 

system solution, the collaborated work [P7] provided a more 

complete integrated digital solution. 

 

To further explore the potential of digital polar transmitter integrity 

into SDR system, UHF RFID standard is used as specific example to 

implement the digital design algorithm [P4]. By mapping and 

translating the UHF RFID output signal into digital polar transmitter 

blocks, a fully software (VHDL) design is realized and programmed 

into FPGA for comparison with system level simulation. The results 

prove the feasibility of the design methodology and also pointed out 

the hardware requirements.  
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Future Works  

Based on the digital polar amplifier and UHF RFID design, the 

future work will be the power and efficiency improvement on the 

switching power amplifier. As it is estimated that the power back-off 

trend is defined by the transistor internal impedance and the filter 

matching network quality factor, a co-design of the last stage will be 

the main research direction in the further work.  

 

In the SDR UHF RFID direction, after understanding the FPGA 

limitations, a customized ASIC design based on the VHDL codes will 

be arranged. The timing sequence of design will be carefully 

manipulated to verify the concept of SDR UHF RFID and a complete 

transceiver solution will be targeted.  
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APPENDIX 

Appendix I. Sigma Delta Modulation Parameters 
 

As the key module in the whole transmitter system, the SDM 

modulator convert the analog envelop signal in to bit stream. The 

modulation algorithm and modulator architecture is briefly 

investigated for optimization. The order and architecture of SDM 

should be fixed in the first place. In the proposed transmitter, the 

delay between phase modulated square wave and modulated 

envelop bit stream should be as small as possible since the 

controlled delay module will consume more power when the 

timing lag is large. In Chapter III, 1st order topology is chosen and 

it can meet the SNR requirements. Also it has the minimum number 

of circuit blocks with only one integrator. 

 

The design of SDM module is aided by MATLAB tools delsig 

[166] and initial design parameters are calculated by using 

programming in the toolkit. To realize the module, there are 4 

different topologies of SDM can be chosen:  

 

Cascade-of-Integrators, Feedback Form. (CIFB) 

Cascade-of-Integrators, Feed Forward Form. (CIFF) 

Cascade-of-Resonators, Feedback Form. (CRFB) 

Cascade-of-Resonators, Feed Forward Form. (CRFF) 

 

For first order SDM modulator, the realization of CIFF and CRFF 

topologies are the same and the block diagram is shown in Figure A-

1. 
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Fig A-1. Lowpass Sigma Delta Modulation Topology 

 
By using MATLAB calculation, we achieve the corresponding 

noise transfer function 

 

 H(Z) =
Z−1

Z−0.3333
  Eq. (a) 

 

And the parameters value are a1=0.666, b1=1 and c1=1 from EDA 

tool optimization result. The Z transfer function of the SDM is as 

Equation (b). 

 

 E(n) =
a1b1

Z−(1−a1c1)
A(n) +

Z−1

Z−(1−a1c1)
N(n)  Eq. (b) 

 

In the Equation (b), N(n) is the quantization noise and it is 

multiplied with a high pass Z-domain transfer function. At low 

frequency range, the value of 1 − a1c1 should be as large as possible 

so that the attenuation of noise will be minimized. However, 1 − a1c1 

cannot be too large because the gain of signal A(n) will be small. 
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Figure A-2 Frequency Response (Left) and Zero Pole Location Plot (Right) 

 

By adjusting a little bit of the transfer function parameters in the 

system, the performance is optimized and a1=1, b1=1, c1=0.12 is 

used here. The comparison of the two parameters group is shown in 

frequency response and zero-pole location plots in Figure A-2. 

 

By moving the pole location a little bit close to the center of unit 

gain circle (the red cross in the right plot of Figure A-2), the 

frequency response of the SDM is improved at low frequency range 

and the noise at higher frequency range is increased (the red solid line 

on the left plot of Figure A-2). The noise can be attenuated by the 

band pass filter after the PA.  

 

The value of feedback coefficient c1 is determined by the equation 

expression as well as from the OFDM signal properties. When the 

output bit stream has positive value as ‘1’ and negative value as ‘0’, 

the feedback coefficient c1 should be adjusted to meet the input 

envelop signal A(n)’s range. If the feedback c1 value is too large, the 

accumulator will need longer time to output the above-threshold 

voltage and thus the amplitude response will be slow. On the other 

hand, if the coefficient c1 is small, envelop response will be large and 

the switching activity of SDM output will be too frequent and more 
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glitch noise will come out. As a general experience, the feedback 

coefficient value to the peak input signal value should be around the 

power back-off value of the OFDM signal. The comparison on 

different order of LPSDM is shown in Fig. A-3. 

 
Fig A-3. Comparison on Lowpass Sigma Delta Modulation Orders 

 

As another SDM architecture, second order SDM can be used but 

the improvement in the system is limited. For the synchronization 

reason, we use the first order as an example here. 
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Appendix II. CMOS H-Bridge PA Power Loss 

Mechanism 
 

The CMOS process is the foundation of contemporary integration 

circuit system design and the carrier of wireless communication 

technology. Due to the process scaling, CMOS transistor can be 

operated at tens of Giga-Hertz frequency range and it has already 

been the bricks for radio frequency system design. In this work, the 

CMOS transistors are also used to design the power amplifier for 

fully integration purpose. In the sub-micron process, the supply 

voltage is shrinking to 1V range, this brings the problem of small 

voltage headroom and large current density if high output power is 

required. In order to carry out successful digital polar transmitter 

design especially CMOS power amplifier design, the basics of 

CMOS process is of must-known from the start. 

 

AII-1. Shockley square law model 

The classic model used in the CMOS design for decades is the 

Shockley square law model developed by William Shockley and it 

is irritated in many literatures. However, this model is suitable for 

MOS transistors with channel length larger than 1um. For sub-

micron devices, the square law model can no longer sustain the 

accurate prediction of transistor performance due to the velocity 

saturation of the carriers.  An extension model called ‘Alpha Law’ 

model is used [155] to solve this problem and it can give more 

accurate predictions of transistor performance. To compare the 

difference between two models, equations are listed below. 

 

The threshold voltage is defined by equation Eq. (c) 
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 0 ( 2) 2T T F SB FV V V         Eq. (c)
 

In the equation Eq.(c),   is the body effect coefficient. F  is the 

Fermi potential defined by temperature/voltage coefficient and the 

doping density. The calculation of the Fermi potential is given in 

Eq.(d). 

0 2
ln A D

T

i

N N

n
 

 
  

 
, T

kT

q
  ,  Eq. (d) 

In equation Eq.(d), the value of T

kT

q
  is around 26mV at 300K 

temperature. Based on the square law model, the triode region and 

saturation region MOS characteristics can be expressed as equation 

Eq. (e) and Eq. (f), to realize the smooth transition from triode region 

to saturation region with channel modulation effect, these two 

expressions are featured with channel length modulation part. 

2

_ (1 )
2

ds
ds n ox gs eff ds ds

eff

VW
I C V V V

L
 

 
   

 
  Eq. (e) 

 

In Eq.(e) and Eq.(f)   is the channel length modulation 

coefficient and _ 0gs eff gs TV V V  , n is the mobility of main carriers 

and OXC  is the channel capacitance under the gate oxide.
 
W  and effL  

are the transistor width and effective channel length.  

Based on the square law model, the corresponding trans-

conductance, output conductance and body effect conductance can be 

expressed as equation Eq.(g) to Eq.(i) if channel modulation effect is 

neglected. 
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,  
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  Eq. (i)

 

However, due to the velocity saturation of the carrier in the 

inversed channel, for sub-micron devices, square law is no longer 

accurate to describe the I-V curve in the real measurement. Alpha law 

is used here for the prediction of operation points and transistor size 

that should be used in the design. 

 

AII-2. Alpha Law expression for UMC 90nm Process 

The corresponding alpha law or so called ‘alpha power law’ 

expression is given as equation Eq.(j). 

  0

0

1 ( )geff ds geff ds geff gs T

eff

ds

geff ds ds ds geff gs T

eff

W
k V V V V V V V

L
I

W
k V V V V V V V

L



   






       


 
        


   Eq. (j) 

In Eq. (j), a  is the alpha law coefficient It is about 1.50~1.54 in 

the 90nm SPLVT process, by using curve fitting algorithm and 

parameter extraction, corresponding value is extracted as follows, and 

the comparison between fitting model curve and real transistor 

simulation curve (Width=1um, Length=80nm) is shown in Figure A-4. 
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0TV , threshold voltage value is 0.28. 

 , 1.52 is calculated at the boundary points. 

  is a function of 
geffV ,  

2 /3

geffV


 


  , where   = 0.1883. 

k = 8.716e-5. k  = 2.5635e-4.   = / 3  and   = 0.66. 

 
Figure A-4. Measured and simulated I-V CMOS characteristics. 

The compliance of the curve fitting model and real transistor 

model simulation results leads to the re-calculation of the equations 

(Eq.(g)~Eq.(i)) and they are given as equations Eq.(j) ~ Eq.(l) with 

acceptable model simplification. 
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_


 ds

m

geff

I
g

V
       

Eq. (j) 

1

3
_




      ds geff ds geff

eff eff

W W
g k V I k V

L L        
Eq. (k) 

According to the new equations, the trans-conductance of the 

transistor is now following the ratio of   instead of 2 in the square 

law and the output conductance is proportional to 
1

3


geffV  instead of 2

geffV  

as it used to be. At the same time, the body effect conductance 

02

m
mb

SB

g
g

V







 

Eq. (l) 

is also changed due to the exist of velocity saturation index  .  

The intrinsic delay of the short channel MOS inverter can be 

expressed as  

0

1 /1
, ( )

2 1 2

TH DD L DD
pHL pLH T

D

V V C V
t t t

I


  


,  Eq. (m) 

so the smaller the value of  , the faster the transistor switches under 

the same load. And Tt  is the input signal transition time. 

By using Alpha Power Law model, static short circuit power loss 

in CMOS circuit is given as   

1

0 1

(1 2 / )1 1

1 2 (1 / )

TH DD
S DD T D

TH DD

V V
P V t I

V V



 






  

 
,  Eq. (n)  

so when  is decreasing, the short circuit power loss will increase but 

in the sub-micron process, the /TH DDV V  value is increasing and the 
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short circuit power in CMOS will decrease. 

 

AII-3. CMOS H-Bridge Amplifier Model 

In the CMOS amplifier optimization, the power loss mechanism is 

mainly related with the transition time. The longer the transition time, 

the more power loss the transistor will have. Normally, the transition 

time is defined by the transistor size and the load size. To explore the 

transient process, the transient IV curve is drawn together with the 

static CMOS characteristic curve as shown in Figure A-5. 

 

Based on the result, the area I-V curve covered is the power loss 

happened on the transistor, so the smaller the load the faster the 

transition speed and also the smaller the power loss it will be. 

However, this is only part of the transient process, when the transistor 

is fully turned-on, there is still a channel resistance remain, and it is 

defined by the tangent slope value of the IV curve when gate voltage 

is maximum. By using optimized transistor with same rising/falling 

transient time, the equivalent impedance is extracted. 

 

For digital polar PA using Low-pass Sigma Delta Modulation, the 

switching pulse number is related with the envelop amplitude level 

and thus when a pulse happens, the H-Bridge PA will charge the filter 

matching network and the equivalent impedance is 8.1Ohm as shown 

in the Figure 5-A, when there is no pulse, H-Bridge NMOS branch 

will provide the non-ideal resonating ground path with impedance of 

0.7Ohm. So the impedance is SDM pattern depending and varying 

with the amplitude, this is also the cause of efficiency drop at power 

back-off positions since the effective impedance is increased. 
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Figure A-5, Transient I-V trajectory of CMOS class-D PA. 
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Figure 6-A, Equivalent Power Loss Model for H-Bridge CMOS PA. 

Based on the equivalent model, when H-Bridge is running under 
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full-swing envelop case, the maximum charging efficiency will be  

 

   

2

2 2

2 / 20
44.75%

2 / 20 2 / 8.1
ch

V

V V
  


 

The result is complying with the circuit level optimization result of 

38% as shown in the Figure 42. Other un-extracted parasitic is the 

cause of the difference between these two values. 

 

For a resonating case, assuming there is a perfect average 

mechanism in the filter matching network and all the injected power 

is averaged by pulses number. Then the filter matching network’s Q 

factor must be taken into consideration because the ratio of emitted 

power to the stored power in the resonating system will be defined by 

the Q value. A simple model is built upon the power storage, waste 

and emission as described in the main content of the thesis. If a pulse 

is generated every cycle (full swing case), the highest efficiency’s 

boundary is the charging efficiency ch . When the system is in the 

non-full-swing case, the efficiency will drop since more power is 

wasted on the grounding impedance. For example, when the system is 

of 50% full-swing, there will be one changing period and one 

resonating period with power ratio as listed below. 

Activity 
Ground 

Loss 
EM Storage Emission 

Charging 0 
1

ch

Q

Q



  

1
ch

Q
  

Resonating 
1

gnd ch

Q

Q
 


  

2

1
1 gnd ch

Q

Q
 

 
  

 
  

1 1
1 gnd ch

Q

Q Q
 

 
  

 
 

In this table, Q  is the quality factor of filter matching network, gnd  

is the resonating non-ideal ground power loss and it equals to 6.54%. 
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Based on this trend, the total power loss equation for pulse pattern 

100…0 can be calculated as follows, n is the zero pulse number. 

 
  

  

1 1 1 /1
1

1 1 1 /

n

gnd

loss ch ch gnd

gnd

Q QQ
P

Q Q Q


  



        
  

  Eq. (o) 

Assuming Q=7, if the envelop level is 50% of full swing, n=1, the 

normalized power loss ratio will be 57.8%, which in the stable 

average case equals to 42.2% output efficiency. If the resonating 

cycle number is 2, which equals to 1/3 of the full swing, the 

efficiency will drop to 40.2%. And for n=3, efficiency is 38.6%. For 

n=9, efficiency will be 33.9%. But in general trend, the curve is a 

straight line as shown in the Figure 56. 

 

This model reveal the resonating H-Bridge feature that the higher 

the Q value, the higher the loss it will have for large power back-off 

positions since more power stored will be wasted on the grounding 

parasitic impedance. This is complying with the expectation of co-

design of the filter matching network with PA and the way to improve 

efficiency will be increase the charging efficiency and reducing the 

grounding parasitic loss. 

 

In the model simulation, the real charging power loss will be even 

higher and the cause of it is related with the non-ideal un-symmetrical 

power supply network layout. This can be further improved with 

balanced layout structure. The result of this model also revealed the 

feature of pattern related parasitic impedance in the H-Bridge 

amplifier and it is also important to know the filter matching network 

will amplify the power loss effect and a suitable Q around 10 will be 

enough to achieve balance efficiency performance. 
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Abstract

This paper presents the systematic design of a 5-bit, 1.2
GSPS interpolative flash ADC for multiband OFDM UWB
applications. The proposed ADC architecture employs the
proven capacitive interpolation, which greatly reduce the
power consumption, by eliminating the need of a power
hungry resistive ladder. The flash ADC has been imple-
mented in a 0.18 um CMOS process. Circuit level simu-
lations show that the proposed architecture can achieve an
SNDR of 25.3 dB, and an SFDR of 29.3 dB, with an in-
put signal frequency of 330 MHz, at a sampling rate of 1.2
GSPS. The ADC core dissipates 130 mW from a 1.8 V sup-
ply.

1 Introduction

Ultra WideBand (UWB) is an emerging technology for
short range high data rate communications. The approval of
UWB for unlicensed operation in the 3.1-10.6 GHz band
under a power emission level of -41.2 dBm/MHz by the
Federal Communications Commission (FCC), opened for
the public to issue a standard for this communication. Ever
since, there have been many organizations suggesting how
the band should be used. Today there are two main compet-
ing definitions for UWB, one supported by WiMedia [1],
and one supported by UWB Forum [2]. This work focus
on the UWB definition by WiMedia, which is described in
a standard issued by ECMA [3] in December 2005, and
is further described in [4]. An implementation of a UWB
transceiver has been proposed in [5].

The link-budget analysis presented in [6] suggests that
e.g. an analog-to-digital converter (ADC) of 4 bits and 528
MHz bandwidth can fulfill the ADC requirements for an
UWB receiver. The high sampling rate suggests that a flash
ADC is a good candidate for this application. As a compar-
ison for CMOS ADCs, a fast pipelined ADC is proposed

in [7], where speeds up to 200 Mega Samples Per Second
(MSPS) is reported, for resolutions of 10 bits. Flash CMOS
ADCs have been reported with much higher speeds, and for
the WiMedia UWB they can still provide the required reso-
lution.

There is a lot of research done on high-speed flash ADCs
with the resolution of about 6 bits, especially since the Hard
Disk Drives for computers require about 500 MSPS conver-
sion rate. There are numerous publications based on the
resistive ladder flash ADC, and a few approaches have been
proposed in [8, 9, 10, 11]. The use of capacitive interpo-
lation was originally suggested by [12], and a recent im-
plementation based on this topology has been proposed in
[13].

This paper presents a systematic approach to design a
flash ADC using capacitive interpolation, for UWB applica-
tions. Section 2 describes the UWB receiver suggested by
WiMedia, section 3 discusses some ADC design challenges
for the WiMedia UWB. Section 4 provides the details about
the proposed ADC, both at system and circuit level along
with simulation results. The last section of the paper con-
cludes the work.

2 UWB Receiver Architecture

The selection of receiver architecture is one of the fun-
damental issues in the transceiver system design. A recent
trend is the homodyne receiver, or the direct-conversion ar-
chitecture. The benefits are few components, and no need
for the high-frequency image reject filters. One drawback
is the DC offset due to self-mixing, which may desensitize
the receiver blocks [14]. With the wide variety of suggested
UWB approaches, a survey of different transceiver archi-
tectures was presented [6]. This survey also cover the ar-
chitecture that is to be used for the UWB design presented
by WiMedia [4] and is shown in Figure 1. A similar archi-
tecture has also been proposed [5], where more details are
given on the radio design of the transceiver.
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3 ADC Design Challenges

In the design process of the UWB ADC, there are many
challenges, and the challenges look different depending on
the ADC architecture that is implemented. The most signif-
icant design challenges for the resistive and for the capaci-
tive interpolation ADC are presented below.

For the resistive interpolation, a resistive ladder is
needed, that can keep the reference voltages stable, in spite
of the ladder feedthrough. For a UWB ADC with similar
system specifications, a ladder resistance for as low as 250
Ohm have been reported [15], which adds to the power con-
sumption of the ADC. Another issue with the resistive inter-
polation is that over-range values have to be handled within
the system. This requires more comparators, which implies
more power.

For the capacitive interpolation a code-dependence could
be observed, if no reset phase is used for the sampling ca-
pacitors [13]. A reset-phase free implementation would im-
ply that the previous sample is never removed from the in-
terpolating capacitors, prior to the arrival of the new sam-
ple. But to introduce a reset phase can be a challenge, as
the clock frequencies are approaching the limits of the tech-
nology. The use of additional power in the drivers for the
interpolating capacitors can overcome the problem of code
dependence [13].

Except from these specific design challenges there are a
number of common issues that will have to be considered
for both of the topologies, such as the high sampling rate,
power consumption, and area.

4 Flash ADC with capacitive interpolation

4.1 ADC architecture

The low power consumption, small area, and high speed
of the capacitive interpolation made this approach the most

attractive one for the UWB ADC design. To establish the
specifications for the building blocks, with respect to the
perceived circuit non-idealities, a behavioral model was
built in Matlab/Simulink. Based on this model, a circuit
implementation was developed. The block diagram of a
single ended version of the proposed ADC is presented in
Figure 2. The ADC is implemented as a fully differential
structure, but is presented in the single-ended version for
simplicity. The interpolating blocks are arranged to create a
one-to-two interpolation. Three input stages are chosen to
reduce the input capacitive load, and four stages are needed
to generate a 5-bit output. After the last stage of capac-
itive interpolation, an array of comparators is introduced,
in order to create the digital signals needed for the digital
thermometer-to-gray decoder.
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Figure 2. The proposed ADC

Figure 3 shows the single ended version of the imple-
mented capacitive interpolating block. This approach use
the supply voltages as interpolating references, which con-
tributes in saving power consumption, and chip area. The

+

-

VIN1

VIN2

P1

P1 P1

P2

P2

P3

P3

C1

C2

Out

VDDA

Figure 3. The proposed interpolating block

output voltage for the interpolating block in Figure 3 can be
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expressed as

VOut =
C1V DDA

C1 + C2
− C1VIN1 + C2VIN2

C1 + C2
. (1)

From Equation 1, it can be seen that by setting C1 and
C2, and interchanging the input voltages, any reference
level between the rails can be created.

4.2 System-level design

The systematic design covers the design steps from
system-level modeling and analysis, to circuit level design
and validation of the behavioral model accuracy. The sys-
tem level design based on behavioral modeling of the build-
ing blocks is an essential step in the design process, espe-
cially because of the high speed that is targeted in this de-
sign. An accurate behavioral model considering the most
important non-idealities, allows a first-time-right circuit im-
plementation that meets the system specifications. This re-
duces the required development and design time. The Mat-
lab/Simulink model takes into account most of the circuit
non-idealities, i.e. clock jitter, kT/C-noise, and capacitor
mismatch. By the use of accurate models, the building
block requirements have been determined, and the SNDR
performance has been evaluated. The interpolating ratio
was implemented as a weight of the input signals to the
output, according to Equation 1. One critical circuit non-
ideality that has been included is the sampling clock jitter.
The clock jitter is caused by the input signal change that
occurs as the sampling switch close. The amplitude error
caused by the clock jitter EA of a sinusoidal input signal
can be described as

EA =
d (Vinput)

dt
ΔTE =

d (V0sin (2πft))
dt

ΔTE , (2)

where TE is the time error due to the clock arrival time error,
and V0 is the input signal amplitude. Equation 2 can further
be simplified to

EA = V02πfcos (2πft) ΔTE ≤ V02πfΔTE , (3)

which indicates the maximum sampling error that can occur
by a jitter time variation of ΔTE . This is also illustrated in
Figure 4. The sampling clock jitter has been estimated in
[16], and it shows that for a 5 % supply voltage variation,
the sampling time uncertainty approaches 1 % of the clock
period. In this design, for a sampling rate of 1.2 GSPS, a
clock jitter of up to 10 psec needs to be considered.

The impact of clock jitter on the SNDR has been ana-
lyzed and the simulation results are shown in Figure 5. It
can be seen that the SNDR does not degrade below the de-
sired 30 dB, even for clock jitter up to 2 % of the clock
period at 1.2 GSPS. This result sets the requirements for the
clock generation circuit design.

V0

-V0

Input signal (V)

Sampling pulse

TA

EA

TSAMPLE

THOLD

Time uncertainty

Amplitude
uncertainty

t

Figure 4. The amplitude uncertainty caused
by the sampling time uncertainty

Figure 5. Jitter impact on the SNDR versus
input frequency

The kT/C noise has been included in the behavioral
model, and its impact on the SNDR has been evaluated.
The simulation results indicate that there is no performance
degradation for a capacitor of 30 fF, which corresponds to
an rms noise voltage of 0.1 LSB.

Figure 6 shows the SNDR when input signals of 80 MHz
and 530 MHz are applied. A 3-dB degradation of the SNDR
occurs for a full-scale input voltage when the higher input
frequency is applied. This shows good performance of the
ADC over the entire signal bandwdith.

4.3 Circuit design

The building blocks have been designed, based on the
simulation results obtained in Matlab/Simulink. The ADC
was implemented with fully differential circuits in a CMOS
0.18 um process in the Cadence environment. As shown in
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Figure 6. SNDR versus input signal level

Figure 7a, the amplifier used in the interpolating block was
implemented as a fully differential amplifier, with resistive
load and with close-to-unity open loop gain. The extra cas-
code transistor below the differential pair is introduced to
increase the output impedance of the amplifier. The autoze-
roing to cancel the code-dependence is implemented with
the reset switch along with the unity gain feedback switch,
which can be seen in Figure 3.
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inp inn
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Figure 7. a) The fully differential amplifier, b)
The implemented comparator, and c) The im-
plemented Schmitt trigger

The comparators have been implemented with the struc-
ture that is shown in Figure 7b. It consists of a cross cou-
pled differential pair, where the reset switch balance the
outputs at the mid-point between the rails during the reset
phase. The fully differential comparator is succeeded by
one single-ended Schmitt trigger, as is shown in Figure 7c.
The cross coupled inverters are preceded by an inverter to
increase the comparator gain. The use of a single-ended
Schmitt trigger saves some power, but need special care to
reduce the mismatch effects.

The flash ADC with capacitive interpolation has been
simulated in Cadence and the simulation results have been

exported to Matlab. The power spectral density obtained
from the circuit-level simulations is shown in Figure 8. For
a 360 MHz input signal of 300 mV amplitude, sampled at
1.2 GSPS, it can be seen that the ADC can provide an SNR
of 29.8 dB, and an SFDR of 29.2 dB. The estimated ENOB
is 3.92 bits. This is less than the ENOB achieved in the
behavioral simulations. This degradation is partly due to
the limited number of data points that is possible to achieve
from the circuit simulations, but also due to second order
effects that have not been included in the behavioral model.

Figure 8. PSD from circuit level simulation

Figure 9 presents a comparison between the SNDR re-
sults from the behavioral simulations to those achieved from
the circuit simulations. The sampling rate is 1.2 GSPS, and
the input frequency is set to 80 MHz. A 3-dB degradation in
the SNDR can be seen in the circuit implementation results
in comparison to the behavioral simulation results. This
small degradation corresponds to a loss of 0.5 ENOB that
was observed above. This good matching between the be-
havioral and circuit simulation results shows the usefulness
of behavioral modeling in the design of flash ADCs with
capacitive interpolation.

5 Conclusions

This paper presents the systematic design of a capaci-
tive interpolating flash ADC. Accurate behavioral models
have been used to determine the circuit specifications for
the building blocks, which allow faster circuit implementa-
tion. The behavioral model takes the most important non-
idealities into consideration. The system and circuit level
simulation results indicates that there is a good matching
between the behavioral model and the implemented cir-
cuit. The proposed circuit implementation utilizes the sup-
ply rails as voltage references, which simplifies the circuit
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Figure 9. Comparison of system level simula-
tion results to circuit level simulation results

design, and reduces power consumption and silicon area.
The circuit level simulations show an SNDR of 25.3 dB, and
an ENOB of 3.92 bits, which meets the UWB specification.
The ADC core dissipates 130 mW from a 1.8 V supply. To
improve the accuracy of the behavioral model, second order
non-idealities will be considered in future work.
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Abstract—Wireless broadband digital communication systems 
with high spectral efficiency suffer from severe power 
efficiency problem. Peak-to-Average Power Ratio is reported 
up to 12dB for WiMAX 802.16e systems implementing OFDM 
IFFT-1024 and 64-QAM modulation. In this work, outphasing 
(LINC) and polar transmitter architectures are investigated 
and compared with direct conversion (DC) architecture. 
Complete system solution targeting 23dBm output power is 
evaluated. System level simulation result shows that, with 
linear power combiner, LINC consumes more power than DC 
if non-clipping modulation scheme used. And polar system has 
stringent 3 degree phase matching and 0.5dB gain matching 
requirements to meet EVM and spectrum mask specifications. 

I. INTRODUCTION 
Prevailing wireless digital communication systems are 

evolving towards highly efficient spectrum usage in both 
mobile and fixed access. In WiMAX 802.16e-2005 system, 
OFDM (Orthogonal Frequency Division Multiplexing) and 
64-QAM are implemented. However, with Direct 
Conversion (DC) system (Figure 1), the tradeoff for spectral 
efficiency is the demanding linearity of the system especially 
the power amplifier, it is required to linearly output 23dBm 
average power according to Power Class 2 for mobile 
WiMAX. With reported PAPR up to 12dB for IFFT-
1024/64-QAM system [1], class-A amplifiers will dissipate 
high percentage power and cause thermal problems, and this 
situation is even worse for base stations applications. 

Figure 1.  Direct Conversion Architecture Block Diagram 

LINC (Linear amplifier with Nonlinear Components) 
modulation (Figure 2) can avoid power amplifier efficiency 
obstacle by processing signal into 2 correlated equal envelop, 
half amplitude signals and combine the amplified signals 

after PAs, thus nonlinear high efficiency PAs can be used. 
However, linear power combiner’s low efficiency prohibits 
the direct use of LINC principle, simulation result shows a 
maximum 7dB loss during the combination of 2 paths. So it 
is possible that combiner will counteract all the gain 
achieved by nonlinear amplifier pair. 

Figure 2.  LINC (MLINC) Architecture Block Diagram 

Besides these 2 systems, Polar modulation (Figure 3) is 
gaining more and more attention due to its concise 
modulation architecture. The separation of phase and 
envelop signal raise the efficiency of PA without too much 
increase in system blocks number. Previous work achieving 
high efficiency of 34% by implementing polar modulation in 
EDGE system is reported [2]. So it is also a promising 
candidate to be investigated for broadband system in this 
work. Envelop tracking on power modulation is often used in 
polar power amplifier design and simple multiplier model is 
used here to represent the last stage amplifier. 

 
Figure 3.  Polar system Architecture Block Diagram 
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To compare 3 different architectures on the same basis, 
ADS simulation tool is used because it provides standard test 
sequence and signal sink modules for WiMAX (WMAN 
802.16e) OFDM IFFT-1024/ 64-QAM system, standard 
EVM and spectrum evaluation is automatically carried out 
and power value can be calculated by spectrum analysis. 

II. WIMAX SYSTEM SPECIFICATION 
Since WiMAX services are set as a replacement for cable 

xDSL connection, it gains vast industrial support and a 
website called WiMAX Forum was founded for 
standardization purpose. On the other hand, as a broadband 
wireless air interface, WiMAX is also included as an IEEE 
802.16 broadband wireless access standards member. So the 
specification is distributed in both places. Here a short 
summary of minimum requirements for WiMAX are cited. 

A.  Power Class Profile 
According to WiMAX Forum power class specification 

[3], WiMAX mobile system (MS) devices are specified to 
output up to 23dBm power (class 2 for QAM16) and support 
a tunable TX dynamic range higher than 45dB. Detailed 
class category is quoted in Table I. 

TABLE I.  POWER CLASS PROFILE CLASSIFICATION  

Class ID 16QAM Tx Pout(dBm) QPSK Tx Pout(dBm) 
Class 1 18 Tx,Pout<21 20 Tx,Pout<23 
Class 2 21 Tx,Pout<25 23 Tx,Pout<27 
Class 3 25 Tx,Pout<30 27 Tx,Pout<30 
Class 4 30 Tx,Pout 30 Tx,Pout 
As for 64-QAM modulation, 23dBm is also set to be the 

targeting output power and it is used as a comparison basis in 
the following context. 

B. Frequency Band and Spectrum Mask 
After accepted as a formal 3G candidate in ITU-R in Oct. 

2007, WiMAX now possess 2 frequency bands including 
2.3GHz~2.4GHz (WiBro in Korea) and 2.496GHz~2.69GHz, 
they clip ISM-2400 band in both sides. To avoid out-of-band 
emission, WiMAX has very restricted spectrum mask 
requirements. Here 2 sets of spectrum mask is cited and 
presented in Table II, one is from ADS 
WMAN_16e_OFDMA design library and the other is from 
ITU-R M.1581 [4]. The values are converted to 10 kHz 
integration bandwidth. From this table, we can find ITU 
regulations are more restricted. 

C. Relative Constellation Error (RCE) 
For high order modulation system like 64QAM, EVM is 

required to be no greater than 3.1%, which converts to RCE 
of -30dB. Both ADS and IEEE Std 802.16e-2005 have same 
minimum EVM requirements for all profiles, so here in the 
system level analysis, highest performance is targeted. The 
EVM limitation is set to be -30dB to make it suitable for all 
lower data rate transmission burst types and spectrum mask 
results are checked to make sure the figure is complying with 
both requirements. The EVM value is achieved by ADS 
802.16e EVM module with package frame of 5. 

III. SYSTEM SIMULATION AND COMPARISON 

A. Direct Conversion System Performance 
For direct conversion transmitter, due to the transmission 

of wideband OFDM signal with large crest factor (Peak-to-
Average Ratio), its last stage PA has to be placed at a large 
back-off position below 1dB compression point. So for DC 
system, PA’s P1dB simulation is compulsory. Besides, 
imbalance between IQ channels is also a dominant problem. 
Another signal quality degradation factor is PLL’s phase 
noise. In OFDM system, PLL’s noise will be integrated by 
multiple carriers and it will affect RCE as well. To simplify 
the simulation, an assumption is made on PA, its OIP3 is 
9.6dB higher than P1dB and PA’s saturation output power is 
set to be 6dB lower than OIP3. Simulation result is shown in 
Figure 4 by sweeping PA’s OIP3. 

 

Figure 4.  RCE & Pout vs. PA’s OIP3 for Direct Conversion System 

From simulation, in order to keep output power of 
23dBm and EVM of -30dB, a linear amplifier with OIP3 of 
38dBm should be used. While the spectrum mask is violated 
at 11MHz frequency offset in simulation and this can also be 
proved by manual calculation. A formal mathematical 
analysis on multi-tone intermodulation distortion can be 
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TABLE II.         SPECTRUM MASK FOR 10MHZ BANDWIDTH OFDM SIGNAL 

Frequency Offset (MHz) from Fc 
Emission Level (dBm) 

5 6 7.144 10 10.572 11 15 20 25 
ADS -8 --- -32 --- -38 --- --- -50 -50 

ITU-R M.1581* -7 -33 NA -33 --- -45 -48.58 -57 -57 

--- No value specified in the offset point. * ITU regulation is for 2496MHz ~ 2690MHz band, value normalized to 10 kHz resolution bandwidth. 



found in [5] but the equation is too complex for IM3 value 
with offset frequency larger than original bandwidth. A 
simplification of constant subcarrier amplitude is assumed 
for IM3 calculation here, and since IM3 of this region can 
only be excited by specific subcarrier pairs as illustrated in 
figure 5, we just need to accumulate the value in voltage 
since they are correlated by IFFT algorithm. The simulation 
and calculation set PA’s OIP3 to be higher than 42dBm. This 
is corresponding to that PA has a P1dB of 32.4dBm, 9.4dB 
higher than 23dBm output power. This result complies with 
Crest Factor estimation and provides information for PA 
selection. And following simulation is carried out after 
setting PA OIP3 to 42dBm. 
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Figure 5.  IM3 Calculation Illustration and Simulation with OIP3  

The result for phase imbalance and gain imbalance 
simulation shows that to keep the spectral margin, they 
should be kept below 0.8dB and 6 degree for DC system. As 
stated in [6], phase noise of PLL will be integrated by 
OFDM signal multiple times. For mobile WiMAX system, 
since the frequency step for subcarriers is 10.94kHz, phase 
noise from 10kHz to 100kHz will be of dominant noise 
source. Here a constant integrated noise value from 10kHz to 
100kHz is used for PLL phase noise model. The simulation 
result is shown in figure 6. To keep EVM of -35dB, phase 
noise should below -94dBc/Hz. 

RCE vs. PLL Phase Noise @10kHz Offset
(TOI=42dBm)
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Figure 6.  RCE Degradation by PLL Phase Noise 

B. LINC Modulation System Performance 
In order to generate same vector signal as DC system, 

LINC/MLINC system has two correlated path and the 
combination of the two equal envelop signal demands highly 
accurate matching. And the power combiner after PA should 

be linear combiner like Wilkinson combiner. Since LINC 
signals may have large angle between two paths, linear 
combiner’s efficiency is low and 7dB loss may happen 
during the combining process. The distribution of un-clipped 
LINC signal’s vector angle is shown in figure 7. The linear 
combiner’s efficiency can be expressed as equation (1), it is 
also plotted in figure 7. In this equation, theta is the half 
value of vector angle. 

2coscomb                            (1) 

 

Figure 7.  RCE Degradation by PLL Phase Noise 

To solve this problem, MLINC modulation is proposed 
in [7] and they achieved quite high efficiency. However, due 
to the un-predictability of signal conversion, MLINC may 
consume more power in signal processing, thus its efficiency 
will be a little lower than reported. In this work, a fixed 
clipping amplitude threshold value is used to test the EVM 
degradation and power efficiency for LINC system and the 
result is shown in figure 8. 
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Figure 8.  RCE Degradation by PLL Phase Noise 

From simulation, we can achieve 18% efficiency for PA 
with combiner and maintain same RCE by clipping 75%. 
And for minimum RCE requirement of -30dB, 30% 
combination efficiency can be achieved and it is complying 
with the result of [7], but spectral margin is not promised. 

To eliminate out-of-phasing noise, LINC’s two correlated 
vector signals have more restricted matching requirements 
than un-correlated Cartesian IQ system. With clipping of the 
signal vector, signals out of interested bandwidth can not 
cancel each other perfectly and spectrum mask is prone to be 



violated. In figure 9, the spectral margin result for matching 
is shown. 
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Figure 9.  RCE Degradation by PLL Phase Noise 

Even though raising DAC resolution can improve initial 
spectral margin, in this simulation, clipping ratio is still 
required to be larger than 78%. Another precaution of LINC 
system design is that it has not only internal balancing 
problem between two LINC paths, but also has intra 
balancing problem inside single LINC path. So the design 
matching work is much more difficult than DC system. 

C. Polar Modulation System Performance 
Due to the separation of phase signal and amplitude 

signal, polar system has little increase in block number and 
the matching problem between phase and amplitude is of 
great concern for this architecture [8]. With finite amplifier 
sensitivity, amplitude signal will also have clipping effect 
and simulation result is shown in figure 10. 
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Figure 10.  RCE Degradation by PLL Phase Noise 

The simulation result shows a clipping ratio of 80% can 
keep spectral margin of 5dBm with resolution bandwidth of 
10kHz and the EVM will still meet requirements. The 
tolerable phase and gain imbalance error are 3 degree and 
0.5dB respectively in simulation, which is about half the 
value of DC system. Amplitude baseband bandwidth is 3-4 
times larger than DC and requires high sampling rate DAC. 

D. Power Efficiency Comparison 
The total power efficiency for WiMAX system includes 

baseband and PA blocks, however, the estimation of 
baseband to RF part can only be compared by block numbers 

in system level (# mark in the table). Power estimation and 
efficiency comparison are summarized in table III. 

TABLE III.    POWER EFFICIENCY COMPARISON FOR 3 ARCHITECTURES  

 DC LINC Polar 
DAC # 2 4 3 

DAC Resolution 12bit 12bit 12bit 

DAC Power (mW) 40 80 >80 

Baseband Filter # 2 4 3 

Baseband VGA # 2 4 3 

Up-Conv. Mixer # 2 4 2 

IQ Divider # 1 1 1 

RF-VGA # 2 4 2 

PA # 1 2* 1** 

System Pout (mW) 200 200 200 

PA efficiency 12.5% 17% 30% 

System efficiency <12.2% <15.9% <26.8% 

*   Non-linear PA (class C or above) with combiner. 
** Power modulation PA or load modulation PA (class E) 

IV. CONCLUSIONS 
With spectral margin limitation and 2 times more blocks, 

LINC system may not improve efficiency too much 
comparing with DC system and its matching requirements 
are more demanding. Polar system shows good efficiency 
but its matching is also strict. High sampling rate DAC is 
compulsory and a good polar PA is of first design priority. 
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Abstract—Using saturated power amplifier (PA) as the last stage, 
polar transmitter has the potential to be the most power efficient 
architecture to transmit large Peak-to-Average Ratio (PAR) 
signals. In this work, a polar transmitter using H-Bridge 
configured Class-D amplifiers is proposed. To fully exploit low 
voltage resource, maintain linearity and meet the spectrum 
mask requirements, RF Sigma-Delta Modulation (SDM) is used. 
An on-chip transformer based filter network is designed to filter 
out SDM noise and provide load matching. The system 
verification is carried out by using Matlab passband simulation 
on a 13dB PAR mobile WiMAX signal. Evaluation of noise 
shaping and spectral regrowth shows the proposed architecture 
can achieve   -45dBc/10kHz ACPR in a 140MHz bandwidth 
range. This provides a solid ground for the circuit design work. 

Keywords—Polar Architecture, Sigma-Delta Modulation, Class-
D Power Amplifier. 

I. INTRODUCTION 
Polar transmitter has been proven to have higher efficiency 

for equal or varying envelope wireless communications [1]~[4] 
in comparison to direct conversion transmitter. For wideband 
OFDM system with large Peak-to-Average Ratio (PAR), the 
use of linear PA will cause large power waste and low system 
efficiency as PA usually works at over 10dB power back-off. 
While for polar transmitter, a theoretical 100% efficiency can 
be achieved by using power amplifiers like class D or E 
working in switching mode [5]. 

The generation of envelope signal in polar transmitter 
through RF switching methods can be traced back as early as 
[6]. To keep the efficiency, the implementation of power 
modulator with Pulse Width Modulation (PWM) or Sigma 
Delta Modulation (SDM) has been proposed [7][8]. A 
traditional polar transmitter is illustrated in Figure 1, for this 
topology, it has some drawbacks. First, the power modulator is 
supplying nonlinear Class-E PA, so predistortion algorithm 
like lookup table or level shifter are used to compensate the 
nonlinearity, hence the system complexity is increased. 
Another obvious drawback is that the modulator is located at 
the power distribution path, for low output power, modulator’s 
efficiency is not kept. It has to be referred that other 
topologies exist like linear compensation or digital modulator 

[9]~[11], they can be generally categorized into envelope 
power modulation type polar transmitters. 

Compared to power modulation polar transmitter, 
alternative solution exists like [12][13]. In these designs, 
envelope signal is digitized by RF-PWM modulation or 
Bandpass Sigma-Delta Modulation (BPSDM) and then drive a 
Class-D PA in switching mode. In RF-PWM scheme, RF 
carrier signal is compared to envelope signal to generate width 
modulated RF pulses. This modification eliminates the 
modulator power waste but get switching loss as a tradeoff. 
For Class-D PA in these designs, the switching happens when 
output current is still high, and due to same switching 
activities happens when output power is low, system 
efficiency will drop. In BPSDM, RF signal is oversampled by 
higher frequency RF clock. As the oversampling RF clock is 
several times the transmission frequency, which is challenging 
in giga-Hertz frequency bands. 

To keep the advantage of zero-crossing switching, polar 
transmitter using low pass SDM has been proposed in [5]. 
However, due to SDM’s noise shaping effect, Adjacent 
Channel Power Ratio (ACPR) is quite high and spectrum 
mask will be violated. The use of single ended configuration 
also generated quite large portion of power at DC, which will 
be filtered by bandpass filter. In this work, to fully exploit low 
supply voltage resource and reduce the Out-of-Band noise, the 
envelope SD modulator is clocked by phase modulated RF 
carrier to generate 1 bit sequence. The differential phase 
modulated carrier signal is then masked by the SDM 
generated bit sequence and then drive an H-Bridge PA. An on-
chip 4th order filter and matching network, which is not 
presented in any articles before, is designed to filter out 
shaped Sigma-Delta quantization noise. To evaluate the 
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Figure 3 Switching Voltage Output and Current Output 

performance, a data flow passband model is built in Matlab 
and transient simulation is performed. The spectrum of 
simulation results prove the feasibility of the system and 
provide information for the future circuit design work. 

The following text is organized as follows. Firstly, H-
Bridge Class-D polar transmitter analysis is given. Then, 
passband Matlab model simulation is performed. The last part 
will be conclusions and further work for circuit level design. 

II. ARCHITECTURE ANALYSIS 
The proposed polar transmitter is shown in Figure 2, in 

order to achieve high oversampling ratio, the SD modulator is 
clocked by the phase modulated RF carrier signal generated 
directly from a digital PLL. Due to one clock Sigma-Delta 
modulation delay, the accurate matching of phase signal and 
envelope signal is realized by a digital delay control circuit. A 
first-order 1-bit Sigma-Delta modulator is used to convert 
analog envelope into bit sequence that contains both envelope 
information and shaped quantization noise. The digitized 
envelope signal is then mixed with differential phase signal by 
high speed AND gates. As differential phase modulated RF 
carrier signal is used here, the use of H-Bridge aims to provide 
seamless connection with the AND mixer output and fully 
utilize the voltage resource. Since the output of the H-Bridge 
is a polar square wave, a filter and matching network is 

designed to reconstruct the amplitude phase modulated signal, 
and differential to single ended output is realized. 2nd order 
SDM may also be used but the increased blocks bring limited 
improvements on noise shaping [5] and hence not used here. 

A. Transient Analysis and Efficiency 
The process of generating amplitude phase modulated 

signal as Equation (1) in H-Bridge transmitter is shown as the 

 ))(2cos()()( ttftAtOut c  (1) 

lowest plot of Figure 2. As the phase modulated carrier signal 
‘clk’ is used as SDM clock signal, the envelope ‘SD’ signal 
will be updated every carrier period as 1 or 0 value and kept 
for a full cycle. With simple AND gate mixing, the ‘SD’ 
signal acts as an on-off mask to ensure a full period ‘clk’ is 
passing on or blocked to the H-Bridge PA. Two single-ended 
signal ‘a’ and ‘b’ are generated by H-Bridge and then input 
into the primary stage of the transformer as differential signal 
‘Vdiff’. The corresponding transformer and LC network form 
a 4th order filtering and matching network so that the fully 
differential square wave is converted back to sine wave with 
the same phase information as the input ‘clk’ square wave. As 
the ‘SD’ signal is controlling the power output ratio of H-
Bridge, the filtered result “Out’ is also reflecting the trend by 
its envelope amplitude, so that both amplitude and phase 
modulation is realized. 

As the proposed polar transmitter is using H-Bridge Class-
D instead of Class-E PA in traditional configuration, it gains 
several advantages. First, unlike polar transmitter using power 
modulator scheme, the fixed voltage supply node in H-Bridge 
eliminate the envelope conversion power loss and it also 
removes the necessity of off-chip envelope filtering LC 
components as used in [1][2][8][9][11], this offers the 
potential of fully integrated system solution. Second, since the 
power modulator clock is RF frequency carrier, spurious noise 
is far away from interesting band and it relaxes the filter 
design. Last, the most attractive advantage provided by using 
Class-D amplifier is that the AM-PM distortion is reduced.  
As slow varying envelope signal is applied at the drain of 
Class-E PA in traditional envelope modulator scheme, the 
drain-gate capacitance is changing according to output power 
level [2], thus it is hard to compensate in large envelope swing 
range [9]. H-Bridge configuration is less affected by this 
phenomenon. But due to the existence of power supply 
resistance, the AM-AM distortion still exists and it may cause 
ground fluctuation and supply voltage dropping. This problem 
can be reduced by using decoupling capacitance and proper 
power supply design. 

In transient process, the use of phase modulated RF carrier 
as low-pass Sigma-Delta modulation clock also helps in 
efficiency aspect. As the Sigma-Delta converted envelope 
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signal is on or off for the whole period, H-Bridge will either 
output full power or closed in the same manner as signal 
‘Vdiff’, comparing to the always switching Class-E PA, the 
parasitic gate capacitance loss is reduced. The H-Bridge also 
has “soft switching” property as the switching happens when 
output current is close to zero. As illustrated in Figure 3, since 
the main frequency component of pulse train is a sine wave, 
the output current will be of same sine wave with small 
varying phase shift due to the imaginary part of load 
impedance seen into ‘a’ and ‘b’. According to Equation (2), 
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for modulation bandwidth ‘B’ of 10MHz and center frequency 
fc of 2.6GHz, the maximum cycle-by-cycle modulation phase 
shift is small (0.7deg), so the switching point is almost fixed. 
This is quite different from bandpass SDM where cycle-by-
cycle phase shift is large [13] or PWM modulation where 
switching happens around peak current output [12]. 

As often referred in Class-D applications, coding 
efficiency is different from transmitter system drain efficiency 
and it is defined as the ratio of reconstructed load power 
relative to the total pulse train power [13]. In the proposed 
polar transmitter, as SD modulated envelope is used as a mask 
to control the always switching RF carrier pulses, the class-D 
PA switching occurrence is minimized compared to RF-PWM 
and BPSDM schemes in same band. The occurrence is defined 
by the SDM order and the modulation frequency, thus the 
pulse train power is reduced and coding efficiency increased. 
With noise shaping function of the SDM, more quantization 
noise is pushed to higher frequency and then filtered, but the 
main filtered power is still the harmonics power, with less 
switching activity and soft-switching feature, this proposed 
polar transmitter will have higher drain efficiency theoretically.  

B. Spectrum Analysis and Filtering 
In Figure 2, envelope A(t) is converted by first order 1-bit 

SDM. Due to phase modulated RF carrier is used as SDM 
clock, high SNR can be achieved according to Equation (3). 

)(log30
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In Equation (3), ‘N’ is ADC resolution bits, the last 2 
coefficients are the gain by random signal SDM oversampling, 
where OSR is equals to fc/2B. For 10MHz bandwidth and 
2.6GHz center frequency, first order 1-bit SDM’s SNR is 
66dB, this can meet the requirements of -30dB Error Vector 
Magnitude because of the linear relationship between SNR 
and EVM. From spectrum aspect, the converted envelope is 
shown at plot (a) of Figure 4. Since 1-bit square wave output 
has a SINC outline applied to the spectrum, the shaped noise 
will decrease after it reach peak about 0.5fc position. 

For phase modulated carrier square wave, it can be express 
as Equation (4). As opposed to single ended configuration [5], 
no power is located at zero frequency if an H - Bridge 
architecture is used. The spectrum is shown in Figure 4(b). 
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The mixing of SDM envelope and phase modulated carrier 
signal is shown at plot (c) of Figure 4. The spectrum mask 
requirements maybe violated due to SDM’s shaped noise so 
filter must be used to solve this problem. The final phase 
amplitude modulated signal we want is shown in plot (d) of 
Figure 4. To filter out shaped noise, an on-chip transformer 
based filter matching network is designed as a 4th order 
channel filter to reduce the shaped noise. The transfer function 
of the filter matching network is given in Equation (5),  
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ooooinino

ooooin

where  21LLkM , k is the transformer coupling coefficient. 
The functionality is shown in Figure 5. Comparing to external 
band filter, channel filer is narrower in bandwidth and it can 
provide better noise suppression. However, an external band 
filter may still be needed to further attenuate noise. 

From spectrum analysis, the proposed polar transmitter is 
feasible to reconstruct phase amplitude modulated signal from 
modulated square wave by properly filtering methods. As the 
SDM shaped noise level is still possible to violate spectrum 
mask, the effectiveness of the filter and matching network still 
need to be verified in the following Matlab model simulation. 

III. MATLAB MODEL AND SIMULATION 
To verify the structure and evaluate noise shaping and 

filtering performance, a data flow model is built in Matlab. 
1024-IFFT OFDM baseband signal is generated 
corresponding to mobile WiMAX standards. As SDM is 
performed by using RF clock signal, a passband model is used f
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Figure 4 Spectrums for SDM Polar Transmitter 
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instead of baseband model. This causes the problem of low 
oversampling ratio to the RF carrier and low phase resolution. 
The phase noise is higher than expected in the spectrum 
analysis. However, we can still gain the first insight of 
proposed polar transmitter property from Figure 6 and 7. 

From the Figure 6(a) we can clearly identify the SDM 
amplitude signal spectrum is noise shaped and its harmonics 
located at SINC wave gap is attenuated. For phase modulated 
carrier signal in Figure 6(b), harmonics are located at odd 
multiple frequencies positions. The comparison of unfiltered 
and 4th-order-channel-filtered SDM signal (Figure 6(c)) is as 
expected but there is still certain level of noise remained. As 
we focus on the channel spectrum in Figure 7, first order SDM 
algorithm can control the noise level under -45dBc for about 
140MHz range. Out of this range, a band filter must be used to 
remove the spurious noise in cooperation with the channel 
filter. As in the time domain of Figure 8, demodulated channel 
signal is compared to the ideal signal and they match quite 
well in curve corners and slopes. 

IV. CONCLUSIONS AND FUTURE WORK 
With H-Bridge mplifier and transformer filter matching 

network, the proposed polar transmitter architecture is verified 
by the Matlab dataflow model. By using high oversampling 
ratio clock provided by phase modulated carrier frequency, 
this architecture can achieve satisfactory linearity for large 
PAR applications. The Matlab model also reveals that with 4th 
order on-chip filtering, out-of-band noise can be suppressed 
but to meet the whole band spectrum mask requirements, a 
band filter should be carefully selected. This work provided a 
solid basis for future polar transmitter circuit design work. 
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A Polar Transmitter Architecture with Digital
Switching Amplifier for UHF RFID Applications
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Abstract—With amplitude shift keying (ASK) modulation and
signal envelope rising falling edge slope requirements, the effi-
ciency of UHF RFID system can be improved by using polar
transmitter architecture than using linear power amplifiers. In
this work, to ensure maximum integration and meet EPC Class-
1 Generation-2 specification, an all digital polar transmitter is
proposed and verified by transient signal analysis and random
pattern simulation. The timing and signal quality constraints of
the digital polar transmitter circuits are extracted. Due to the
use of RF frequency low pass sigma delta modulation, the system
can be designed in pure digital process without on-chip inductive
components. Compared to the 31% theoretical efficiency by
using class-A linear power amplifier, a minimum 77% theoretical
efficiency can be achieved in this proposed digital RFID system.

Index Terms—UHF RFID, RF sigma delta modulation, all
digital polar transmitter, inductance less all digital process.

I. INTRODUCTION

The demands of global merchandise location tracking, item

quality control and product promotion stimulate the devel-

opment of RFID technology and the growth of the market

will last for the coming decade. To keep this trend, the RFID

system has to overcome many design challenges to reduce

the manufacture cost as well as be more efficient in power

consumption. The recent emerging near-field implementation

of RFID embedded mobile phone also propels a ’green’ RFID

system for long battery life applications. In different system

design hierarchies, progress can be made to realize the targeted

economic RFID readers and tags.

As a low power system, the RFID transceiver efficiency

is dominated by the transmitter efficiency. In both handheld

readers and tag systems, simple transmitter architecture can

help to reduce power loss and to achieve the low power high

efficiency targets. Depending on the market standards, RFID

system emission parameters are defined by both deployed

region regulations and global specification like EPC Class-1

Generation-2 and ISO/IEC 18000-6C. In RFID system design,

link budgets estimation example has been given in [1] and

complete RFID system for the reader is demonstrated in

[2][3]. However, by using linear power amplifier like class-

A, only 31% efficiency can be achieved due to the envelope

rising falling edge slope requirements. The modulation and

coding algorithm used in transmitter are designed to occupy

narrow bandwidth in UHF band. In multi or dense tags

Polar Transmitter

PLL

Power
Modulator

Class E

Envelop

Polar
Baseband
Modulator

DSP

)()( 22 tQtI �

),( ��f

off-chip
LC filter

UHF
bandpass

filter

Fig. 1. Traditional power (envelope) modulator polar transmitter illustration.

environment, the noise suppression of -65dBch (abbreviation

of integration power to the reference channel) to the neighbor

channels is demanding. Due to the use of SSB/DSB (Single

Side Band / Double Side Band) or PR-ASK (Phase Reversal

Amplitude Shift Keying) modulation, the linear control of

rising/falling edge and output power require the transmitter

employ inductive components and it will occupy large design

area and induce noise coupling due to the same transmitting

and receiving band [2]. In mobile-phone RFID application, the

use of RFID has to share GSM band power amplifier (PA) and

this is another design challenge for system level integration.

As another architecture option, polar transmitter is proposed

as an integrated solution for both linear and non-linear systems

[4][5][6]. The linearity performance of polar transmitter is

depending on the envelope modulation algorithms and the

selected amplifier architecture. The control of envelope (input

power) is helpful in meeting RFID rising falling edge slope

requirements and it also provides high efficiency. As a power

efficient system solution, the traditional polar architecture

is shown in Fig. 1 for illustration. From cost aspect, the

traditional polar transmitter needs additional off-chip filtering

components to remove the noise if high efficiency switching

modulator is used in the power modulator. To realize the

hundred kilo-Hertz bandwidth filter, a very large capacitance

will be needed. So the traditional polar architecture may not

be suitable here.

In this work, to take the advantage of high speed low

power and low cost digital process, digital polar transmitter

architecture is proposed and evaluated for UHF RFID appli-

cation. It utilizes switching PA (class-D) and a high speed

first order sigma-delta modulator clocked at carrier frequency.

The topology of the system is shown in Fig. 2 and the
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Fig. 2. All digital UHF RFID polar transmitter topology.

following content will present the performance and design

parameters of system blocks under this architecture. In Section

II, system architecture is analyzed based on RFID radio

emission specifications. The circuit design timing requirements

are presented in Section III based on transient waveform

analysis. In Section IV, random pattern simulation results are

analyzed and summarized. The last part will be the conclusions

on the proposed transmitter architecture.

II. RFID POLAR TRANSMITTER

In polar transmitter shown in Fig. 1, the radio signal

generation is not based on in-phase quadrature signal up-

conversion and mixing theory, the polar signal generation is

realized by baseband signal processor following Eq. (1).
⎧⎨
⎩
Env(t) =

√
I(t)2 +Q(t)2

Θ(t) = arctan
(Q(t)

I(t)

) (1)

In the proposed architecture (Fig. 2), to realize the digital

mixing by simple AND gate, the envelope signal is converted

into on-off bit stream by the low pass sigma delta 1-bit

modulator. By doing this, class-D amplifiers can be used in

the later stage and achieve higher theoretical efficiency. At

mean time, if envelope data is stored in digital format, digital-

to-analog converter (DAC) will not be necessary and all the

information can be processed in baseband and save more

power. Before further introduce the proposed architecture,

RFID radio specification will be investigated and then the

advantage of using digital process in polar transmitter will

be more apprehensible.

A. RFID Radio Specification

The global specification [7][8] defined the frequency range,

modulation algorithm, data rate and emission spectral mask

for the transmitter, but the output power is not defined in

the document, since this work is an evaluation on the system

architecture, the output power can be optimized on the final

class-D power amplifier stage and will not affect the system

algorithm.

With random data input, the FM0 or Miller coding created

phase discontinuity for demodulated signal bit detection and it

also causes the bandwidth expansion. Another spectral prob-

lem is the harmonics created due to the square wave envelope,

in ASK modulation, square wave envelope harmonics will be

up-converted to UHF band and violate spectral mask shown

TABLE I
UHF RFID MASK IN MULTI & DENSE INTERROGATOR ENVIRONMENT

Channel 0 1 2 3 4 5

Multi (dBch) 0 -20 -50 -60 -65 · · ·
Dense (dBch) 0 -30 -60 -65 · · · · · ·

envelop

Tfall
ThighTrise

Tari

B A

FM0 data1 or Miller data0

t

V

S(t)

Fig. 3. RFID output signal illustration for FM0-data1 and Miller-data0.

in Table I. The baseband signal must be low pass filtered to

generate a slow rising/falling edge to reduce the harmonic

level and the maximum allowed value is 0.33Tari (Type A

reference interval) according to [7]. To control the slope and

meet the modulation depth requirements, a linear PA (class-A)

will have theoretical 31% maximum efficiency based on Eq.

(2) with minimum modulation depth and minimum harmonics

(largest allowable slope) as shown in Fig. 3. If the class-A PA

is working in overdriven mode, the efficiency will increase but

harmonics will rise due to the distortion in waveform.

η =
Pout

Pin
× 100% =

∫ Tari

0
S(t)

2
dt∫ Tari

0
max(S(t))

2
dt

× 100%

=
1

2

2
∫ 0.33Tari

0
S(t)

2
dt+ 0.34TariA

2

A2Tari
× 100%

(2)

The data length used in EPC specification is up to 128 bits

and the overloads are pilot tone, preamble and ending codes.

In some region, 200kHz is set to be the maximum data rate

but in this work, the maximum data rate is 160kHz. With

embedded processor, the data can be pre-processed at low

frequency in reader or burned into bit array in tags before

transmitted. This will further reduce the power consumption

in dynamic data processing. The minimum modulation depth

(A-B)/A is required to be larger than 80%, when transmitter

is emitting low envelope signal, polar amplifier will be more

efficient than linear PA by controlling the input power.

In summary, the RFID system will be designed with

912MHz center frequency and the date rate is 160kHz. The

slope and the output spectral mask must comply with [7]

specification using PR-ASK modulation scheme.
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Fig. 4. Time domain signal flow illustration.

B. All Digital Polar Transmitter

In proposed polar transmitter (Fig. 2), data bits are coded

and the envelope signal is extracted. Before sent to the low

pass sigma-delta modulator (LPSDM), the envelope signal

is shaped and it will have finite rising and falling edge to

reduce the neighbor harmonics amplitude. This is realized by

using a finite impulse response (FIR) filter. The chosen of

window length and how the slope affects harmonics level will

be investigated in Section IV. The carrier signal is generated

by an all digital phase-lock-loop (ADPLL) with reference

signal θ(t) provided by the baseband processor, the center

frequency can be tuned from 860MHz to 960MHz to meet

the frequency range requirement of UHF RFID. In this work,

912MHz frequency is selected to achieve a integer multiple

number of 160kHz data rate. The carrier signal is quantized

into differential square wave signal and the positive phase

branch clkp is used as the clock signal of LPSDM. By doing

this, three advantages can be achieved. Firstly, the digital

process low supply voltage can be fully utilized. In the later

stage, two class-D power amplifiers will be used and form an

H-Bridge topology PA to increase output power. Secondly, the

envelope path and carrier signal path is synchronized to ensure

the correct matching of digitized information bits. Thirdly, the

output voltage and current will be in phase to realize ’soft

switching’ and reduce switching power loss.

In transient domain, the signal generation and mixing pro-

cess is illustrated in Fig. 4. SD is the LPSDM processed bits

stream containing both envelope information and quantization

error. With synchronization delay trimming circuit, SD is in

the same phase with clk signal (only clkp is shown here).

Signal a and b are the masked version of clk signal and they

form the differential signal Vdiff . The mixing of SD and clk
signal is realized by a high speed ’AND’ gate, under sub-

micron digital process, the switching speed can reach over

giga-Hertz speed and it consumes small amount of power.

Unlike the power mixing methods used in traditional polar

transmitter, information mixing can be more efficient because

the SD signal reduce the switching occurrence of later class-

D H-bridge PA. When there is no switching activity, the

f

SD

ΣΔModulated PR-ASK
Baseband Envelope

f

clk

fc 3fc 5fc

Quantized Carrier
Square Wave

Vdiff

fc 3fc 5fc

Combined Signal
Band Filter

B

Band Filter

Vout

fc 3fc 5fc

Filtered Signal
Band Filter

fc 2fc

Fig. 5. Envelope and carrier signal mixing in RFID polar transmitter.

filtered output Out will continue to oscillating with attenuating

envelope and the oscillation level will be refreshed when next

pulse comes.

Due to the use of ADPLL, the output clk signal is quantized

to differentiated square waveform, the harmonics will appear

at odd multiple frequency positions and it can be expressed as

Eq. (3).

clk(t) =
4A

π

+∞∑
n=1,3,5···

1

n
sin[n · (2πfct+ θ(t))] (3)

in which A is the amplitude of quantized carrier signal and

θ(t) is a constant initial phase value. Base on Eq. (3), the 3rd

order harmonic will appear at 2.736GHz and it can be easily

filtered.

⎧⎪⎪⎨
⎪⎪⎩
SNRmax = 10lg(

3

2
22N ) + 10lg(

2k + 1

π2k
OSR2k+1)

OSR =
fc

2 ·Bmax

(4)

1 In the envelope path of polar transmitter, A(t) is band

limited by low pass filter to control the harmonics level, so the

bandwidth of the baseband envelope signal is almost equal to

the data rate. According to Eq. (4)1, where N is the output bits

per symbol and k is the order number, first order 1 bit LPSDM

clocked at fixed 912MHz frequency will have a signal-to-noise

ratio (SNR) of 106.3dB which can meet the spectral mask

requirements. Comparing to the first order LPSDM, 2nd order

SDM can improve SNR further but it also increase the delay

between envelope and carrier clock signal, in addition, extra

processing power will be used with one more order. Here 1st

order LPSDM is used.

From frequency domain, the transient ANDing of SDM en-

velope and quantized differential carrier signal can be viewed

as the convolution of two signal’s frequency components. As

illustrated in Fig. 5, the LPSDM processed envelope signal

1This is a single tone SDM calculation equation.
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Fig. 6. Power loss caused by limited edge slope.

has a high pass quantization noise and it reaches the peak

level about half way to the sampling frequency. The mixed

output signal is shown in the third quadrant of Fig. 5. It has

to be mentioned the quantization noise is not symmetrical

around carrier frequency for the output Vdiff signal. This is

because the quantization noise in range [0, fc] is the overlap

of SDM envelope noise of [0, fc] and [fc, 2fc] while the

noise in range [fc, 2fc] is the overlap of [0, fc] and [2fc, 3fc].
The output signal Vdiff may have a high spurious noise at

frequency locations away from center carrier, this may violate

the spectral mask and a band filter is compulsory. This is the

only disadvantage of using digital polar architecture and the

parameter for bandpass filter selection will be introduced in

Section IV.

In comparison with the traditional polar transmitter, a

higher integration level can be realized by this proposed

polar transmitter, the filter number and design requirements

are relaxed in all digital polar transmitter and pure digital

process with integrated switching class-D PA can be used to

reach satisfactory output power. It has to be mentioned that to

connect the class-D PA, a driver stage will be used and it will

consume certain amount of power. Further investigation will

be needed on PA optimization or use different topologies like

cascaded architecture in the power amplifier design.

III. SIGNAL ANALYSIS IN POLAR TRANSMITTER

Since the polar transmitter has asymmetrical topology (en-

velope and carrier paths), the synchronization of two paths

will directly affect the output signal quality. In digital polar

transmitter, additional requirements are raised because the

skew and jitter noise will affect the square wave signal.

The distortion in ideal 50% duty cycle signal is analyzed to

determine the minimal waveform quality requirements.

A. Carrier Pulse Edge Slope

The rising/falling time requirement of pulse signal Vdiff is

different from envelope signal slope. The envelope information

contained in the masked pulses is used to sustain Out signal

power and it is better to have ideal square shape. Due to limited

drivability, ideal square waveform is hard to achieve and trape-

zoidal or even triangle waveform may happen as illustrated

in Fig. 6. Using Fourier transform, frequency components of

Vdiff is given in Eq. 5, where τ is the half slope time and ω0 is

the carrier angular velocity 2π/T , to keep the carrier frequency

output signal power loss smaller than -1dB, τ should not be

larger than 0.13T. At 912MHz frequency, this limitation is

clkp

SD

clkn

a

b

clkp

clkn

a

b

SDp

SDnerror

Fig. 7. Skew and jitter tolerant mixing scheme.

equal to 285pS for the rising falling edge slope.

Vdiff (t) =
4VDD

π

+∞∑
n=1,3,5···

1

n
· sin(nω0τ)

nω0τ
· sin(nω0t) (5)

The waveform illustration also triggered another design

consideration of the mixing of clk and SD signals, to ensure

correct matching at the AND gate, the SDM processed signal

SD must have enough pulse width to cover the clk signal.

However, if there is only one SD signal, increase the pulse

width will cause error output as shown in Fig. 7. To generate

the correct signal a and b, the SD signal can be copied into

two same width signal SDp and SDn with different delay.

They will cover positive and negative phase clk signal and be

more tolerant to jitter and skew in the system.

B. Delay trimming circuit

Since the digital polar transmitter has asymmetrical system

architecture, the synchronization can only be realized by the

LPSDM. In the system, discrete time LPSDM is used, the

signal SD will lag off clk for one period. In addition, as stated

above, the fault tolerant mixing of SD and clk will use the

duplicated signals SDp and SDn, the delay trimming circuit

must be used to control the delay in the range described in

Eq. (6).

(k − 1

2
)T − tj − ts ≤ Td D1 ≤ kT + tj + ts

kT − tj − ts ≤ Td D2 ≤ (k +
1

2
)T + tj + ts

(6)

In Eq. (6), ts is the skew time and tj is the jitter that may

happen during the propagation of the carrier signals. k is the

modulation order and it is 1 for first order LPSDM.

The block design considerations and signal quality require-

ments calculated in this section are built upon the signal wave-

form models. In real application, the performance of spectral

margin and band filter requirements can only be achieved

through random signal simulation and they are presented in

following section.
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Fig. 8. Edge slope caused spectral mask violation.
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Fig. 9. Spectral margin by different controlled slope.

IV. RANDOM PATTERN SIMULATION RESULTS

In this section, a passband MATLAB model is designed,

128 bits random data with other overload bits is used to

evaluate the effect of envelope edge slope. Based on the output

simulation spectrum, the efficiency is also estimated and the

requirements of UHF band filter are established.

In the simulation, a ’Blackmanharris’ FIR filter is used and

the rising and falling edge slope is linear related with the

filter window length. In the frequency domain, the passband

bandwidth is inverse proportional to the window length under

the condition of fixed sampling rate. With longer window,

more high frequency components are filtered and the baseband

square wave turns into trapezoidal signal with smaller har-

monics. In this way, the harmonics up-converted to UHF band

is attenuated as shown in Fig. 8 with interpolated spectrum

margin shown in Fig. 9.

From the simulation, if the rising falling edge slope is larger

than 0.13Tari, EPC-C1G2 multi-tag environment spectral mask

can be met. The small violation of spectral mask at the edge of
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Fig. 10. Spectrum of UHF RFID digital polar transmitter random bits
simulation.
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Fig. 11. Band of interest power percentage in digital polar RFID transmitter.

channel 0 is due to the configuration of curve average function

used in spectrum plot function. With larger rising/falling

time of 0.2Tari, dense-tag environment spectral mask is also

complied. The maximum allowed slope in [7] is 0.33Tari, so if

the envelope slope rate is controlled in the range of 0.265Tari

to 0.33Tari, there will be no spectral mask violations for this

digital polar transmitter. The curve shown in Fig. 9 is only

measured up to -70dB but the value and trend proved the

prediction will be valid if the slope is in the selected range.

The broad scale spectrum is shown in Fig. 10 with the

range of 850MHz to 970MHz. The problem shown from the

simulation is that the noise level is higher than -65dB for

frequency range 10MHz away from center frequency. The

noise is generated by LPSDM noise shaping functionality and

they will affect communication in other distant channels. To

attenuate the noise level, a narrow band filter can be used

to replace the general UHF bandpass filter and it should have

20MHz -3dB bandwidth and 10dB attenuation at 12MHz space

from center frequency. The use of filter will reduce the power

efficiency since the class-D PA generated square wave is con-
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taining signal power and noise power. By measuring the band

of interest power and noise power, the power efficiency results

is shown in Fig. 11. About 99% of power is concentrated

around the carrier frequency within 640kHz range and it is a

proof of the high system efficiency achieved by using H-bridge

class-D PA. The 77% minimum theoretical efficiency is much

higher than the 31% efficiency in systems using linear class-A

PA. With pure digital process, the digital polar transmitter is

a promising solution for low power RFID applications.

V. CONCLUSIONS AND FUTURE WORKS

The proposed UHF RFID digital polar transmitter archi-

tecture is analyzed based on the EPC Class 1 Generation 2

global specifications. The design requirements for the circuit

blocks are calculated by using mathematical expressions and

transient signal explanations. In the system, due to using

all digital process and the high speed low pass sigma delta

modulation, the design parameters of the linear transmitter

system are converted into timing requirements like duty cycle,

signal waveform shapes and delays, however, the proposed

system is verified to achieve the same linearity performance

as traditional analog system. With fast digital process and

low switching loss digital process, the theoretical efficiency

increased to at least 77%. By random pattern signal simulation,

disadvantages of the transmitter is also identified, however,

by using a common bandpass filer with parameter extracted

from simulation, the system will be fully meet air interface

requirements

For the future work, the digital polar transmitter will be

designed in submicron CMOS process to verify the real

performance. It is expected to have power loss and efficiency

decrease in the design but with scaling possibility, the system

will be more low cost and the theoretical high efficiency has

given the new topology transmitter a good start point for RFID

applications.
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All-Digital Transmitter based on ADPLL and Phase
Synchronized Delta Sigma Modulator

Jian Chen, Liang Rong, Fredrik Jonsson and Li-Rong Zheng
iPack Vinn Excellence Center, ICT School, KTH (Royal Institute of Technology), Kista, Stockholm, Sweden

Abstract—A novel architecture of all-digital polar transmitters
is proposed, mainly composed of an all digital PLL (ADPLL) for
phase modulation, a 1-bit low-pass delta sigma (ΔΣ) modulator
for envelop modulation and a high efficiency class-D PA. The
low noise ADPLL and high oversample ΔΣ modulator relax
filter design, enabling the use of a on-chip filter. The differential
signaling scheme enhances the power of the fundamental tone
and suppresses DC and high harmonics. The transmitter was
fabricated in a 90nm digital CMOS process, occupying 1.4
mm

2. The measurement results demonstrate effectiveness of the
architecture. The digital transmitter consumes 58 mW power
from a 1 V supply, delivering a 6.81-dBm output.

Index Terms—All digital, polar transmitter, transmitter, AD-
PLL, Delta Sigma

I. INTRODUCTION

As to radio frequency (RF) transmitters (TX), polar archi-
tectures [1] have received increasing attention in the literature
due to the features of reduced component count, low power
consumption and high integration level [2]–[6]. It utilizes two
main components: PLL and power amplifier (PA) for signal
modulating and amplifying. The polar TX is traditionally an
analog block, needing long redesign time and facing increasing
challenge due to reduced voltage headroom when process
scaling-down [3]. To overcome this dilemma and benefit
from the digital CMOS process scaling-down in terms of
power, redesign time and integration level, a digitally intensive
solution is preferred.

In this work, we propose an true all-digital polar TX mainly
composed by a low noise ADPLL with wideband frequency
modulation, a low pass phase synchronized ΔΣ modulator,
a pulse shaper, a class-D PA and on-chip filter and match
network. The analog nature of each block is terminated at their
interface so that all signal processing are in digital domain.
The recombination of the phase and envelope modulated
signal in digital domain relaxes the synchronization design.
The phase modulated output of the ADPLL do not contain
the image and show clean spectrum due to the low noise
feature achieved by a pulse wave (class-C) oscillator. The ΔΣ
modulator takes the ADPLL output as the clock signal to per-
form pulse width modulation (PWM) according to baseband
envelope information. By do so, the class-D PA can operate
in a constant supply, saving the power loss and reducing
AM-to-PM distortion compared to the architecture using a
PA power supply modulator for envelope modulation. To
increase the spectrum power around the carrier and suppress
the power at DC and other harmonics, a differential signaling
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Fig. 1. The proposed all digital polar transmitter.

is accomplished by using the pulse shaper. The stage number
of the class-D PA and the size of each stage are co-designed
to fulfill maximal power efficiency.

II. ARCHITECTURE AND OPERATION PRINCIPLE

The proposed polar TX shown in Fig. 1 is a true all digital
solution with inherent analog feature of each building block
terminated at the interface. It makes use of the low-noise
ADPLL to perform phase modulation, eliminating the need
of a high-Q external (SAW) filter to remove image. The
output clock CKV containing the phase θ information is then
used as the oversampling clock of the 1-bit low pass ΔΣ
modulator. This modulator conducts pulse width modulation
(PWM) according to the envelope ρ information, producing
a 1-bit digital pulse output SD containing both θ and ρ
information. In the spectrum of SD the useful information (θ
and ρ) is located around the first-order alias of CKV instead
of the baseband, which is another distinctive feature of our TX.
The high oversampling rate pushes quantization noise far away
from the carrier frequency, relaxing the filter design. With the
ΔΣ modulator, a class-D PA with constant power supply can
be utilized instead of modulating the power supply and hence
relax the resulting power loss and AM-to-PM distortion.

The digital pulse SD is ready to directly input into the class-
D PA to drive the antenna since it incorporates the complete
baseband information. However, instead of doing that a pulse
shaper is inserted before the class-D PA to perform a differen-
tial signaling. This increases the power of the spectrum around
the first-order alias of CKV and suppresses the aliases at
others, compared to the single-ended scheme and the scheme

978-1-4244-8292-4/11/$26.00 ©2011 IEEE
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Fig. 2. Time domain signal flow.

in [6]. It also removes DC components, mitigating the DC
offsets problem at receiver ends. The differential style is also
preferred for low supply voltage which is the usual case in
a deep-submicron CMOS process. This differential scheme is
accomplished by the following operation:

Vdiff = SD & CKVD − SD & CKVD (1)

where CKVD and CKVD are the delayed versions of
CKV and CKV respectively, being synchronous with SD.
The signal processing in time-domain is illustrated in Fig.2.
The pulse shaper (the AND gate) performs AND operation,
yielding two differential output P (= CKVD&SD) and
N (= CKVD&SD). The phase of P and N contain the
phase information θ while their pulse density relating to the
envelope ρ so that P and N comprise the complete baseband
information. Then the differential output Vdiff (= P −N ) is
filtered to remove the shaped quantization noise and out-of-
band spurs, producing the final output Vout.

III. CIRCUITS DESIGN

A. Digital Delay Block

As shown conceptually in Fig. 1, a delay block is used to
synchronize CKVD and CKVD with SD. It should create
a delay equal to the propagation delay (tPD) from the clock
to the output of the ΔΣ modulator. For a high frequency
application, it is not easy to yield and calibrate the delay
accurately. Hence, a delay scheme with the timing diagram
shown in Fig.3 is designed in real implementation . SD Lead
and SD Lag are two different delayed versions of SD. While
SD Lead is phase lead to CKVD by time tLD, SD Lag
is phase lag to it by tLG. Two AND operations of the pulse
shaper now are performed between SD Lead and CKVD,
and between SD Lag and CKVD. By doing so, the delay
(tLD and tLG) do not need to be controlled accurately as long
as

tLD, tLG < TCKV /2 (2)

where TCKV being the period of CKV .
The delay scheme is fulfilled as shown in Fig. 4(a). The

delay unit (Fig. 4(b) and (c)) is based on the current steering
technique to meet the requirements of full swing switching and

SD_Lead

SD_Lag

CKVD

CVKD

P=CKVD & SD_Lead

N=CKVD & SD_Lag

tLD

tLG

Fig. 3. The proposed delay scheme timing diagram.
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Fig. 4. The implementation of the delay scheme.

multi GHz operation frequency. The reshape buffer is used
to keep 50% duty cycle of the delayed signal. Without the
reshape buffer, the original duty cycle can be damaged due
to the unbalanced charge and discharge path of the current
steering unit. The delay unit has totally 32 delay steps with
each step of 20 ps delay.

B. Class-D PA, Pulse Shaper and Transformer Filter

The class-D PA is a critical block in terms of the power
efficiency. The number of the stages and the MOSFET size of
each stage should be optimized as far as the power efficiency
is concerned. The power loss model of the proposed class-
D drivers is shown in Fig. 5. As seen each stage except the
last one has two power losses (Fig. 5(b)): Pl the loss of
the load capacitance Cl and Ps the loss of the short-circuit
current during transition. The last stage contains an additional
power loss (Fig. 5(c)): Pi the internal resistance loss. Pi is
caused by the direct current path formed by the load and
the last stages of both arms, since they are differential. As
the optimization involves several non-orthogonal parameters,
a numerical method is used. It starts with the last stage. The
size of both PMOS and NMOS devices are numerated to find
the peak efficiency. It is accomplished by using a contour plot
of the power efficiency versus the size of PMOS and NMOS
devices.

The pulse shaper is formed by two high speed AND gates
and custom designed to meet the high speed and low jitter
requirements. The transformer based 4th order filter (Fig.1)
realize the purpose of differential to single ended conversing,
the impedance matching and the filtering the harmonics of the
digital waveform. The trimming capacitance Ctrim is used to
tune the center resonating frequency of the filter. During the
optimization procedure, the value of inductance L1 and L2
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Fig. 5. Class-D PA power loss model.
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Fig. 6. The simplified schematic of the DCO and its tuning circuits.

are first determined, then other parameters are optimized by
tuning the area.

C. Class-C DCO with Fine Frequency Tuning

The DCO is the key building block in the TX. Both its
phase noise and power consumption are the main contributor
in the system budget. To achieve an efficient DCO in terms of
low phase noise and low power, we utilize the drain current
pulse shaping technique as shown in Fig.6(a). Compared
to the conventional LC-tank oscillator under the same bias
condition, the pulse wave oscillator (PW-VCO or Class-C
VCO) produces 2.2−3.9 dB higher oscillation amplitude [7],
[8] and hence illustrates better phase noise performance.

In order to achieve a wide tuning range and a fine tuning
step, four capacitance banks are designed as in Fig.6(a). The
bank SwCap is 4-bit binary-weighted with the unit as in Fig.
6(b), showing the widest tuning range in the four banks. Other
three banks are unit-weighted. The coarse (64 bits) and fine
bank (32 bits) have the same unit as in Fig. 6(c). The least
significant bit (LSB) of the coarse bank contains 64 units
while that of the fine bank has only one. The tuning resolution
is usually limited by the minimum device in a certain process.
For a 90nm process, the minimum device (120 nm) forms the
varactor representing a 62.07-aF capacitance step. To break
this limitation, we adopt the arrangement as shown in mini
bank unit (Fig. 6(d)). As a result, a 1.94-aF capacitance step
is achieved in the 90nm process. This approach is simple and
low power compared to the ΔΣ method [3], however efforts
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should be paid in the layout stage to achieve good matching
and hence a linear tuning curve.

D. TDC, DCO Accumulator, and Other ADPLL Blocks

The proposed ADPLL in our transmitter is based on a
similar architecture proposed by Staszewski et. al [3]. A two
point modulation scheme is adopted as shown in Fig. 1 to
achieve a wideband frequency modulation as long as the
correct estimation of the ADPLL loop gain.

TDC and DCO phase accumulator operates in RF frequency
domain, needing to be custom designed. As to TDC design,
several topologies are available such as Vernier delay line TDC
[9], invertor chain TDC [3], gated ring oscillator TDC [10] and
so on. The invertor chain TDC is adopted in this design due
to its design simplicity and potential low power features. The
DCO phase accumulator has two parts (RF part and standard
cell part) in order to save power and reduce design complexity.
Only the RF part is custom designed whose most significant
bit (MSB) is then used as the clock input for the standard cell
part. In these designs high speed flip-flops are needed, hence
the sense amplifier based flip-flop (SAFF) [11] is adopted to
meet the requirement.

A reconfigurable first-order digital loop filter is imple-
mented as the loop controller. Comparing to the analog PLL,
the use of the digital loop filter is one of major advantages
since it saves a large portion of the silicon area. Both the
order and gain can programmed to enable a fast lock and
achieve the optimal performance. The loop filter and other
blocks are implemented by using standard cells, enjoying the
design automation.

IV. EXPERIMENTAL RESULTS

The proposed digital transmitter prototype was fabricated in
the UMC 90nm CMOS process as shown in Fig.7, occupying
1.4 mm2. Fig. 8 illustrates the measured phase noise of
the ADPLL operating at frequency of 1.7 GHz with 12
mW power consumption from a 1-V supply. The integrated
phase noise from 1 kHz to 2 MHz calculated by using

180/π
√

2 ·
∫ 2M

1k
10L(f)/10df is 0.4 degree.

Fig. 9 demonstrates the measured demodulated constellation
when only the ADPLL is used to perform a π/4-QPSK
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phase modulation with 1.7-GHz center frequency, 250-kHz
symbol rate and raised cosine filter. This figure indicates the
accuracy of the ADPLL when performing phase modulation.
The resulting rms error vector magnitude (EVM) is 3.2%.

Fig. 10(a) is the measured TX output spectrum in a
20-MHz span when performing π/4-QPSK modulation. It
demonstrates that good near band spectral performance is
fulfilled. Fig. 10(b) is the TX output spectrum in a 400-MHz
span when performing single tone envelope modulation. As
seen, by using the ΔΣ modulator for the envelop modulating
the noise is shifted to high frequency offset which can be
filtered by using the on-chip filter, relaxing filter design. The
digital transmitter consumes 58 mW power from a 1 V supply
when delivering a 6.81 dBm output.

Table I summaries performance of the TX and compares
other state-of-art designs mainly in terms of area, power
consumption and efficiency. As seen, our TX has small silicon
area and achieves the best TX power efficiency. Application-
specific measurements will be performed in future work.

V. CONCLUSION

An all digital polar transmitter was proposed and imple-
mented in a 90 nm CMOS process. It uses an ADPLL to
perform wideband phase modulation while a 1-bit low-pass
ΔΣ modulator for envelop modulation. The modulated digital
carrier is then pulse shaped to achieve a DC-free differential
coding. The non-linear switched-mode class-D PA with a
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Fig. 10. The measured normalized TX output spectrum (a) when performing
π/4-QPSK modulation, and (b) when performing single tone amplitude
modulation.

TABLE I
PERFORMANCE COMPARISON AMONG THE PUBLISHED STATE-OF-ART

POLAR TRANSMITTERS

Para. Ours [2] [3] [4] [5]

Process (nm) 90 0.5μma 90 90 65
Area (mm2) 1.4 7.65 1.5 3.8b 0.8
Architecture Digital Analog Digital Digital Digital

Output power 6.81 8 6 7 8
Power consume (mW ) 58 148.5 50.4 65.8 90
TX Power Efficiencyc 8.3% 4.2% 7.9% 7.6% 7%

a SiGe BiCMOS.
b Including both transmitter and receiver.
c The ratio of output power to total power of TX front-end.

constant power supply deliver the amplified signal to the on-
chip matching and filtering network. Measurements justify the
concept and demonstrate good performance in terms of phase
noise, area and power efficiency.
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A 11.4dBm 90nm CMOS H-Bridge Resonating
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Abstract—Using RF Sigma Delta Modulation (RFSDM), a
class-D polar amplifier in H-Bridge configuration can work in res-
onating mode and minimize the switching loss for high efficiency
polar transmitters. The high oversampling ratio envelop bit
stream created by the low pass RFSDM is phase modulated and
digitally mixed with quantized RF carrier to give a modulated
RF digital signal. By taking the advantage of high speed and
accurate digital CMOS process, this ’information combination’
architecture can achieve high efficiency and reduce the need for
external filter components. A polar power amplifier based on this
concept is implemented in 90nm CMOS process and achieved a
peak output power of 11.4dBm with 19.3% efficiency at 1.0V
power supply. The total area is 0.72mm2 including an on-chip
filter matching network designed for 2.4GHz to 2.7GHz band.

Index Terms—Low Pass RF Sigma Delta Modulation, H-Bridge
Digital Polar Amplifier, on-Chip Filter Matching Network, Digital
Delay Trimming.

I. INTRODUCTION

Polar transmitter has been proved to give high efficiency in

constant envelop [1] and varying envelop wireless communica-

tions [2][3]. For systems with high linearity and large signal-

to-noise ratio (SNR) requirements, the use of linear power

amplifier (PA) incurs large power waste and placed a severe

constraint on the whole system efficiency. While for polar

transmitter, by using switching power amplifiers like class D

or E working in saturation mode, a theoretical 100% efficiency

can be achieved [4].

In large peak-to-average ratio (PAR) signal case [5], practi-

cal polar amplifier will experience substantial power modula-

tion loss due to the Rayleigh distribution of envelop amplitude.

To improve the efficiency of power modulator in traditional

polar architecture (Fig. 1), the varying envelop signal is

used as reference to generate pulse width modulated (PWM)

power supply to the amplifier [6][7]. This topology requires

large off-chip filtering components and the optimization of

filter bandwidth is a compromise between envelop linearity

and efficiency[8]. In traditional polar amplifier, the AM-

PM distortion is another problem and compensation or pre-

distortion algorithms have to be used to shape adjacent channel

noise [12]. Other schemes [1][3] using band pass delta-sigma

modulation (BPDSM) and class-D PA have been proposed.

These schemes require sampling clock higher than carrier

frequency and can be very difficult to implement for over

giga-Hertz band transmissions. And it has varying switching

position when output current is large, the switching loss will
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Fig. 1. Power (envelope) modulation scheme polar transmitter.
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Fig. 2. H-Bridge resonating polar amplifier topology.

be high for BPDSM. Alternative scheme employing low-pass

delta sigma modulation [4] has been proposed but it generates

maximum output power at low frequency band.

In this work, alternative to ’power combination’ scheme,

an ’information combination’ architecture is demonstrated in

Fig. 2. Using low-pass RF sigma delta modulation clocked at

carrier frequency, an envelop bit stream signal is generated. By

combining the RFSDM bit stream with RF carrier, H-bridge

configuration class-D amplifier fully utilize the low supply

voltage and the zero crossing switching ensured minimum

switching loss. Except for the analog interface, matching

network and driver stages, the system can take the advantage

of fast and accurate digital CMOS process and these features

are attractive in future wireless communication transmitter

systems with scaled CMOS process.

The content of this work is arranged in following orders. In

Section II, proposed polar amplifier architecture is analyzed

from both transient and spectral domains. The circuit designs

are presented in section III and measurement results will be

presented and explained in section IV. The last part will be

the conclusions on the proposed transmitter architecture and

further works.

978-1-4577-0704-9/10/$26.00 ©2011 IEEE 307
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Fig. 3. Transient signal processing illustration in polar PA.

II. POLAR ALGORITHM AND AMPLIFIER ARCHITECTURE

In polar transmitter, baseband processor will extract the

envelop and phase information according to Equation (1). The

phase control signal Θ(t) has to be processed to avoid large

⎧⎨
⎩
Env(t) =

√
I(t)2 +Q(t)2

Θ(t) = arctan
(Q(t)

I(t)

) (1)

phase hopping from -π to +π due to its complex nature. The

bandwidth of envelop signal should also be limited suitably

because the effective bandwidth of the baseband envelop signal

will be at least two times larger than the complex baseband

signal due to the discontinuity in envelop derivative.

The output from digital PLL is a quantized differential

carrier signal and the phase modulation information is defined

by the rising/falling edge position. The positive branch of

the differential clock is used as the low pass RFSDM mod-

ulator clock and this distinctive architecture feature brings

three advantages. Firstly, the phase and envelop signal path

are synchronized, this helps to reduce the spectral regrowth

problem caused by phase and envelop timing mismatch [9].

Secondly, by using high oversampling ratio, the 1-bit RFSDM

envelop output signal will have good linearity and high signal-

to-noise ratio (SNR) according to Eq. (2).1

⎧⎪⎪⎨
⎪⎪⎩
SNRmax = 10lg(

3

2
22N ) + 10lg(

2k + 1

π2k
OSR2k+1)

OSR =
fc

2 ·Bmax

(2)

In Eq. (2), N is RFSDM resolution bit number, k is the

modulation order and Bmax is maximum effective envelop

bandwidth. The RFSDM shaped quantization noise is pushed

away from carrier center and ease the on-chip filter de-

sign. Thirdly, not like BPDSM or PWM modulation used in

[1][3][6], low pass RFSDM do not need to use extra high

oversampling clock so it is more preferable in over giga-Hertz

frequency applications. What is more, the output current and

voltage of H-Bridge class-D PA will be in phase and this

can realize the so called ’soft switching’ PA to further reduce

power loss. The transient signal processing flow is illustrated

in Fig. 3 to explain the critical nodes in the polar amplifier.

1This is a single tone SDM calculation equation.

f

SD

RFSDM
envelop bit stream

f

clk

fc 3fc 5fc

Quantized Carrier
Square Wave

Vdiff

fc 3fc 5fc

Mixed Signal

B

Bandpass
Filter

Out

fc 3fc 5fc

Filtered Signal
Bandpass Filter

fc 2fc

f f

Fig. 4. Spectrum analysis of polar power amplifier.

For every clkp pulse, there are timing matched RFSDM signals

SD and SD′ generated based on input Envelop. To reduce

signal setup time requirements in ’AND’ standard cell, the

SD′ signal is 1/2Tclk lagged behind SD and they are mixed

with clkp and clkn respectively. The pseudo differential output

a and b are input to pulse shaping driver stage (PSDS) instead

of driving H-bridge class-D power amplifier directly, the H-

bridge class-D power amplifier is source pull optimized by

tuning PSDS. Compared to [4]’s single ended solution, the dif-

ferential output Vdiff concentrates more power at fundamental

frequency. After filtering by differential to single ended filter

matching network, phase and amplitude modulated signal is

reconstructed at output node Out with high coding efficiency.

In the frequency domain, the transient signal mixing of

RFSDM bit stream SD (2nd Quadrant) and quantized clk
square wave (1st Quadrant) will be the convolution in the

spectral domain (3rd Quadrant). The shaped noise of RFSDM

envelop bit stream will have rising amplitude until half sam-

pling frequency and then attenuated due to the SINC mask

of square waveform. The quantization noise between 0 and

fc will be higher than the noise in fc and 2fc due to the

overlapped noise from negative axle. The filter matching

network will perform the bandpass filtering to reduce the

shaped noise and ensure the Out spectrum compliant with

spectral mask requirements.

III. CIRCUIT DESIGN FOR POLAR AMPLIFIER

To increase the adaptivity of polar amplifier in different

modulation schemes, the RFSDM modulator is realized by

off-chip FPGA with high speed serial interface and the on-

chip blocks are mostly re-using standard digital cells in the

control and mixing circuits. The ADPLL is not included in

this work due to the layout limitations and test configuration.

A. Digital Phase Delay Trimming

To ensure correct mixing of phase (clkp and clkn) and

RFSDM envelop signal (SD and SD′), a digital controlled

delay trimming circuit is inserted in the differential phase

signal path to balance the RFSDM modulator propagation
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Fig. 5. Digital delay trimming circuit.
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Fig. 6. H-bridge class-D power amplifier model.

delay. In over giga-Hertz and low supply voltage application,

current steering architecture was chosen due to its simple

structure and fast response speed. The circuit diagram is as

shown in Fig. 5.For each differential branch, there are 20

control bits divided into 4 groups and it can realized total

128 monotone integer delay steps with 12pS each (in the linear

region). With additional interface buffer, this module can cover

0.5 to 3 periods delay range so that when different order of

RFSDM is used, correct timing match can be achieved.

B. Pulse Shaping and Driver Stage Optimization

In order to drive the large H-bridge class-D PA (HBCD),

pulse shaping and driver stage optimization is carried out based

on class-D PA model shown in Fig. 6. The stages number

and the P/NMOS transistors size are of critical importance

when efficiency is primarily concerned. The main loss in the

driver stage is the power consumption Plx to charge later

stages and in the last power amplifier stage, the main loss is

the internal transistor turn on resistance loss Pint. For all the

stages, current short through loss Ps exists but it will take less

than 1% power waste due to tens of pico-seconds transition

time. During the design, the class-D amplifier (P/NMOS size)

is firstly fixed, the turn on resistance is reduced based on the

requested output power. Then the driver stage is designed in a

reverse way to find the optimized driving waveform input into

the PA. Generally speaking, the waveform is in trapezoidal

shape to reduce 3rd order harmonics and concentrate more

power at the fundamental frequency.

C. Filter Matching Network

The filter matching network (FMN) is designed not only

to filter out RFSDM shaped noise and high order harmonics,

it also performs the differential to single ended conversion

and match the external 50Ohm load to small load seen at

the PA output. To minimize the power loss caused by the

intrinsic impedance, the transformer primary and secondary

Filter Match 
Network

Class-D PA

Control 
Interface

Delay 
Trimm

SA
FF

980um

98
0u

m

Fig. 7. H-Bridge polar amplifier micrograph and test board.
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stage inductance L1 L2 and conversion ratio is fixed in the first

place, then the remaining components in FMN are designed

based on the equation 3. In Eq. 3, k is the coupling coefficient.

CiCo are the input and output capacitance and Lo is the

output inductance. From the equation we can find for large

coupling coefficient transformer, the tuning of Ci can change

the resonating frequency, so top metal openings are reserved

on the capacitance Ci for laser trimming.

MCinCoS
3Rl

CoL2S2
[
(1 − k2)L1CiS2 + 1

]
+ (L1CiS2 + 1)(LoCoS2 + RlCoS + 1)

(3)

IV. MEASUREMENT RESULTS

The polar amplifier is fabricated in UMC 90nm process and

it occupies 0.72mm2 including the on-chip filter matching

network. The micrograph and test board design is shown

in Fig. 7 and a single 1V supply voltage is used. The

measurement freqency band is from 2.4GHz to 2.7GHz and it

can work up to input buffer limitation of 3.2GHz. Amplitude

modulation and phase modulation measurements are carried

out with carrier frquency band of 2.4GHz to measure the

linearity performance. In Fig. 8, π/4 DQPSK signal with

400kSps (symbol per second) signal is used to measure the

phase linearity. The demodulated constellation has 8.1% EVM

error which shows a good phase response of the amplifier.

In amplitude modulation measurement, A 60% amplitude

modulation depth signal bit stream is used with demodulated

output shown in Fig. 9. The demodulated sine wave demon-

strates the polar amplifier has a linear dynamic response.

In Fig. 10, load pull measurement results shows the polar

amplifier can achieve 11.4dBm maximum output power with

72mA drain current and the maximum efficiency is 19.3%. The
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Fig. 10. Load pull measurement results for H-bridge class-D polar PA.

power back-off measurement is shown in Fig. 11, comparing

to linear PA with constant drain power, polar amplifier drain

power is decreasing with less output power and it has higher

efficiency especially in low output power situation. The perfor-

mance is summarized in Table. I with comparisons of state-of-

art designs in power, efficiency and other design parameters,

among these designs, this work is of lowest supply voltage,

max output power and best efficiency with acceptable EVM

error percentage under specification requirements.

V. CONCLUSIONS AND FUTURE WORKS

A H-bridge resonating digital polar amplifier is demon-

strated in 1.0V 90nm CMOS process. Measurement results

of 11.4dBm peak output power, 19.3% efficiency and linear

amplitude phase response proved the architecture feasibility

and future implementation in all digital transmitters.
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The Design of All-Digital Polar Transmitter Based on
ADPLL and Phase Synchronized Modulator
Jian Chen, Liang Rong, Student Member, IEEE, Fredrik Jonsson, Geng Yang, and Li-Rong Zheng

Abstract—An improved architecture of polar transmitter (TX)
is presented. The proposed architecture is digitally-intensive and
mainly composed of an all-digital PLL (ADPLL) for phasemodula-
tion, a 1-bit low-pass delta sigma modulator for envelop modu-
lation, and a H-bridge class-D power ampli er (PA) for differential
signaling. The modulator is clocked using the phase modulated
RF carrier to ensure phase synchronization between the amplitude
and phase path, and to guarantee the PA is switching at zero cross-
ings of the output current.
An on-chip pre- lter is used to reduce the parasitic capacitance

from packages at the switch stage output. The high over sampling
ratio of the modulator move quantization noise far away from
the carrier frequency, ensuring good in-band performance and
relax lter requirements. The on-chip lter also acts as impedance
matching and differential to single-ended conversion.
The measured digital transmitter consumes 58 mW from a 1-V

supply at 6.8 dBm output power.

Index Terms—ADPLL, all digital, CMOS, class-C DCO, class-D
PA, Delta Sigma, polar transmitter.

I. INTRODUCTION

I N RADIO frequency (RF) transmitter (TX) applications,
polar architecture [1] has received increasing attention in

the literature due to its high power ef ciency, reduced compo-
nent count and high integration level [2]–[5]. The polar archi-
tecture can potentially achieve high power ef ciency since an
ef cient but nonlinear power ampli er (PA), such as class D or
E, can be adopted. This is an advantage in contemporary wire-
less standards where the high peak-to-average ratio reduces the
ef ciency of a linear PA considerably.
A challenge in polar architectures is to realize power ef cient

amplitude modulation path. The amplitude modulation does not
only need to be power ef cient, but also synchronized with the
phase information. The large signal shifts bias point of the PA
creating amplitude to phase conversion, and also cause a non-
linear relation between the amplitude modulation signal and the
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output power. This makes polar modulation transmitters often
require complex pre-distortion and calibration schemes [6].
With process scaling-down the pure analog design entails

long redesign time and confronts increasing challenge due to
reduced voltage headroom. To overcome the dilemma and thus
bene t from the process scaling in terms of power and area or
integration level, the digitally-intensive solution has been pro-
posed [7]. Digital schemes using RF pulse width modulation
(PWM) [8] and bandpass delta sigma (BPDSM) [9] have been
proposed. These schemes allow the power ampli er to work at
constant supply voltage, but requires switching at frequencies
higher than the RF carrier. The high frequency makes the cir-
cuit implementation dif cult. Also since switching not always
occurs at the zero crossing of the output current, switch behavior
will be amplitude dependent causing linearity problems and re-
duced power ef ciency.
In this work, the detailed design of the all-digital polar TX

[10] and measurements are presented. Themain signal path con-
sists of an ADPLL, a 1-bit low-pass modulator, a pulse
shaper and a H-bridge class-D PA. Most signal processing is ac-
complished in digital domain, reducing the design complexity
while increasing the programmability and effectiveness. The

modulator is clocked by the phase modulated carrier and
pulse shaped to maximize the power around the carrier fre-
quency. This ensures switching of the power ampli er always
occurs in the zero crossing of the output current. The recombi-
nation of phase and amplitude modulated signal being nished
in digital domain also relieves the synchronization dif culty be-
tween the amplitude and phase path.
The rest of the paper is organized as follows. Section II in-

troduces the architecture of the proposed TX and its operation
principle. Section III illustrates the building block design in the
ADPLL. The amplitude path including the modulator, the
delay block, the class-D PA and the transformer are demon-
strated in Section IV. Experimental results are presented in
Section V. Section VI concludes the work.

II. ARCHITECTURE AND OPERATION PRINCIPLE
The proposed polar TX is shown in Fig. 1. The phase infor-

mation and the envelope information are extracted from the
baseband I and Q data. The phase is further differentiated with
respect to the sampling time to obtain the frequency devia-
tion .
The low noise ADPLL with wideband frequency modula-

tion (FM) feature is designed to accomplish phase modulation.
As a result is contained in the timing or zero-crossing of the
ADPLL’s output . Then is used as the sampling clock
for the 1-bit low-pass modulator. The modulator conducts

0018-9200/$31.00 © 2012 IEEE
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Fig. 1. The proposed all digital polar transmitter.

Fig. 2. The signal processing in time domain and the corresponding spectrums.

pulse density modulation according to and produces the 1-bit
output . By doing so, the polar modulation is completed with
avoidance of modulating the power supply of PAs [11], reducing
power loss and design complexity. At the same time the high
oversampling ratio of modulator pushes quantization noise
far away from carrier frequency, relaxing the quantization noise
lter design.
The waveforms of and are shown in Fig. 2(a). Both
and have been encoded into where is related in ’s

timing and related to its pulse density. The pulse of can
span exact one or multiple periods. In frequency domain
the quantization noise ( in Fig. 2(a)) of is shaped
due to modulation and aliases around multiple sample fre-
quency are presented due to the sampling process
in the modulator. And the amplitude of aliases are shaped
by a function.
As to the spectrum of , the spectrum content around

is of interest. Due to frequency aliasing the signal

already contain information at and it would in principle
be possible to transmit this signal directly after ltering the
quanization noise. However, due to the waveform of , power
at is relatively low and not practically useful for direct
transmission. In order to rise the power level around ,

is frequency translated so that the baseband is moved to
around . Since is a digital waveform and is a
digital clock, the frequency translation can be accomplished
using simple digital AND gates between and and
thus acting as mixers. By mixing using both inverted and
non-inverted clock a differential output signal is created. Any
edge-misalignment ( in Fig. 2(a)) between and ,
caused by the xed propagation delay from the clock input
to the output of the modulator, would degrade power
ef ciency and increase harmonics. Hence and should
be edge-aligned, which can be done by a xed delay block
(Trim. Delay in Fig. 1). This delay block is programmable
for design exibility and only active during initial calibration
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stage. During operation it is frozen. As seen in Fig. 2(b),
and are the delayed versions of and

respectively, which are edge-aligned with . The spectrum in
Fig. 2(b) demonstrates the power around is raised after
using the AND gates.
To further increase the power around and suppress the

power around DC and other higher harmonics, a differential or
H-bridge style is adopted:

(1)

Fig. 2(c) illustrates the spectrum of the differential output .
It generates higher level (ideally 6 dB higher) and suppresses the
power at DC and other harmonics compared to the single-ended
case in Fig. 2(b). The differential style is selected in order to
achieve high output power at the low supply voltage available.
The class-D PA operates in a rail-to-rail switched mode with

the potential to achieve high ef ciency theoretically 100% [5].
The output stages are optimized to switch only in zero crossing
instant of the output current.
Finally is ltered to remove the shaped quantization

noise and out-of-band aliases, producing the nal output .
The transformer based band-pass lter (BPF) also acts as a dif-
ferential to single-ended converter and a match network be-
tween the TX and load. This on-chip pre- lter is important,
since it minimizes the parasitic capacitance from bandpad and
packages which would degrade the performance of the trans-
mitter.

III. HIGH RESOLUTION AND LOW NOISE ADPLL

Compared to its analog counterpart, the ADPLL illustrates
advantages in system integration and programmability thanks
to the digital nature. The design challenge lies in the quanti-
zation effects on phase estimation and frequency tuning, in-
creasing in-band noise and causing spurious tones. However,
with the process-scaling down, the quantization effects will be
mitigated as the smaller device leads to the ner resolution and
thus smaller quantization noise.
The ADPLL in our TX is shown in Fig. 3(a). It is based on

a similar architecture proposed by Staszewski et al. [6], [7],
[12], [13]. The operation of the ADPLL has some similarity
with the analog PLLs [14]. The phase accumulators and TDC
(time-to-digital convertor) are used to estimate the phase
of the DCO (digital controlled oscillator) clock and the
phase of the reference clock as nite-length digital
numbers. Both and are synchronized to the retimed ref-
erence clock . The phase detector performs a simple arith-
metic subtraction between and , producing phase error

to adjust the frequency of the DCO until it
being locked. To solve the potential metastability problem when
retiming using , is sampled by the both edges
of as shown in Fig. 3(b). Only one path is selected by

. is generated by TDC indicating
whether or not the ’s rising edge is suf ciently far away
from the ’s rising edge to avoid metastability.
Though direct FM of a RF PLL is a cost-effective solution

compared to the use of mixers, it is a challenging task. Wide-
band FM requires a large PLL bandwidth, however the band-

Fig. 3. (a) The block diagram of the ADPLL and (b) the retiming circuit.

width usually needs to be kept small to achieve good phase noise
performance. To break the tradeoff and hence ful ll a wideband
FM, a two-point modulation scheme [7] is adopted as shown
in Fig. 3(a). With the correct estimation of the DCO gain, the
ADPLL illustrates all-pass frequency response to the modula-
tion input , achieving a wideband frequency modulation.
In the following discussion, we will present the building

blocks of the ADPLL with highlighting the design of low
power, low noise and ne frequency resolution DCO.

A. Class-C DCO With Fine Frequency Tuning

The DCO is the key building block in the ADPLL. Its phase
noise and power consumption are important factors for the
overall system performance. To achieve an ef cient DCO, both
circuit level and topology level optimization are exploited.
The circuit level involves enhancing the Q-value of inductors,
biasing the DCO in the current limited regime [15] and properly
sizing devices [16].
As to the topology level optimization, we utilize the drain cur-

rent pulse shaping technique [17], [18] as shown in Fig. 4. Com-
pared to the conventional LC-tank oscillator under the same
power consumption, the pulse-wave (PW) oscillator (or class-C
oscillator) produces 2.2–3.9 dB higher oscillation amplitude and
hence lower phase noise. This comes from the pulse-wave drain
current1 (Fig. 5(a)) instead of a near rectangular wave drain cur-
rent (Fig. 5(b)). Fig. 5 shows the drain current and gate voltage
in both PW mode and conventional mode

under the same bias current. The can be
set by the automatic bias voltage control (AVC) loop [19].
In order to achieve both a wide tuning range and a ne tuning

step, four capacitor banks are designed as indicated in Fig. 4.
1Compared to rectangular wave, the pulse-wave drain current has the higher

fundamental tone under the same average current and thus yields higher oscil-
lation amplitude.
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Fig. 4. The main schematic of the pulse-wave (PW) DCO.

The bank is 4-bit binary-weighted as in Fig. 6(a),
having the widest tuning range among the four banks. This
bank operates in the initial stage to select a correct frequency
band for the PLL, taking into account the frequency shift
due to the process, temperature and voltage (PVT) variation.
When the PLL is set within the proper frequency range, the
control code of the bank is frozen. Then the other three
banks ( bank (64-bit), bank (32-bit), and
bank (32-bit)) become active. They are all unit-weighted with
thermometer control codes to ensure good matching and hence
a monotonic frequency tuning curve. The whole tuning range
of the bank is designed to be larger than that of the
least signi cant bit (LSB) of the bank to make sure
there is a frequency overlap between them. To make the tuning
curve continuous when transiting from one bank to the other,
the tuning range of the bank LSB equals exactly the
whole tuning range of the bank, and the and
bank also have this relation. The same unit as in Fig. 6(b) is
adopted by the and bank. However, the
bank’s LSB contains 64 of this unit while the bank’s LSB
only contains one. The design parameters of the DCO capacitor
banks is illustrated in the Table I.
The nite frequency tuning resolution introduces quantiza-

tion noise and contributes the in-band phase noise of the ADPLL
output [12] and hence a small tuning step is always desired. Gen-
erally the tuning resolution is limited by the minimum device
of a certain process. For a 90 nm process, the minimum device
(120 nm) forms a varactor with a 62-aF capacitance step. To
reduce its phase noise contribution, the modulator can be
utilized [12]. It would be necessary to operate the modulator at
high frequency to lower the impact of the shaped noise, com-
plicating design and consuming extra power. Another approach
can be utilized with smaller cost. It is based on the fact that the
minimum increment (the grid size) in a certain process is usu-
ally much smaller than the minimum width. The arrangement
is illustrated in Fig. 6(c), which is constituted by two different

Fig. 5. Simulated gate voltage and drain current in (a) the PW or class-C mode
when and (b) the conventional mode when .

width devices. The difference is 5 nm which is the minimum in-
crement allowed in the 90 nm process. The operation principle
is illustrated in Fig. 7 where the capacitance versus the control
voltage of the bank unit is illustrated together with that
of 120-nm devices and 125-nm devices. By doing so, a much
smaller capacitance step (2-aF) can be ful lled. In this design,
the capacitance step of the bank unit is practically 32 times
of the bank unit, resulting in a 32-bit bank. This ap-
proach is simple and low power. Efforts should be paid in the
layout to achieve good matching and tolerate PVT variations.
The layout of these unit-weighted capacitor banks are critical

in order to create a continuous monotonic tuning curve. In our
design, a symmetrical layout scheme is adopted as shown in
Fig. 6(d). Three banks are arranged as a 65 65 matrix. The

bank is tightly embedded in the middle of the bank
for matching purpose. From 1 to 64, each of them
contains one bank LSB and one bank LSB due to
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TABLE I
DESIGN PARAMETERS FOR DCO CAPACITOR BANKS

Fig. 6. Frequency tuning capacitor banks: (a) the switched capacitor bank unit,
(b) the coarse and ne bank unit, (c) the mini bank unit and (d) their layout
arrangement.

Fig. 7. Capacitance versus control voltage of the bank unit.

their relation discussed before. The bank is put at 65.
It has 32 bits and each bit is approximately two times in size
than that of the bank, so a dummy unit is inserted to make

65 also contain 65 elements.

B. TDC and DCO Phase Accumulator
The TDC and DCO phase accumulator operate in RF fre-

quency domain, being custom designed. As to the TDC, there
are several topologies available in the literature such as Vernier
delay line TDC [20], inverter chain TDC [7], gated ring oscil-
lator TDC [21]. The inverter chain TDC is adopted in this design

due to its design simplicity and potential low power consump-
tion. The simulation shows the TDC can achieve a resolution of
22 ps in the slow/slow process corner and 18 ps in the typical
corner.
The DCO phase accumulator has two parts in order to save

power and reduce design complexity, shown conceptually in
Fig. 8. The rst part is custom designed, working in high fre-
quency as a 3-bit asynchronous counter. The delay cells at the
output are used to synchronize the 3-bit output. The other part is
using standard cell implementation which takes the MSB (Most
Signi cant Bit) of the 3-bit asynchronous counter as its clock
input. High speed ip- ops being able to operate at RF fre-
quency are needed in both the TDC and DCO phase accumu-
lator, hence the sense ampli er based ip- op (SAFF) [22] as
shown in Fig. 9 is adopted to meet the requirement.

C. Loop Filter and Other Building Blocks
A digital loop lter is implemented as shown in Fig. 10. Com-

paring to the analog PLLwith passive analog loop lters, the use
of the digital loop lter is one of major advantages since it saves
a large portion of the silicon area. The gain of both arms of the
loop lter can be adjusted by using shift registers, enabling us to
change the loop dynamics of the ADPLL. The integral arm can
be switched off, resulting a type-I PLL loop for fast locking. The
loop lter works in low frequency, so it is implemented using
standard cell library, enjoying design automation.
The rest of the blocks as the reference phase accumulator,

phase detector and so on operates in the reference clock domain
so that they are implemented using standard cell library with the
aid of automatic design tools.

IV. AMPLITUDE PATH CIRCUIT DESIGN

A. Modulator
The modulator is processing the envelope signal and con-

verting it into a pulse density modulated bit-stream . To en-
sure is always phase synchronized with the phase modu-
lated carrier , the modulator is clocked by . In
the ideal case, each transition edge of should be aligned with
the rising edge of . However, due to the propagation delay

of the modulator there is a xed offset between
them. This offset can be compensated using a trimmable delay
block (Trim. Delay in Fig. 1) at initial calibration stage. Imple-
mentation of this delay is explained in the next section.
A low-pass modulator is used. The order and parame-

ters are a trade-off among the RF band lter, in-band noise re-
quirements and modulation bandwidth, and should be adjusted
and optimized depending on application. The high over sam-
pling ratio gives high in-band signal-to-noise ratio also for rel-
atively simple modulator implementations. Since the over sam-
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Fig. 8. DCO phase accumulator block diagram.

Fig. 9. The schematic of sense ampli er based ip- op (SAFF).

Fig. 10. The block diagram of the digital loop lter.

pling ratio, and therefore also the in-band signal-to-noise ratio,
will change depending on the carrier frequency, special care
should be taken in applications covering a wide frequency band.
The up-conversion of the base-band should also be adjusted ac-
cordingly.
For simplicity, a simple rst order delta sigma modulator is

used in this implementation. Topology and parameters are illus-
trated in Fig. 11.

B. Trimmable Delay Block
The trimmable delay block (Trim. Delay in Fig. 1) is used to

compensate the xed offset (Fig. 12(a)) between the transi-
tion edge of and the active edge of . This offset
will lower the level of the fundamental tone and hence lower the
transmission ef ciency. It also brings some side-effects on the
error vector magnitude (EVM) and causes spectrum regrowth.

Fig. 11. The block diagram of digital low-pass modulator.

Fig. 12. The timing diagram of the delay scheme.

This blockwill only work at initial calibration stage and its value
will be frozen during operation.
Due to process variations it is not possible to match the delay

exactly in high frequency domain. Hence, we use another delay
scheme as shown in Fig. 12(b). and are two
different delayed versions of . , are the de-
layed version of . While is phase lead to

by the value , is phase lag to them
by . Two ANDing operations of the pulse shaper are per-
formed between and , and between
and respectively. By doing so, the delay do not need to
be controlled very accurately as long as

(2)

where being the period of .
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Fig. 13. The implementation of the delay scheme.

The delay scheme can be ful lled as shown in Fig. 13. The
unit delay cell is based on the current steering technique to meet
the requirements of full swing switching and high operation fre-
quency. The whole delay unit can achieve total 128 delay steps
with each step of 12 ps.

C. Class-D PA Design

The class-D PA is one of the most critical blocks in the am-
plitude path design in terms of power ef ciency. It is a switched
circuit with a square-wave output ideally. The number of the
stages and the FET size of each stage should be optimized in
order to maximize the power ef ciency.
The power loss model of the proposed class-D PA is shown

in Fig. 14. As seen each stage except the last one has two power
losses: the loss of the load capacitance ( including the
capacitance coming from the current stage and the following
stage) and the loss of the short-circuit current during the
transition time . The last stage contains an additional power
loss: the internal resistance loss. is caused by the direct
current path formed by the load and two last stages of each arm
in the H-bridge due to the differential relationship between the
upper arm and the down arm.
Sizing the PMOS and NMOS devices of each stage has dif-

ferent impacts on these power losses. These impacts are non-or-
thogonal. Reducing one type of the power loss may cause a rise
in another one. Therefore a numerical method is used during
the optimization procedure. It starts with the last stage and the
size of both PMOS and NMOS devices are numerated to nd
the peak ef ciency with the help of a contour plot of the power
ef ciency versus the size of PMOS and NMOS devices.

D. Transformer Based Filter Matching Network

The fourth-order on-chip pre- lter (Fig. 1) is realized for
the purpose of reducing parasitic capacitance load of driver

Fig. 14. The H-bridge class-D PA power loss model.

Fig. 15. Die microphotograph.

stages, differential to single-ended conversion, the impedance
matching between the class-D PA and antenna, and ltering the
harmonics of the digital waveform and shaped quantization
noise. It is also designed to minimize the count of the off-chip
components between the TX and antenna.
The trimming capacitance is used to tune the center

resonating frequency of the lter. During the optimization pro-
cedure, the value of inductance and are rst determined,
then other parameters are optimized by tuning the area.

V. EXPERIMENTAL RESULTS

The proposed digital TX was designed and fabricated in a 90
nm CMOS process. Fig. 15 illustrates the chip microphotograph
where the TX occupies 1.4 mm silicon area.
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Fig. 16. Measured output spectrum when the DCO bank control is a
cosine wave with the amplitude and the frequency kHz.

Fig. 17. The measured phase noise of (a) the free-running DCO and (b) the
ADPLL at the 1.68-GHz frequency.

A. Frequency Tuning Step of the Bank

Due to the frequency drift of the free-running DCO, accu-
rate direct measurement of the mini bank frequency step (
in Hz) using a spectrum analyzer is not possible. Instead we
use narrow band frequency modulation to perform the mea-
surement, and the frequency step of the minibank can be indi-
rectly measured by observing the relative power of the modu-
lated sidebands.

Fig. 18. The measured constellation graph when the only ADPLL are used to
perform phase modulation.

Fig. 19. The measured TX output spectrum when performing a single-tone am-
plitude modulation with 200-MHz span.

One period of a cosine wave is sampled
and continuously feed into the digital control input of the DCO

bank, where is the amplitude and is the frequency.
The output of the DCO can be expressed as

(3)

where is the amplitude of the RF output and is the fre-
quency. The above equation is valid when the maximal phase
deviation . Compared to the main RF
output, the side-band shows a reduction in power:

(4)
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Fig. 20. The measured constellation when the TX performs a QAM16 modulation.

Relation (4) will hold as long as the phase deviation is small,
even though the center frequency of the free-running DCO is
always drifting. Using (4) the frequency step of the

bank can be derived as

(5)

Fig. 16 is the measured spectrum dB when
2 and kHz. According to (5), is

250 Hz which is close to our designed goal (188 Hz). To en-
sure the measured sideband power is caused by the bank
modulation and not by spurious tones from other circuits such
as the shift register, is measured using different modu-
lation amplitudes and frequencies . When reducing

or increasing , the corresponding change in from
the measurement agrees with the value indicated by (4).

B. TX Measurement Setup: Modulator and Signal
Generation
The function of the modulator is realized off-chip using

FPGA with Gigabit Transceiver Port (GTP) IOs. The bit-
stream is pre-calculated and stored as a look-up table in the
FPGA.
2Note that the bank is unit-weighted with 32 bits.

The phase modulated clock is divided by 20 using a
digital prescaler and used as reference clock for the FPGA. The
internal PLL of the FPGAmultiplies the reference clock by 20 to
generate the GTP bit clock. Since the GTP bit clock are derived
from , the frequency and phase between the two clocks are
synchronized.
Due to the tracking ability of the FPGAs internal PLL, the

modulation bandwidth is limited in our current measurement
setup. In the following measurements we use 250-kHz symbol
rate and 500-kHz symbol rate as the test parameter to demon-
strate the modulation feature. Due to frequency limitations of
the FPGA there are gaps of possible GTP bit clock frequen-
cies. For this reason a carrier frequency of 1.68 GHz is used
unless otherwise indicated. The reference clock for the ADPLL
is 10 MHz.
A digital pattern generator is controlled by Labview to shift

the frequency modulation information into the ADPLL to per-
form frequency modulation. We use the phase noise measure-
ment method [24] to measure the free running and locked DCO
phase noise.

C. TX Measurement Results

Fig. 17(a) demonstrates the measured phase noise of the
free-running DCO when operating in the pulse-wave mode and
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Fig. 21. The measured time domain waveform of the modulator output
and the TX output.

the conventional mode respectively under the same power con-
sumption of 6 mW from a 1.0-V power supply and the center
frequency of 1.68 GHz. It veri es the bene t of the pulse-wave
oscillator in terms of phase noise. As seen phase noise is
reduced by 10.1 dB at 1-MHz offset frequency. Fig. 17(b) is
the measured phase noise of the ADPLL when operating at
1.68 GHz with 12 mW power consumption from a 1-V power
supply. The integrated phase noise from 1 kHz to 2 MHz is 0.4
degree calculated using

(6)

To examine the modulation accuracy of the ADPLL, a
-QPSK modulation with 250-kHz symbol rate and raised

cosine lter is used as the test data. The phase information
is rst exacted and then converted to frequency deviation by
differentiating operation. The frequency deviation is input into
the ADPLL and the output is then phase demodulated using a
signal analyzer. The demodulated phase information is sampled
to rebuild the demodulated constellation as shown in Fig. 18.
The resulting RMS error EVM is 3.2%.
Fig. 19 is the measured normalized TX output spectrumwhen

the TX only performs a single-tone amplitude modulation using
the modulator. It illustrates the close in signal-to-noise ratio
(SNR) and how the noise is shifted far away from the carrier
frequency, thus relaxing the lter design.
Fig. 20 is the measured constellation when the TX performs

the QAM16 modulation. The RMS EVM is 7% which is worse
than the number when only ADPLL is doing frequency mod-
ulation ( -QPSK).The degraded EVM is caused by several
mechanisms in the power ampli er. Insuf cient regulation of
the on chip PA supply voltage makes the output power lower
than expected at high output amplitude. During measurement
it is also found the PA output impedance is data dependent,
causing a nonlinear relation between the data and the output
amplitude. The full explanation for this degradation will be care-
fully investigated in future research.
Fig. 21 is the measured time domain outputs of the mod-

ulator and the TX after the on-chip pre- lter. As
seen, the pulse of can span one or multiple periods

TABLE II
PERFORMANCE COMPARISON AMONG THE PUBLISHED STATE-OF-THE-ART

POLAR TRANSMITTERS

m and SiGe BiCMOS.
Including both transmitter and receiver.
TX power ef ciency: the ratio of output power to total power of TX

front-end.

and it amplitude modulates the nal output . The delay be-
tween and is caused by the amplitude path from the
AND gates to the nal output and also caused by measurement
cables.
Table II summaries performance of the proposed transmitter

and compares other state-of-art designs mainly in terms of area,
power consumption and ef ciency. As seen, our TX occupies
small silicon area and achieves good TX power ef ciency. The
digital TX consumes 58 mW power from a 1-V supply when
delivering a maximum 6.81-dBm output.

VI. CONCLUSION

An all-digital polar transmitter was proposed and imple-
mented in a 90 nm digital CMOS process. It uses an ADPLL
to perform wideband phase modulation, and a 1-bit low-pass

modulator for envelop modulation assuring a linear oper-
ation. The modulated digital carrier is pulse-shaped to ful ll
a DC-free differential coding to enhance the power at the
carrier frequency and suppress other harmonics. The non-
linear switched-mode class-D PA operating at constant power
supply delivers the ampli ed signal to the on-chip matching
and ltering network. Measurements justify the concept and
demonstrate good performance in terms of phase noise, area
and power ef ciency.
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