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摘       要 

 

本文提出一個完全整合在單一晶片上使用 0.13-μm CMOS製程的 E類功率放

大器，此 E類功率放大器結合了 F類的前級放大器並採用有限的小面積電感來取

代大面積的射頻阻隔器以易於整合在單一晶片上。此 E 類放大器在輸入功率為

-3dBm、操作頻率為 2.5GHz之下，可達到 21dBm的輸出功率和 48.4%的功率增加

效率，在設計的頻帶內，2.3GHz~2.7GHz，功率增加效率仍然可以維持在 44%以

上。且為了增加系統模擬的時間，本文提出此 E類功率放大器的形為模型。藉由

此形為模型，系統模擬的時間可以減少 93%左右。 
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ABSTRACT 

  An on-chip CMOS Class-E Power Amplifier (PA) implemented in 0.13-µm CMOS 

technology is presented. The Class-E PA includes a Class-F driver and replaces a 

large RF choke with a small finite dc-feed inductor for on-chip integration. The 

proposed Class-E PA achieves power added efficiency (PAE) of 48.4 % while 

delivering 21 dBm output power with the input driving power of -3 dBm at 2.5 GHz. 

In the design band, 2.3 GHz ~ 2.7 GHz, PAE is still above 44%. In order to improve 

the simulation time of RF/Baseband co-simulation the behavior model of proposed 

PA is presented. The simulation time of RF/Baseband co-simulation can be reduced 

about 93% by the proposed behavior model. 
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Chapter 1 
 
Introduction  
 

Recently, the IEEE has come up with a new standard, 802.16e, is so-called 

WiMAX (World Interoperability for Microwave Access). WiMAX provides high data 

rates and long connection distances for residential and enterprise use. The modulation 

used to achieve high data rates is Orthogonal Frequency Division Multiplexing 

(OFDM). The modulated signals will display a high Peak-to-Average Power Ratio 

(PAPR) and a strict linearity requirement in transmitter. Beside, WiMAX also 

supports roaming which provides each user a connection with cell phone quality, 

therefore, a wide output power range is necessary. Figure 1.1 shows the WiMAX 

frequency band descriptions from 2 GHz to 6 GHz. 

 
Figure 1.1  WiMAX frequency band descriptions from 2 GHz to 6 GHz. 
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1.1 Motivation 
As the growth of wireless communication networks, there is constantly increasing 

demand for compact, low-cost and low-power portable devices. This motivates the 

investigation of single-chip transceivers realized in low-cost CMOS technology. A 

major difficulty to achieve the fully-integrated transceiver design is the complete 

integration of PA. The inability to provide on-chip solutions for RF PAs arises 

primarily from two factors: substrate loss of the on-chip passive components (mainly 

inductors) and the low breakdown voltage of the active devices. The power 

consumption of PA is the dominant part of total transmitter power consumption, 

making the PA efficiency crucial. The design of CMOS PA is still a challenging issue, 

such as high efficiency, high output power and fully-integrated PA in a single chip. 

However, the high efficiency linear PA is difficult to implement in a single chip. But 

the WiMAX linearity requirement is severely. Therefore, the on-chip Class-E PA with 

polar transmitter can achieve high efficiency and high linearity at the same time. In 

order to improve the RF/Baseband co-simulation speed the behavior model of the 

Class-E PA is necessary. Finally, on-chip PA design becomes more and more 

important with System-On-Chip (SoC) growing rapidly. Therefore, an investigation 

of on-chip PA is very interesting. 
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1.2 Basic Concepts of Class-E PA 

 

 

Figure 1.2  Class-E power amplifier. 

Figure 1.2 shows the circuit schematic of the Class-E power amplifier [1] [2]. The 

dc current flowing through the RF choke (Lck) is modulated by the power device (M1), 

operating as a switch driven by the input signal at the operating frequency. The ideal 

Class-E PA has two conditions [3]. First, the drain voltage is zero at the switching 

instants. Second, the first derivative of the drain voltage is zero when the active 

device turns on. The first condition prevents dissipation of the energy stored by the 

shunt capacitor at turn on, while the second makes the circuit less sensitive to 

component, frequency and switching instants variations. The ideal efficiency is 100 

percent. The RF choke provides a dc path to the supply and approximates an open 

circuit at RF. Cs and part of Ls form a series resonator tuned at fundamental frequency. 
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A fraction of Ls is needed together with the capacitor shunting the active device, Cp, 

to meet the Class-E PA conditions. Figure 1.3 shows VD and ID waveform of the 

Class-E PA. It shows that the peak drain voltage is approximately 3.6VDD, while the 

peak drain current is roughly 1.7VDD/RL. 

 

Figure 1.3  Drain voltage and current waveforms for Class-E power amplifier. 

 

1.2.1 Ideal Class-E Power Amplifier 

The brief concepts of the Class-E PA have discussed above. The more detail 

considerations of the Class-E PA will discuss in the subsequent sections. The Class-E 

PA had been first published in 1975s [4]. And the idealized operation of the Class-E 

tuned power amplifier was published in 1977s [5]. Figure 1.4 (a) and Figure 1.4 (b) 

shows the basic circuit and equivalent circuit of the Class-E power amplifier [5]. The 

Class-E PA includes a transistor operating as a switch, M1, a shunt capacitor, C2, an 
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RF choke, RFC, a series-tuned output circuit, L0C0, and the load resistor, R. C1 is the 

parasitic capacitance in parallel at the switch including intrinsic transistor output 

capacitance and circuit stray capacitance. 

 

1.4 (a)   

 

1.4 (b) 

Figure 1.4 (a) Basic circuit of the Class-E PA. (b) Equivalent circuit of the Class-E 

PA. 
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A simple equivalent circuit of the Class-E power amplifier is based on the 

following five assumptions [5].  

•The RF choke only allows a dc current and has no series resistance. 

•The quality factor of the series-tuned output circuit is high enough to make the 

output current is mainly a sinusoid at the operating frequency. 

•The switching action of the active device is instantaneous and lossless. The transistor 

has zero saturation voltage, zero saturation resistance, and infinite off resistance. 

•The total shunt capacitance is independent of the drain voltage. 

•The transistor can pass negative current and withstand negative voltage. (This is 

inherent in MOS devices, but requires a combination of bipolar transistors and 

diodes.) 

The series reactance jX is produced by the difference in the reactance of the 

inductor and capacitor of the series-tuned circuit. Note that the jX reactance applies 

only to the fundamental frequency, and it is assumed to be infinite at harmonic 

frequencies. The nominal component values for the idealized Class-E power amplifier 

are given by the following equations [5]: 
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out

dd

P
VR

2

577.0=               (1.1) 

                        R
CB P

1183.0)( == ω                      (1.2) 

                        RLX 152.1)( == ω                       (1.3) 

 

1.2.2 Practical Considerations 

The analysis presented in section 1.2.1 is based on several simple assumptions 

which are not always acceptable for practical and on-chip design. For examples [6]: 

•Non-ideal LC passive components 

The loss of the on-chip passive components (mainly inductors) in CMOS 

technology is larger than the off-chip passive components. 

•Large RF choke 

It is hard to implement large RF choke in a single chip for on-chip design.  

•Nonzero transition time 

Real transistors have nonzero transition times and, especially at high frequencies, it 

may cause a lot of loss. 

•Effect of circuit variations 
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Variations in component values, operating frequency, and duty cycle can have an 

effect on the performance of the Class-E PA [7]. 

•Nonzero ON resistance or nonzero saturation voltage 

•Finite loaded Q 

The output current is not a pure sine wave, because the series-tuned output circuit 

has a finite loaded Q. 

 

1.2.3 Finite DC-Feed Inductor 

The Class-E PA has required a RF choke between the dc power supply and the 

active device in the previous description. But the RF choke itself is large in size, so it 

presents problems in terms of both large resistance loss and hard to implement in a 

single chip. Therefore, a smaller inductor is necessary for designing on-chip Class-E 

PA. However, using a finite dc-feed inductor instead of an RF choke in the Class-E 

PA has a number of benefits in the following [8]. 

•A small DC-feed inductor has lower loss due to a smaller series resistance. 

•The cost and the chip size will decrease to make it implemented in a single chip 

easier. 

•The load resistance will also increase, thus making the design of the matching 

network easier. 
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Therefore, there is a strong interest to pursue the design of the Class-E PA with 

finite dc-feed inductor. 

 

1.2.4 Cascode Topology 

In order to overcome the low breakdown voltage of the active devices the cascode 

topology can be used in designing an on-chip Class-E PA. With the finite DC-feed 

inductor, the load resistance can be increased for the same output power and supply 

voltage to achieve higher efficiency. From (1.1), for further increase of the load 

resistance (R), it is agreeable to allow higher supply voltage (Vdd) because the load 

resistance is proportional to the square of the supply voltage. As the technology scale 

down, however, the safe operating voltage will decrease and the supply voltage 

should be reduced in order not to stress the active devices. The voltage stress on the 

active device can be reduced by the cascode topology, so the load resistance could be 

increased by the supply voltage increasing [9]. 

  Usually, the active device is switched from the gate as shown in Figure 1.5 (a), but 

the maximum voltage stress in the transistor is Vdrain,max which can be as high as 3.6 

Vdd for an ideal Class-E PA, resulting in low supply voltage and small load resistance. 

On the contrary, if the active device is switched form the source instead of the gate as 

shown in Figure 1.5 (b), the maximum voltage stress is reduced to Vdrain,max –VGG 
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because the source of the switching transistor swings up with the input voltage. 

Therefore, the maximum allowable supply voltage is Vdrain,max /( Vdrain,max –VGG) times 

larger for common-gate switch than that for a simple common-source switch. In order 

to avoid presenting the input driving stage with a low impedance node, a 

common-source stage is combined with the common-gate switch into a cascode as 

shown in Figure 1.5 (c). This allows the supply voltage almost twice the value for a 

single common-source switch. 

 

 

Figure 1.5 (a) Common-source. (b) Common-gate switch. (c) Common-gate switch 

combined with common-source stage into a cascode in order not to 

provide low-impedance load to the driving. (d) Maximum voltage stress 

is shown for each case assuming the input signal Vin swings from 0 V to 

VGG [9]. 
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1.3 Class-F Power Amplifier 
A suitable driver stage for lowering the input driver power in system level is very 

important. The Class-F PA is switched-mode PA with high efficiency, and it can 

shape the input waveform of the Class-E PA. Therefore, the Class-F PA is suitable for 

Class-E driver stage. The Class-F PA is shown in Figure 1.6 [6] [7]. The output tank 

is tuned to resonance at the operating frequency and is assumed to have a high enough 

Q to act as a short circuit at all frequencies outside of the desired bandwidth. The 

length of the transmission line is chosen to be precisely a quarter-wavelength at the 

operating frequency. At the operating frequency, the drain sees a pure resistance of 

RL=Zo, since the tank is an open circuit there, and the transmission line is therefore 

terminated in its characteristic impedance. At the second harmonic of the operating 

frequency, the drain sees a short, because the tank is a short at all frequencies away 

from the operating frequency(and its modulation sidebands), so the transmission line 

now appears as a half-wavelength piece of line. Clearly, the drain sees a short at all 

even harmonics of the operating frequency, because the tank still appears as a short 

circuit; the transmission line appears as an odd multiple of a quarter-wavelength and 

therefore provides a net reciprocation of the load impedance. Drain voltage and 

current of the ideal Class-F PA shows in Figure 1.7.  
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Figure 1.6  Class-F power amplifier. 

 

 

Figure 1.7  Drain voltage and current waveforms for Class-F power amplifier. 

 

1.4 Polar Transmitter 

The polar transmitter with Class-E PA can be used for WiMAX of severe linearity 

requirement. One of the first applications of polar technique is Envelope Elimination 

and Restoration (EER), as shown in Figure 1.8 [10] [11] [12] [13]. The EER means 
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that the envelope of the RF input is eliminated by a limiter to generate constant 

envelope phase signal, and the magnitude information is extracted by an envelope 

detector. The envelope and phase signal are amplified separately and  

 

 

Figure 1.8  EER architecture. 

then recombined to restore the magnitude and phase information using a switched 

mode RF PA. Therefore, the envelope and phase signal can be recombined if the 

envelope of the RF output of a switched-mode RF PA is proportional to its supply 

voltage. And using a switched-mode PA is more efficient than using a linear PA. That 

is, the EER architecture can linearize the switched-mode RF PA without 

compromising efficiency. But the EER system still has some disadvantages. First, it 

has delay mismatch between the envelope and phase paths because the two paths 

employ different type of circuits and operating at different frequencies. It must be 
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maintain below as an acceptable level. Second, limiters incorporating active stages 

such as differential pairs exhibit a substantial AM-to-PM conversion effect at high 

frequencies. Third, envelope detector also introduces AM-to-AM conversion effect. 

Using the polar transmitter could solve second and third disadvantages of EER system. 

But the first disadvantage of EER is also the challenge of polar transmitter. 

  The polar transmitter, as shown in Figure 1.9 [10] [14], includes baseband DSP, 

DAC, amplitude modulator, phase modulator and switched mode RF power amplifier. 

The amplitude modulator includes a Sigma-Delta Modulator (SDM) or a Pulse Width 

Modulator (PWM) and a Class-S Modulator. The phase modulator includes a 

synthesizer or a Voltage Control Oscillator (VCO). And the switched-mode RF PA is 

Class-E power amplifier. The I/Q signals are split into the envelope signal and 

constant envelope phase signal. The constant envelope phase signal (RF) is applied at 

the gate of the transistor of the Class-E PA, and the envelope signal (low-frequency) 

directly modulates the supply of the Class-E PA. A high efficiency linear RF PA can 

be achieved by combining two paths. Finally, we can use the polar transmitter with 

Class-E PA to achieve high linearity and high efficiency at the same time. The polar 

transmitter does not use the envelope detector and a limiter, so it could solve the 

second and third disadvantages of EER system. But the first disadvantage of EER, 

timing synchronous between the envelope path and phase path, is still the challenge of 
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polar transmitter. And the second challenge of the polar transmitter is the wider 

bandwidth of the envelope signal and phase signal. Because of the wider bandwidth of 

envelope and phase signal, it has to increase the bandwidth of the two paths to 

introduce noise largely. It has trade-off between the signal bandwidth and noise. And 

the synchronization between the envelope signal and the constant envelope phase 

signal is very difficult. On the contrary, the traditional transmitters use the in-phase 

and quadrature-phase components so the synchronization is easier. That is why the 

traditional transmitters used more frequently than the polar transmitter. Finally, the 

behavior model can be used for saving the RF/Baseband co-simulation time. This will 

discuss later. 
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Figure 1.9  Polar transmitter architecture. 
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1.5 Organization 
This thesis describes the design of on-chip RF CMOS Class-E PA. 

Chapter 2 begins with the proposed Class-E PA consists of a cascode topology with 

finite dc-feed inductor and a Class-F driver to achieve an on-chip PA. Chapter 3 

presents the implementation and experimental results including layout descriptions, 

measurement setup, and measurement results. Chapter 4 discusses the behavior 

modeling of the proposed Class-E PA for efficient RF/Baseband co-simulation. 

Chapter 5 makes conclusions and shows the future works. 
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Chapter 2 
 
On-Chip RF CMOS Class-E Power 
Amplifier Design 
 

2.1 The Proposed Class-E Power Amplifier 
The frequency range of the Class-E PA is 2.3~2.7GHz. The output power should be 

larger than 20dBm to meet the transmitter of the WiMAX Class-2 specifications. 

Figure 2.1 shows the proposed Class-E PA. The proposed on-chip Class-E PA 

consists of a cascode topology with finite dc-feed inductor and a Class-F driver to 

obtain higher efficiency and output power. The detailed analysis of this work shall be 

discussed in the subsequent sections. 

Finite DC-Feed Inductor

Cascode

Tuned-Out Inductor

Class-F

 
Figure 2.1  The proposed Class-E PA. 
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2.1.1 Cascode Topology 

  The design specifications include frequency range and output power. A supply 

voltage (VDD) should be determined in the beginning. Table 2.1 shows the maximum 

VDG when the switching device is on and off respectively. Assume the supply voltage 

of the Class-F driver equals to VDD, and the voltage stress on the M1 and M2 are the 

same. We can obtain a maximum device stress of VDG1=VDG2=2.3VDD-VTH. 

Compared with the conventional common-course topology allows approximately the 

twice supply voltage. In other words, cascode topology solution (VDG=4.6VDD-VTH), 

allows the use of a higher supply voltage for the same gate-oxide breakdown voltage. 

In the UMC CMOS 0.13-μm technology 3.3 V active devices, the minimum and 

typical gate-oxide breakdown voltages are 5 V and 8.1 V, respectively. According to  

     

VG2+VDD-2VTHVDD+VTHM1
(VDG1)

3.6VDD-VG2VG2M2
(VDG2)

OFFON

VG2+VDD-2VTHVDD+VTHM1
(VDG1)

3.6VDD-VG2VG2M2
(VDG2)

OFFON

VDG1=VDG2=2.3VDD-VTH

~3.7 V~2.4 VVDD

VBreakdown,typ

(8.1 V)
VBreakdown,min

(5 V)
~3.7 V~2.4 VVDD

VBreakdown,typ

(8.1 V)
VBreakdown,min

(5 V)

 
Figure 2.2  Cascode Topology.      Table 2.1  Analysis of supply voltage. 
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the equation in Table 2.1, we can obtain an initial design parameter, VDD, of about 2.4 

V. Now, we already have design parameters of operating frequency, supply voltage 

and output power. So we can start to obtain the other parameters of the Class-E PA. 

 

2.1.2 Finite DC-Feed Inductor 

  Based on equations (A.1) ~ (A.8), we can obtain the other passive component 

parameters of the Class-E PA. Figure 2.3 shows the schematic of the Class-E PA with 

finite dc-feed inductor including the matching network. 

 

 

Figure 2.3  Schematic of Class-E PA with finite DC-feed inductor. 

The Class-E PA specifications: 

GHzfmWdBmPVV outdc 5.2,25124,4.2 =≈==  

Assume a DC-feed inductance of LDF=2 nH 
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Table 2.2  Design parameters. 

Resonator tank: 

Select the quality factor of the loading network is about 3 

ω
QRLs

⋅
=                          (2.1) 

s
s L

C
⋅

= 2
1

ω                        (2.2) 

 

Table 2.3  Design parameters. 

Matching network [6]: 

Because Ω=<Ω≈ 507.27 LRR  

So                        1−=
R
RRX L

Lm                       (2.3) 

1−
=

R
R
RX

L

L
Cm                       (2.4) 
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Table 2.4  Design parameters. 

 

2.1.3 Tuned-Out Indcutor 

Base on cascode topology, efficiency could be improved by adding an inductor 

between M1 and M2 [3]. When M1 is turned off, is associated to charging and 

discharging transients of the parasitic capacitor at node r, as shown in Figure 2.4, 

which is consist of M1 drain-bulk and drain-source capacitances and M2 source-bulk 

and gate-source capacitances. This power loss is not negligible at all and may degrade 

the advantages of an increased supply voltage. An effective way to minimize this 

power loss contribution is tuning out the capacitive parasitics by means of an inductor, 

resonating Cr at the desired operating frequency. A blocking capacitor CBL is inserted 

between the inductor and ground. The inductor provides the current charging the 

parasitic capacitance, minimizing the current flow through the active devices, and 

their power dissipation [3]. The cascode Class-E PA with tuned out inductor shows in 

Figure 2.5. 
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Figure 2.4  Cascode topology with tuned out inductor Lr. 

 

 

Figure 2.5  The cascode Class-E power amplifier with tuned out inductor. 

 

2.1.3 Class-F Driver 

Since the Class-E PA is performed in a switching mode operation, it is an important 
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issue to shape the input waveform for turning the transistor on and off. To obtain the 

shortest transition time from one switching state to the other, a square waveform 

should be applied into the Class-E PA. This function can be realized by using the 

Class-F PA as a driver stage, which can generate appropriate harmonics of the input 

signals and combining them into a square waveform [15] [16]. The Class-F driver 

stage, as shown in Figure 2.6, is used to produce square waveform signal to drive the 

Class-E power amplifier. The two parallel-tuned LC circuits operate at first and the 

third harmonics resonance of the input frequency where the inductance values can be 

computed by (2.5) and (2.6). The LC resonators are used to eliminate the even 

harmonics while the first and third harmonics are passed to next stage. And in order to 

loose the demand on high driving power in the Class-E power amplifier, using an 

inductor Lt to tune out the parasitic capacitor at M1 gate [17]. 

                     
1

21
1:1
C

Lharmonicst

ω
=                  (2.5) 

                    
3

23 9
1:3
C

Lharmonicnd

ω
=                 (2.6) 

where fπω 2=                                  
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Figure 2.6  Cascode Class-E PA with Class-F driver. 

 

2.1.4 Summary 

In order to save the chip size we combine three inductors, Ls, Lx and Lm, into one, 

Lr, as show in Figure 2.7. 

 

 
 

Figure 2.7  Combine three inductors into one for layout considerations. 
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2.2 Simulation Results  
  The simulation environment is on the cadence RFDE. And the simulation results 

are listed below: 

•Drain Voltage & Current of M1 & M2  
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Figure 2.8  Drain voltage and current of M1 and M2. 
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•Output Power & PAE v.s. Input Power 
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Figure 2.9  Simulation results of output power and PAE v.s. input power. 
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Figure 2.10  Simulation results of output power and PAE v.s. frequency. 
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•Output Power & PAE v.s. Supply Voltage 
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Figure 2.11  Simulation results of output power and PAE v.s. supply voltage. 

•LSSP (Large Signal S-Parameter) 
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Figure 2.12  Simulation results of LSSP. 
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•Comparisons 

 

Parameters Tech. 

(CMOS) 

Operate 

Frequency 

(Hz) 

Die 

Area 

(mm^2) 

Supply 

Voltage 

(V) 

Output 

Power 

(dBm) 

PAE 

(%) 

Gain 

(dB) 

(Pin) 

FOM 

[17] 2006 

Radio & 

Wireless 

0.18µm 2.35G 1.7 1.2 11 44.5 5 

(6) 

0.10 

 

[18] 2005 

Microwave 

Con. 

0.18µm 2.4 1.1*1.1 1.2 9.5 33 11 

(-1.5) 

0.21 

Proposed 

Work 

(Po-Sim) 

0.13µm 2.5G 1*1.49 3.3 21 48.4 24 

(-3) 

95.66 

• )( 22 GHzWfPAEGainPFOM out ××××=  

Table 2.5  Comparisons with other published papers. 
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Chapter 3 
 
Implementation and Measurement 
Results 
 

3.1 Chip Layout Descriptions 

The experimental chips, P1 and P2, are designed and fabricated by UMC 0.13-μm 

single-poly-eight-metal (1P8M) CMOS technology. P1 is Class-E PA without Class-F 

driver and P2 is Class-E PA with Class-F driver. The total chip area include pads, as 

shown in Figure 3.1 and 3.2, are 1mm×1mm and 1mm×1.49mm. The total width of 

M1 and M2 are 2112 μm. In order to decrease the device cell numbers for layout easier, 

we choose the maximum finger number and maximum width in one cell. Finally, M1 

and M2 only need each 11 cells to achieve the total width of 2112 μm. The wider 

metal lines are used in power line because of the large current through it. The 

triangular metal lines are used to average the large current to each cells of the active 

device for preventing the device broken when large current through it. Using the MOS 

capacitors in order to meet the rules of DRC metal density, and these MOS capacitors 

also could be the bypass capacitors used in each dc bias at the same time. To decrease 
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the chip size, we combine three inductors, Ls, Lx and Lm, into one, Lt, as shown in 

Figure 3.1 and 3.2. 

 

Gnd

Gnd

RFout

Gnd

Gnd

RFin

Vbias1

VDDE Vbias2 VDD Gnd Gnd Gnd

 

Figure 3.1  Schematic and layout views of Class-E PA without Class-F driver. 
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Figure 3.2  Schematic and layout views of Class-E PA with Class-F driver. 
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3.2 Measurement Results 

 

3.2.1 Measurement Setup 

The equipments used in this measurement are list below: 

•Signal Generator (ESG)  × 1 

•Power Supply           × 5 

•Spectrum Analyzer      × 1 

•Oscilloscope            × 1 

•150μm GSG Probe      × 2 

•DC Probe (Single point)   × 2 

•DC Probe (6-pin, 150μm) × 1 

Designing the circuit must consider the impedance matching, and the ESG, 

Spectrum Analyzer and Oscilloscope are required to examine the matching condition. 

However, the impedance of these equipments are 50Ω. The measurement setup 

shows in Figure 3.3. 
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Figure 3.3  Measurement Setups of P1 and P2. 
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3.2.2 Simulation and Measurement Results 

In the beginning, the DC measurement is performed. Unfortunately, a dc current is 

found at the gate of transistor M2, as shown in Figure 3.4. But M2 gate should not 

have dc current. So, some debug works is done after measurement. The reasonable 

answer could be due to the gate leakage current of MOS bypass capacitor. Since the 

1.2V MOS bypass capacitors are used at each dc bias nodes. However, the bias 

voltage of M2 gate is 2.1V that exceeding the 1.2 V, which may cause the gate-oxide 

of the MOS bypass capacitor breakdown and produce leakage current at M2 gate. 

Therefore, the circuit performances have severely degradation due to incorrect bias. 

The measurement results of the P1 are list below. 

•M2 Gate Current v.s. M2 Gate Voltage 
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 3.4 (a) 
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3.4 (b) 

Figure 3.4  M2 gate leakage current of (a) simulation result (b) from UMC document 

[19]. 
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Figure 3.5  Simulation results of (a) output power v.s. input power (b) power gain v.s. 

input power (c) PAE v.s. input power. 
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•Pout & PAE v.s. Freq. 
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Figure 3.6  Simulation results of (a) output power v.s. operating frequency  

(b) PAE v.s. operating frequency. 
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•Output Power & PAE v.s. Vdd 
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3.7 (a) 
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Figure 3.7  Simulation results of (a) output power v.s. supply voltage 

(b) PAE v.s. supply voltage. 
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Chapter 4 
 
Behavior Model 
 

To do the RF/Baseband co-simulation of the proposed on-chip Class-E PA with 

polar transmitter the behavior model is needed. In order to reduce the time of circuit 

simulation and system verification, behavior models are used in circuit simulation and 

RF/Baseband co-simulation. 

 

4.1 Behavior Model of Class-E PA 
In the modeling flow from [20], the RF modules can be divided into three parts: 

input interface, output interface and Gm stage. We developed the behavior models of 

each part. Then circuit simulation and system simulation will be accomplished by 

these behavior models. In this chapter, the behavior model of Class-E PA without 

driver stage is for efficient and accurate RF/Baseband co-simulation. The modeling 

flow starts form the impedance networks and the switched-mode transistor. 

 

4.1.1 Input and Output Matching 
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•Capacitor 

Figure 4.1 (a) shows the capacitor model in UMC design kits documents and Figure 

4.1 (b) is it equivalent circuit. The capacitor can be represented by series R, L and C. 

Figure 4.2 shows the s-parameter simulation results of the behavior model and 

transistor level.  

L
L2

R=
L=78 pH

C
C5
C=3.85 pF

R
R5
R=1.24 Ohm

            4.1(a) [21]                                 4.1(b) 

Figure 4.1  Capacitor of (a) UMC model (b) it equivalent circuit. 
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Figure 4.2  Capacitor’s SP simulation results of behavior model and transistor level. 
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•Inductor 

Figure 4.3 (a) shows the inductor model in UMC design kits documents and Figure 

4.3 (b) is it equivalent circuit. The inductor can be represented by series R and L with 

parallel C. Figure 4.4 shows the s-parameter simulation results of the behavior model 

and transistor level. 
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            4.3 (a) [21]                                  4.3(b) 

Figure 4.3  Inductor of (a) UMC model (b) it equivalent circuit. 
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Figure 4.4  Inductor’s SP simulation results of behavior model and transistor level. 

 



42 

 

•Input Matching 

  Figure 4.5 (a) and (b) shows the schematic and equivalent circuit of input matching. 

Similarly, use the method above the behavior model of input matching can be 

achieved by capacitors, inductors and resistances. Figure 4.6 shows the s-parameter 

simulation results of the behavior model and transistor level. 
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Figure 4.5  Input matching of (a) schematic (b) it equivalent circuit. 
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Figure 4.6   SP simulation results of the input matching of behavior model and 

transistor level. 
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•Output Matching 

Figure 4.7 (a) and (b) shows the schematic and equivalent circuit of input matching. 

Similarly, use the method above the behavior model of output matching could be 

achieved by capacitors, inductors and resistances. Figure 4.8 shows the s-parameter 

simulation results of the behavior model and transistor level. 
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Figure 4.7  Output matching of (a) schematic (b) it equivalent circuit. 
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Figure 4.8   SP simulation results of the output matching of behavior model and 

transistor level. 
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4.1.2 Switched-Mode Transistor 
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Figure 4.9   Using ADS switch mode to be the switched-mode transistor model. 

   

  Because the operation of the transistor M1 is like a switch, it can not be modeled by 

a simple Gm stage. Hence, we use the switch model provide in ADS at first. Figure 

4.10 shows the design procedure of the switched-mode transistor. Here, we have three 

thresholds, 0.3 V, 0.8 V and 1.8 V. When Vgg1 < 0.3 V and 0.8V < Vgg1 < 1.8 V, the 

ADS switch can be used to model it, as shown in Step 1. When Vgg1 > 1.8 V, the 

transistor’s operation region might be in the triode-region. Therefore, the turn on 
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resistance equation in triode-region MOSFET can be used to model it, as shown in 

Step 2. When 0.3 V < Vgg1 <0.8 V, we modify the parameter in step 1 to fit it, as 

shown in Step 3. Finally, we combine Step1 ~ Step 3, as shown in Step 4, to 

accomplish the behavior model of the switch-mode transistor. The comparisons of 

circuit simulation are shown in Figure 4.11. 
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Figure 4.10   Summary of Step 1 ~ Step 4. 
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Figure 4.11  Comparisons of circuit simulation between transistor level and 

behavior model. 

 

4.2 RF/Baseband Co-Simulation 
  For applying in a polar transmitter, the behavior model of the Class-E PA becomes 
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a three-port circuit, as shown in Figure 4.12. In order to do RF/Baseband 

co-simulation a simplified polar transmitter is presented, as shown in Figure 4.13. 

And the behavior model used in RF/Baseband co-simulation excludes the transistor 

M2. Figure 4.14 shows the schematic of behavior model without transistor M2. 

Because of RF/Baseband co-simulation in transistor level costs a lot of time, more the 

half month. Therefore, instead of using real passive components from UMC FDK 

model, inductors and capacitors, the ideal passive components in ADS to do 

RF/Baseband co-simulation. In other words, only the switched-mode transistor 

behavior model is used in RF/Baseband co-simulation.  
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Figure 4.12  The three-port circuit. 
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Figure 4.13  Schematic of simple polar transmitter in ADS. 
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Figure 4.14  Schematic of behavior model without transistor M2. 
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  The simulation results of RF/Baseband co-simulation are shown in Figure 4.15. 

The conditions are 14 MHz bandwidths and 2.5GHz carrier frequency. Three different 

modulation signals are considered in the RF/Baseband co-simulation. The results 

show the root-mean-squared error (RMSE) is about 0.125 dB. 

 

RF/Baseband Co-Simulation

-16.5

-16

-15.5

-15

-14.5

-14

16QAM 1/2 QPSK 1/2 64QAM 2/3

RMSE = 0.125 dB

E
V

M
 (

dB
)

Transistor Level

Behavior Model

 
 

Figure 4.15  Comparisons of RF/Baseband co-simulation. 

 

4.3 Comparisons of Simulation Time 
  After finishing the circuit simulation and RF/Baseband co-simulation, the 

simulation time comparisons are presented. Figure 4.16 shows the comparisons of the 

circuit simulation time, the simulation time of the proposed behavior model are less 

than transistor level. Figure 4.17 shows the comparisons of the simulation time of the 

RF/Baseband co-simulation, the behavior model could save about 93% simulation 
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time compared with the transistor level. Therefore, the proposed behavior model 

could save a lot of simulation time. 
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Figure 4.16  Comparisons of circuit simulation time. 
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Figure 4.17  Comparisons of simulation time of RF/Baseband simulation. 
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Chapter 5 
 
Conclusions and Future Works 
 
5.1 Conclusions 

This thesis presents an on-chip Class-E PA implemented in UMC 0.13-µm 

CMOS technology. Instead of the RF choke, the proposed design uses the finite 

dc-feed inductor technique for suitable implement in a single chip. In order to obtain 

higher output power, increasing the supply voltage (VDD) by the cascode topology is 

successful. The efficiency could be improved by tuning out the parasitic capacitor 

between two transistors, M1 and M2. The proposed Class-E PA achieves power added 

efficiency (PAE) of 48.4 % while delivering 21 dBm output power with the input 

driving power of -3 dBm at 2.5 GHz. In the design band, 2.3 GHz ~ 2.7 GHz, PAE is 

still above 44 %. The simulation time of RF/Baseband co-simulation could be reduced 

about 93% by the proposed behavior model. 

 

5.2 Future Works 
  For the future works, the behavior model of the Class-E PA can be further 

improved for the RF/Baseband co-simulation. And it also can be used in investigating 
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the effect of the loading network of the Class-E PA on polar transmitter to try to find 

out what kind of loading network of Class-E PA is suitable for polar transmitter. 
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Appendix 1 
 
Analysis of Ideal Class-E PA with 
Finite DC-Feed Inductor 
 

In [22], one of the first attempts was made to study finite dc-feed inductor. Some 

other relevant papers include [23] [24]. All these papers have something in common, 

the procedure of obtaining final circuit component values is either long, complex and 

iterative, and doesn’t provide a direct insight into the circuit design, or is too 

simplistic and not exactly. Practically, the design of the Class-E PA with finite 

dc-feed inductor is a transcendent problem from the mathematical point of view. 

Therefore, the designer needs to iteratively figure out the system of equations for a 

certain set of input parameters to gain the final circuit component values. If any of the 

input parameters is changed, the calculation must be repeated from the beginning. 

Thus, it is a tedious and extremely impractical procedure. The [8] propose another 

approach to this problem. The system of transcendent equations is numerically solved 

for a certain number of discrete points of an input parameter, and the obtained results 

are interpolated by the Lagrange polynomial. The polynomial interpolation provides 

adequate accuracy and can be used for any value of the input parameter on that 
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segment, if it performs with enough density of points on the segment of interest. In 

other words, it obtains clear and directly usable design equations for the Class-E PA.  

  The design parameters of the Class-E PA have presented in equations (1.1), (1.2) 

and (1.3). These equations are base on the Lck is RF choke. But in case of the Class-E 

PA with finite dc-feed inductor, these equations don’t hold anymore [8]. At the 

beginning of the design procedure, the designer could choose a value of inductance 

that he would like to use for the finite dc-feed inductor. Therefore, the reactance of 

this inductor is known, and it is given by 

ckdc LX ω=         (A.1) 

On the other hand, an ideal Class-E PA provides a 100% DC-to-RF efficiency. 

Therefore, the DC resistance that the circuit presents to the supply source is also 

known from the PA specifications, and is simply given as 

out

dd
dc P

V
R

2

=         (A.2) 

Depending on the 
dc

dc
R

X  ratio, the circuit parameters R, B and X will change their 

value from those given in equations (1.1), (1.2) and (1.3) for the RF choke based 

Class-E PA. These three parameters have calculated by numerically solving the 

transcendent circuit equations for a number of different values of 
dc

dc
R

X  ratio. The 

results of these calculations are given in Table A.1 [8]. 
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Table A.1  Class-E PA elements as function of the 
dc

dc
R

X  ratio [8]. 

 

 

Figure A.1  Effect of the finite DC-feed inductor on the Class-E PA elements [8]. 

 

In order to obtain explicit design equations for the Class-E PA component values, 

[8] have used the Lagrange polynomial interpolation of the numerically obtained 

results. Finally, the new equations for Class-E power amplifier with finite dc-feed 

inductor are presented in the following equations. 
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Design equations (A.3)~(A.8) are explicit, relatively simple and can be used for 

any value of 
dc

dc
R

Xz =  within the corresponding segment. But outside these 

segments, they are not valid.  

  The utilization of a finite dc-feed inductor has several major benefits. First, it 

results in a higher load resistance in comparison to the case of RF choke. This effect 

makes the design of low-loss matching networks easier, since the designer typically 

needs to transform a standard 50 Ohm termination to the load resistance of several 
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Ohms. Furthermore, the excessive inductance X is also lower, and the shunt 

susceptance B is increased. This increase of the shunt susceptance is particularly 

useful, as it extends the maximum frequency limitation of the device imposed by its 

output capacitance. 
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Appendix 2 
 
Behavior Model of Switched-Mode 
Transistor 
 

•Step 1 – Ideal switch in ADS 
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Figure A.2   Simulation results and Verilog-A code of step 1. 

•Step 2 – Modify ON resistance at region of 0.3(V) < Vgg1 < 0.8(V),  

where Vgg1 is Vbias1 
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Figure A.3   Simulation results and Verilog-A code of step 2. 

•Step 3 –Modify ON resistance at region of Vgg1 > 1.8(V), where Vgg1 is Vbias1 
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Figure A.4   Simulation results and Verilog-A code of step 3. 
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•Step 4 – Combine step 1, step 2 and step 3 
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Figure A.5   Simulation results and Verilog-A code of step 4. 
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