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The demand for multi-band transceivers that can operate in multiple standards has 

increased as communication systems have evolved to the 3rd and 4th generation standards, which 

support higher data rate and multiple functions. Several approaches to integrate multiple standard 

RF blocks on a single die have been reported. But they simply integrate multiple radios in the 

same die. Hence, they occupy a large die area and are high cost.   

To implement multi-band radios without excessively increasing die area, hardware must 

be shared. A multi-band transceiver should preferably share all active devices except front-end 

off-chip components, which means sharing hardware from a low noise amplifier to base-band 

circuits in a receiver and from base-band circuits to a power amplifier in a transmitter. To 

address this, a multi-band transceiver which consists of a multi-band direct conversion receiver 

and a polar transmitter that can support the EGSM 900 (Tx: 880 ~ 915 MHz, Rx: 925 ~ 960 

MHz), DCS 1800 (Tx: 1710 ~ 1785 MHz, Rx: 1805 ~ 1880 MHz), PCS 1900 (Tx: 1850 ~ 1910 

MHz, Rx: 1930 ~ 1990 MHz), and WCDMA (Tx: 1920 ~ 1980 MHz, Rx: 2110 ~ 2170 MHz) 

standards is proposed. 
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The multi-band receiver needs a single-pole-four-throw RF switch which selects one 

signal from off-chip SAW filters & duplexer, and passes to a multi-band low noise amplifier 

(LNA). An SP4T RF switch has been implemented in a 130-nm CMOS process and has the 

maximum insertion loss of 0.49 dB. The input third-order intercept points (IIP3) is 24 dBm for 

the EGSM 900 band and 23 dBm for the DCS 1800, PCS 1900, and WCDMA bands. An SP4T 

RF switch fabricated in a 90-nm CMOS process has the maximum insertion loss of 0.4 dB. It has 

IIP3’s of 24 dBm for the low frequency bands and 23 dBm for the high bands. The insertion loss 

can be lower below 0.33 dB using a 65-nm CMOS technology and this should make the 

performance degradation due to the switch almost acceptable.  

A multi-band low noise amplifier with an SP4T switch has been demonstrated in a UMC 

90-nm CMOS process and it can cover the EGSM 900, DCS 1800, PCS 1900, and WCDMA 

frequency bands. The multi-band LNA has tunable input and output matching circuits using 

variable L-C tanks, and NMOS source/drain to gate and accumulation mode varactors. It has the 

maximum noise figures of 1.7, 2.5, 2.5, and 2.6 dB with 9.4-mW power consumption in the 

EGSM 900, DCS 1800, PCS 1900, and WCDMA bands, respectively. The maximum power 

gains are 19.9, 9.1, 11.5, and 10.1 dB with 9.4-mW power dissipation in the EGSM 900, DCS 

1800, PCS 1900, and WCDMA frequency bands, respectively. The IIP3’s are 2.7, 3.2, 3, and 3.3 

dBm at 930, 1805, 1980, and 2110 MHz.  

Power amplifier implementation using a nano-scale CMOS process is challenging 

because the low breakdown voltages of transistors limit the output power. 900-MHz and multi-

band Class-F differential power amplifiers are implemented in a 1.2-V TI 65-nm CMOS process. 

The output power limitation can be overcome using a power combining topology which adds the 

outputs of 8 differential power amplifiers in series. The multi-band Class-F CMOS PA 
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incorporates tunable harmonic peaking networks using variable capacitors and inductors. The 

900-MHz Class-F power amplifier has the simulated maximum power added efficiency of 40.6 

% and simulated output power of 2.76 W. The multi-band Class-F PA working in the EGSM 900, 

DCS 1800, PCS 1900, and WCDMA bands has simulated output power of 2.8 W with simulated 

PAE of 44 % at the EGSM 900 band, and simulated output powers of 2.25~2.35 W with 

simulated PAE’s of 44.6 ~ 45.3 % in the DCS 1800, PCS 1900, and WCDMA frequency bands. 

The simulations indicate that the multi-band class-F CMOS PA can be used in transmitters for 

the EGSM 900, DCS 1800, PCS 1900, and WCDMA frequency standards. 
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CHAPTER 1 
INTRODUCTION 

1.1 Motivation and Challenges 

With the evolution of wireless communication systems to the 3rd and 4th generations, the 

necessity for coexistence of different cellular and other wireless systems has increased the 

demand for multi-mode, multi-band, multi-standard mobile terminals [1]. Recently, approaches 

to implement multi-band systems have been introduced and multi-standard RF blocks are 

integrated on a single die [2]-[5]. However, because these IC’s simply incorporate multiple 

transceivers, they occupy a large die area, and increase test complexity and cost. To increase 

hardware sharing between among radios for varying standards, RF architecture consisting of a 

multi-band programmable low noise amplifier (LNA) with a single input and output and a single-

pole-four-throw switch (SP4T) preceding the LNA has been proposed [6], [7]. This multi-band 

programmable RF block can support the global system for mobile communication (GSM) such 

as extended global system for mobile communication (EGSM 900), digital cellular system (DCS 

1800), and personal communication system (PCS 1900), and wide-band code division multiple 

access system (WCDMA).   

The hardware sharing in a multi-band transceiver is increased by sharing hardware from an 

LNA to base-band in a multi-band receiver and from base-band to a power amplifier (PA) in a 

multi-band transmitter. To accomplish this, all RF blocks should be tunable.  Even if there are a 

lot of challenges in both designing the tunable multi-band RF transceiver systems and 

implementing each programmable CMOS RF components such as tunable CMOS PA, LNA, 

mixers and channel selection filters, this multi-band transceiver should consume reduce cost 

resulting from decreased chip area.   
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1.2 Overview of the Dissertation 

This research focuses on the design and characterization of key RF circuit blocks in a 

multi-band RF transceiver. The goal of this work is to demonstrate SP4T RF switch, multi-band 

LNA, and PA with a power combiner in a main stream CMOS technology. The design issues 

associated with individual building blocks in the multi-band transceiver will be addressed. 

Chapter 2 reviews the RF transmitter and receiver architectures and compares their 

advantages and drawbacks. Since WDCMA and GSM including EGSM 900, DCS 1800, and 

PCS 1900 are dominant cellular communication systems for the 2nd and 3rd generation 

communication standards, the specifications of these four standards and a new multi-band 

transceiver block diagram which has a high level of sharing among key components and a 

reduced chip area, are described. 

 An SP4T RF switch is the first on-chip component in the multi-band receiver, and it 

needs low insertion loss and moderate linearity & isolation because its insertion loss is directly 

added to the overall system noise figure. It selects a signal path among different surface acoustic 

wave (SAW) filters and a duplexer. The first SP4T RF switch implemented in 130-nm CMOS 

technology is presented in chapter 3. 

Chapter 4 presents a multi-band low noise amplifier with an SP4T switch implemented in 

a 90-nm CMOS process. The multi-band LNA has tunable input and output matching circuits. 

The noise figure and power gain of multi-band LNA are key factors which determine the total 

receiver noise performance. The multi-band LAN realizes low noise input matching using bond 

wires and off-chip inductors which have high quality factors. The multi-band LNA demonstrates 

reasonable noise figures, linearity and gains in EGSM 900, DCS 1800, and PCS 1900, and 

WCDMA frequency bands.  
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In chapter 5, 900-MHz and multi-band Class-F differential power amplifiers 

implemented in a TI 65-nm CMOS process and the challenges of achieving high output power 

and efficiency with low supply voltage and on-chip components are discussed. A power 

combining circuit converts differential signals into single ended signals and adds output voltages 

in series. The multi-band Class-F PA demonstrates reasonable simulated output powers and 

efficiencies in EGSM 900, DCS 1800, PCS 1900, and WCDMA frequency bands.  

Finally, the contributions of this research are summarized and suggestions for the future 

works are presented in chapter 6. 
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CHAPTER 2 
OVERVIEW OF A MULTI-BAND RADIO TRANSCEIVER 

2.1 Standard Specifications of a Multi-Band Transceiver 

The global system for mobile communication (GSM) including EGSM 900, DCS 1800, 

and PCS 1900 is the most widely used cellular standard in the world and WCDMA is a dominant 

communication standard among the 3rd generation standards. Table 2-1 shows the required 

specifications for these four standards. 

Table 2-1  Specifications for four standards of the multi-band transceiver 
Standard WCDMA EGSM 900 DCS 1800 PCS 1900 

Transmitter 
Band [MHz] 1920-1980 880-915 1710-1785 1850-1910 

Receiver Band 
[MHz] 2110-2170 925-960 1805-1880 1930-1990 

Multiple access CDMA/FDMA TDMA/FDMA TDMA/FDMA TDMA/FDMA 

Duplex Method FDD FDD FDD FDD 

Channel 
Spacing 5 MHz 200 KHz 200 KHz 200 KHz 

Number of 
channels 

12 
(15-50users/ch) 

174 
(8users/ch) 

374 
(8users/ch) 

299 
(8users/ch) 

Modulation QPSK GMSK GMSK GMSK 

Peak Power 
[dBm] 24 33 30 30 

Sensitivity level 
[dBm] -117 -102 -102 -102 
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Figure 2-1  Frequency plan of global system for mobile communication (GSM) standards 

The GSM standards are defined by European telecommunications standards institute 

(ETSI) [8]. These three standards have different carrier frequencies: 880 ~ 915 MHz & 925 ~ 

960 MHz for EGSM 900 transmitter & receiver, 1710 ~ 1785 MHz & 1805 ~ 1880 MHz for 

DCS 1800 transmitter & receiver, and 1850 ~ 1910 MHz & 1930 ~ 1990 MHz for PCS 1900 

transmitter & receiver as shown in Figure 2-1.  

Their multiple access methods are both time domain multiple access (TDMA) and 

frequency domain multiple access (FDMA). GSM standards have 8 time slots and  

 

 
 

Figure 2-2  Time domain multiple access (TDMA) plan and user allocation of GSM standards 
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Figure 2-3  Frequency plan of wideband code division multiple access (WCDMA) standard 

their TDMA systems enable up to 8 users in a cell simultaneously to operate as shown in Figure 

2-2. One frame consists of 8 time slots and one time slot length and frame length are 576.9 µs 

and 4.615 ms, respectively. EGSM 900, DCS 1800 and PCS 1900 also have 174, 374, and 299 

frequency channels respectively in frequency domain. Therefore, ideally, 1392 users of EGSM 

900, 2992 users of DCS 1800, and 2392 users of PCS 1900 can communicate in the same cell. 

These three standards use frequency division duplex (FDD) by allocating separate frequency 

band for transmission and reception. Modulation methods of EGSM 900, DCS 1800, and PCS 

1900 are Gaussian minimum shift keying (GMSK). 

 Wideband code division multiple access (WCDMA) utilizes 1920 ~ 1980 MHz for 

transmission and 2110 ~ 2170 MHz for reception as shown in Figure 2-3. Both code division 

multiple access (CDMA) and frequency domain multiple access (FDMA) are utilized. WCDMA 

standard includes 12 frequency channels and each channel can support 15 to 50 users via code 

division multiple access. A WCDMA radio once again needs a duplexer to separate up link from 

down link signals.  WCDMA uses quadrature phase shift keying (QPSK) modulation. 
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2.2 Transmitter Architectures 

2.2.1 Super-Heterodyne Transmitter 

Classic transmitter architecture is the super-heterodyne topology, invented by Edwin H. 

Armstrong [9]. Because direct conversion architecture [10] can suffer from the disturbance of an 

LO by the PA output leakage, although it has the advantage of simplicity and low cost, super-

heterodyne architecture has been widely utilized. The heterodyne radios have lower power 

efficiency, occupy large area and are more costly because they need more on-chip and off-chip 

components such as intermediate frequency (IF) & RF filters, 2nd up-conversion mixer and two 

local oscillators. 

 Figure 2-4 shows a simplified super-heterodyne transmitter. In-phase (I) and quadrature-

phase (Q) base-band signals from the digital-to-analog converter (DAC) are modulated at 

intermediate frequency by an IF local oscillator (LO). Here I and Q matching is easier than in 

direct conversion radios because the up-conversion performs modulation at lower frequency than 

in direct conversion transmitters. The IF band pass filter (BPF) selects the desired channel signal 

and suppresses the unwanted noise signal in adjacent channel, spurs and harmonics of IF signal.  

 

 

 
Figure 2-4  Block diagram of a heterodyne transmitter 
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An RF local oscillator up-converts the signal from IF to carrier frequency and the BPF following 

the mixer should have a high Q such as an off-chip SAW filter to limit the unwanted side band 

signal produced during 2nd up-conversion mixing. A power amplifier (PA) amplifies the signal 

and an isolator protects PA output from reflected signals from an antenna. 

2.2.2 Direct-Conversion Transmitter 

Direct conversion transmitters are lower cost because they need only one off-chip BPF 

and LO. Because of this, direct conversion transmitters are widely utilized.  However, designing  

 

 
 

Figure 2-5  Leakage from a PA to a local oscillator 

 

 
 

Figure 2-6  Block diagram of a homodyne transmitter 
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on-chip RF components for a direct conversion transmitter is more challenging. The first 

challenge is that the PA leakage, shown in Figure 2-5, can corrupt the LO signal of the 

transmitter through a mechanism called injection pulling/locking [10]. I/Q mismatch is another 

severe problem because direct conversion radios perform modulation at higher carrier frequency.  

Figure 2-6 shows a block diagram of a direct conversion transmitter. I and Q signals from 

a digital-to-analog converter (DAC) are simultaneously modulated and up-converted to a higher 

frequency carrier. The output power of transmitter is controlled by a variable gain amplifier 

(VGA).  A SAW filter eliminates the unwanted side band signal and a power amplifier amplifies 

the signal to a required level. For this topology, channel selection filtering is done in digital or 

analog domain using on-chip component instead of employing a high-Q off-chip channel 

selection filter as in the heterodyne counterpart. Therefore, the stringent receiver band noise 

suppression in GSM standard, less than -162 dBc/Hz at 20-MHz offset, is challenging to satisfy. 

2.2.3 Offset-PLL Transmitter 

The integration level of offset-PLL topology, shown in Figure 2-7, is higher than that of a 

heterodyne transmitter. Since output carrier signal is taken from a low phase noise voltage-

controlled oscillator (VCO), the offset-PLL transmitter does not need any off-chip SAW filter 

before or after PA. This topology mitigates the I/Q mismatch issue because of modulation at IF 

and has no image problem. It is the most power and cost efficient transmitter but applicable only 

for constant envelope modulation systems. Tx local oscillator pulling by high power signal from 

a PA is still a significant drawback in this topology, and one more mixer and local oscillator are 

needed comparing to a direct conversion transmitter 

The I and Q signals from baseband are modulated at intermediate frequency. Instead of  
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Figure 2-7  Block diagram of an offset-PLL transmitter 

up-converting to carrier frequency like in a heterodyne transmitter, the phase modulation (PM) 

signal is transferred to the Tx VCO through the offset-PLL circuit. The loop filter should be 

selected properly to pass phase information while suppressing the out-of-channel noise. 

2.2.4 Polar Transmitter 

Figure 2-8 shows a polar transmitter and it adds open-loop or closed-loop amplitude 

modulation (AM) circuits to the offset-PLL transmitter in order to handle both constant and non- 

constant envelope modulations. For non-constant envelope standards, this topology provides a 

good power efficient solution using an efficient non-linear power amplifier because the AM loop 

circuits compensate for the nonlinearity of PA. The polar transmitter has a high integration level 

like the offset-PLL transmitter because PA takes signals from the VCO output which has good 

phase noise ant it results in no off-chip filter before and after PA. I/Q mismatch and image 

problems are not big issues because the modulation is performed at lower frequency. The delay  
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Figure 2-8  Block diagram of a polar transmitter 

mismatch between the amplitude modulation and phase modulation paths is a serious issue.  

Additional calibration circuitry may be needed to address this. Another drawback is the power 

consumption related with the AM and PM loop circuitry when transmitter output power is low. 

In that situation, the improved PA efficiency can not make up for the increased power 

consumption. This topology can lower the area and cost of transmitters for systems using a non-

constant envelope modulation. 

2.3 Receiver Architectures 

2.3.1 Super-Heterodyne Receiver 

A super-heterodyne receiver, shown in Figure 2-9, employs two-step down conversion 

and it has excellent selectivity. The received RF signal from an antenna is amplified by a low 

noise amplifier (LNA) and down-converted to IF using an RF local oscillator which tunes LO 

signal to the difference between RF and IF. The minimum tuning step of RF LO should be the 
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Figure 2-9  Block diagram of a heterodyne receiver 

same as the channel bandwidth. The IF band pass filter (BPF) selects wanted channel signal and 

limits the unwanted signal. The signal at intermediate frequency is down-converted to base-band 

using I/Q demodulators. To improve the selectivity of receiver, additional channel pass filtering 

is added. In order to reduce the dynamic range of analog-to-digital converter (ADC), a VGA 

reduces the output power variation. 

A heterodyne receiver has excellent noise performance. Selection of IF is a principle 

design consideration because of the trade-off between IF filter requirement for image rejection 

and channel selectivity. If intermediate frequency is lower than two times the receiver bandwidth 

of a standard, the half IF problem [11] must be addressed. A heterodyne receiver needs two 

SAW filters and two LO sources. Therefore it requires a larger number of off-chip components, 

and it is not well suited for the future multi-standard receiver. 

2.3.2 Single Conversion Receiver 

A single conversion receiver employs one set of down converter circuits as seen in Figure 

2-10. It can reduce power consumption and lower cost due to a reduction of off-chip component 

count. For this architecture, the single sideband signal must be constituted by quadrature down 
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Figure 2-10 Block diagram of a direct conversion receiver 

conversion. The output of low noise amplifier does not need to be matched 50Ω, because it is 

directly connected to mixers. There are two kinds of single conversion receivers; one is a zero-IF 

receiver and the other is a low-IF receiver. 

A local oscillator in the zero-IF receiver in Figure 2-10 translates the signal at carrier 

frequency to DC (f=0). The radio requires one local oscillator. It is a good platform for multi-

standard radios. However, it has critical design challenges such as DC offset, 2nd-order distortion 

(IP2), I/Q mismatch, 1/f noise, and LO leakage [10]. 

The block diagram of a low-IF receiver is also the same as that in Figure 2-10. Instead 

of down-converting to DC, the signal is translated to low frequency from several hundred kilo-

hertz to several tens of mega-hertz. The main advantages of this are the same as zero-IF 

receiver. The low-IF receiver is less susceptible to 1/f noise & DC-offset compared to the zero-

IF receiver counterpart. The dominant challenge is image suppression and it may be achieved 

by complex analog domain or digital filtering. Another downside is that ADC’s require a higher 

sampling rate. 
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2.4 Proposed Multi-Band Transceiver Architecture 

The architecture of multi-band single conversion receiver and polar modulator transmitter 

is shown in Figure 2-11. In order to support non-constant envelope modulation signals such as 

WCDMA and enhanced data rates for GSM evolution (EDGE) with a non-linear power 

amplifier, a polar modulator transmitter is selected [12]. Non-linear Class-E or Class-F power 

amplifiers can be used for higher power efficiency. By choosing 190-MHz off-set frequency, 

transmitter and receiver can share one LO for WCDMA full duplex standard because the 

separation between transmitting signal band and receiving signal band is 190 MHz. 

The single conversion receiver architecture reduces off-chip components and makes it 

easier to set the frequency plan. For EGSM 900, DCS 1800, and PCS 1900, a Low-IF 

architecture with 1-MHz IF frequency is adopted to avoid the DC offset problem of Zero-IF 

architecture and to mitigate the 1/f noise problem [13]. For WCDMA, a Zero-IF architecture is 

selected.  Its typical Zero-IF drawbacks such as DC offset and 1/f noise are minor concerns due 

to the wide band signal. By employing a 6 kHz-pole high pass filter (HPF) in the first auto gain 

amplifier (AGC), the direct conversion receiver can remove DC offset and reduce low frequency 

noise and IM2 [14].  

A switch-plexer, the first component after an antenna is composed of one diplexer, 

single-pole-double-throw (SPDT) switch, and single-pole-four-throw (SP4T) switch. To avoid 

interference between the low frequency band application, EGSM 900 and high frequency band 

applications such as DCS 1800, PCS 1900, and WCDMA, a diplexer is needed to separate the 

low frequency signals from high frequency signals. An SPDT switch multiplexes transmitter and 

receiver signals of EGSM 900, and it needs to handle up to 34.5-dBm signal including the 

diplexer loss. The SP4T switch connects one of the higher frequency band cellular standards to 
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Figure 2-11  Multi-band direct conversion receiver and polar transmitter 
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an antenna. Its required linearity is mainly determined by WCDMA transmitter signals and it has 

to handle up to 26 dBm.  

The duplexer separates WCDMA transmitter and receiver signals. The receiver 

specifications such as IIP2 and IIP3 strongly depend on the duplexer TX-RX isolation. An 

insertion loss of duplexer is also important because it directly adds receiver noise figure. A 

Murata duplexer with 1.8-dB IL and 54-dB isolation [15] is pretty reasonable choice for this 

application. 

The SP4T RF switch consists of the four transistors and four gate resistors, and performs 

the switching function to select signals from SAW filter banks or a duplexer to a multi-band low 

noise amplifier input. Since the SP4T RF switch handles only received signals, it does not need 

to handle large power like a T/R switch. Insertion loss of the SP4T RF switch increases receiver 

noise figure, so reducing insertion loss is the most important issue for the SP4T RF switch 

design. 

The output of SP4T RF switch is amplified by a multi-band low noise amplifier.  LNA 

gain and noise figure are critical design specifications for the receiver noise figure. Sufficient 

performance should be attained without using an excessive number of off-chip components.   

CMOS power amplifiers have two important design challenges; one is achieving 

sufficient output power and efficiency with on-chip components in deep sub-micron CMOS 

technology and the other is incorporating tuning capability to support the four different 

frequency bands. EGSM 900 needs 33-dBm output power at antenna port and a PA needs around 

34.5-dBm output power considering front end losses between an antenna and a PA. 

Unfortunately, the supply voltage of deep sub-micron CMOS has been decreased down to 1 V. 

Since the output power is proportion to the square of supply voltage and inversely proportional 
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to the load impedance, this makes the PA design especially challenging. The selection of load 

impedance must be optimized and the outputs must be combined to achieve sufficient power. 

2.5 Summary 

This chapter presented a brief overview of EGSM 900, DCS 1800, PCS 1900, and 

WCDMA standard specifications, and reviewed possible transmitter and receiver architectures. 

The proposed multi-band transceiver can reduce power consumption by a using a high efficiency 

multi-band power amplifier, and lower cost and area by increasing hardware sharing. The 

implementation and analyses of key components of the multi-band transceiver will be discussed 

in the following chapters. 
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CHAPTER 3 
CMOS SINGLE-POLE-FOUR-THROW RF SWITCH 

3.1 Introduction 

The noise figures of passive components preceding the multi-band LNA, switch-plexer, 

SAW filter, and SP4T switch, are key factors determining the total receiver noise performance of 

multi-band transceiver in Figure 3-1, and lowering the insertion losses of these components is 

critical. As mentioned, the SP4T switch preceding the LNA sees only the receiving signals and 

it does not need to handle large power such as a T/R switch. Because of this, it is ideally suited 

for CMOS implementation. An SP4T switch with the maximum insertion loss of 0.75 dB has 

been reported [7]. This loss was higher than 0.5 dB needed. By implementing the switch in a 

130-nm CMOS process, the maximum insertion loss is reduced below 0.5 dB, thus validating the 

feasibility of proposed multi-band RF receiver architecture. 

 

 
 

 
Figure 3-1  A single-pole-four-throw RF switch between off-chip SAW filters and duplexer, 

and a multi-band LNA. 
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3.2 Design of the SP4T RF Switch 

The SP4T RF switch shown in Figure 3-2, is built in a compact topology and is made up 

of four transistors and four gate resistors. Removing the shunt transistors for improving isolation 

in a typical switch topology lowers the parasitic capacitances of the input and output nodes, 

which in turn decreases insertion loss. The transistors, M1, M2, M3, and M4 perform the basic 

switching function. DC bias of 0.8 V is applied at the sources and drains of transistors to further 

lower the junction capacitances by reverse biasing the drain-to-body and source-to-body 

junctions, which decreases insertion loss. By making all the source and drain voltages equal, the 

DC power consumption is made negligible. The gate bias polysilicon resistors RGATE1, RGATE2, 

RGATE3, and RGATE4 are 20 kΩ, and they improve the linearity by ac isolating the gates. The gate 

voltages, Vcontrol1, Vcontrol2, Vcontrol3, and Vcontrol4 are 2.0 V to turn on the switch and 0 V to turn it 

off. 

This SP4T switch employs only NMOS transistors to lower the transistor channel 

resistance which is one of the dominant factors determining the insertion loss. The minimum 

channel length of 120 nm is exclusively used to lower the channel resistance. As the gate width 

of transistors is increased, the channel resistance decreases, but it also increases the drain-to-

body and source-to-body junction capacitances [16]. This increases the RF signal coupled to the 

substrate and the loss associated with parasitic substrate resistances. Consequently, there are 

optimum transistor widths for minimum insertion loss for different frequency bands.  

 Only transistor M4 for WCDMA has the optimum gate width while the other transistors 

have narrower than the optimums in order to achieve comparable insertion losses at all four 

operating frequency bands (WM1=180 μm, WM2=252 μm, WM3=252 μm, WM4=270 μm). A 
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Figure 3-2  Schematic of the SP4T RF switch 

multi-finger interdigitated transistor layout [16] is used to reduce the drain and source junction 

capacitances.  

3.3 Implementation of the SP4T RF Switch 

A micrograph of the SP4T RF switch fabricated in a 130-nm CMOS process is shown in 

Figure 3-3(a). To reduce the interconnect resistances of interconnections between the transistors 

and bond pads, wide lines using metal 7 layer and metal 8 layer are utilized. All the die area 

except for the four transistors, four resistors, and eleven pads, is occupied by substrate contacts 

to lower substrate resistances, which lowers insertion loss and improves isolation [17]. The die 

area including the bond pads is ~ 0.3 mm2. Figure 3-3(b) shows a micrograph of the SP4T RF 

switch mounted on a printed circuit board (PCB). Bond-wires are made as short as possible 

because the bond-wire inductances increase insertion loss by increasing the return loss. The 
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simulated insertion losses versus frequency with various bond wire inductances are shown in 

Figure 3-4 [7]. 

 

(a) 
 

 
(b) 

 
Figure 3-3  Micrograph of (a) the SP4T RF switch and (b) the SP4T RF switch mounted on a 

PCB 
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Figure 3-4  Simulated insertion losses versus frequency with various bond wire inductances. 

3.4 Measurement Results 

Figure 3-5 shows the set-up for return losses, insertion losses, and isolation measurement. 

The SP4T RF switch consists of four inputs and one output, and one of four inputs and output are 

connected with a network analyzer for S-parameter measurement, while the other three inputs are 

terminated with a 50-ohm load. 

Figure 3-6 shows the measured return losses (|S11|) of the SP4T RF switch versus 

frequency at the four bands. The return losses for EGSM 900 (M1), DCS 1800 (M2), PCS 1900 

(M3), and WCDMA (M4) are 23 dB, 20 dB, 26 dB, and 36 dB, respectively. Only the switch for 

WCDMA band has the minimum return loss in the frequency band between 2110 and 2170 

MHz, while the other switches have the minimums at higher frequency than their intended 

operating frequency since only the WCDMA switch has been designed to operate in its optimum 

point.   
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Figure 3-5  Measurement set-up for the SP4T RF switch 

 
 

Figure 3-6  Measured return losses (|S11|) of the SP4T RF switch versus frequency. 
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Figure 3-7  Measured insertion losses of the SP4T RF switch versus frequency. 

 
 

Figure 3-8   Measured isolations of the SP4T RF switch versus frequency. 
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Figure 3-7 shows the measured insertion losses of the SP4T RF switch versus frequency. 

The insertion losses in EGSM 900, DCS 1800, PCS 1900 and WCDMA are 0.39 dB at 960 

MHz, 0.47 dB at 1880 MHz, 0.48 dB at 1990 MHz, and 0.49 dB at 2110 MHz, respectively, 

which are excellent.   

The isolation performances of the SP4T RF switch versus frequency are shown in Figure 

3-8 and EGSM 900, DCS 1800, PCS 1900, and WCDMA have isolations of 28 dB, 24 dB, 22 

dB, and 21 dB, respectively. The total isolation of the multi-band transceiver in Figure 3-1 is the 

sum of SP4T switch isolation and that of switch-plexer [18]. Hence, the total isolation will be 

larger than 47 dB. 

The linearity requirement of SP4T RF switch is not stringent because it deals with only 

the receiver signals. Figures 3-9 and 3-10 show input 1-dB compression points (IP1dB) and the 

input third-order intercept points (IIP3) measured using two tones. IP1dB and IIP3 of the SP4T RF 

switch at 960 MHz is ~ 15 dBm and ~ 24 dBm and IP1dB’s and IIP3’s at 1880, 1990, and 2170 

MHz are ~ 13 dBm and ~ 23 dBm. The linearity of SP4T RF switch is more than adequate.  

 

 
 

Figure 3-9  Measured IP1dB and IIP3 of the SP4T RF switch at 960 MHz 
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Figure 3-10 Measured IP1dB’s and IIP3’s of the SP4T RF switch at 1880, 1990, and 2170 MHz 

Table 3-1  Performance of published CMOS RF switches 

Freq. 
[GHz] 

Insertion 
loss [dB] 

Isolation 
[dB] 

IP1dB 
[dBm] 

IIP3  
[dBm] 

Tech. Type Ref.-Year 

0.928 0.73 41.8 17.2 38.2 0.5-um  SPDT [16]-2001 

5.825 0.8 27 17 33 0.18-um SPDT [17]-2003 

2.4 0.92 28.6 22.7 - 0.18-um SPDT [19]-2004 

5 1.44 22.2 18.4 - 0.18-um SPDT [19] -2004 

2.4 1.6 17 12.5 - 0.18-um SPDT [20] -2004 

5.2 1.42 15 11.5 - 0.18-um SPDT [20] -2004 

0.96 0.39 29 16 27 0.18-um SP4T [7]-2006 

1.88 0.61 24 16 27 0.18-um SP4T [7]-2006 

1.99 0.66 23 16 27 0.18-um SP4T [7]-2006 

2.17 0.75 22 16 27 0.18-um SP4T [7]-2006 

0.96 0.39 28 15 24 0.13-um SP4T This work 

1.88 0.47 24 13 23 0.13-um SP4T This work 

1.99 0.48 22 13 23 0.13-um SP4T This work 

2.17 0.49 21 13 23 0.13-um SP4T This work 
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Table 3-1 shows the performance of published CMOS RF switches. The result of this 

work suggests that deep submicron CMOS technology is a good solution for low insertion loss 

RF switch in a receiver chain which does not need high linearity. 

3.5 Summary 

This chapter presented an Single-pole-four-throw switch for a multi-band receiver 

implemented using 1.2-V 130-nm NMOS transistors. Its insertion losses are 0.39, 0.47, 0.48, and 

0.49 dB for the EGSM 900, DCS 1800, PCS 1900, and WCDMA bands. The minimum isolation 

of the multi-band receiver which is the sum of SP4T switch isolation and that of switch-plexer, is 

47 dB. Its IIP3’s of 24 dBm for the EGSM 900 band and 23 dBm for the DCS 1800, PCS 1900, 

and WCDMA bands should be sufficient for the multi-band receiver in Figure 3-1. 

 The measurements from [7] and this dissertation suggest that the insertion loss can be 

lower below 0.33 dB when a 65-nm CMOS technology is used as shown in Fig. 3-11. This 

should make the performance degradation due to the switch tolerable. 

 
 

Figure 3-11 Projection of the maximum insertion loss versus technology nodes 
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CHAPTER 4 
MULTI-BAND LOW NOISE AMPLIFIER WITH THE SP4T RF SWITCH 

4.1 Introduction 

Wide-band code division multiple access system (WCDMA) has -117-dBm receiver 

sensitivity [21] and the global system for mobile communication (GSM) including EGSM900, 

DCS1800, and PCS1900 has -102-dBm sensitivity [8]. This means a receiver for these standards 

has to detect very weak signal without adding much noise. Because of this, a low noise amplifier 

(LNA) is particularly a key building block in a receiver.   

The noise factor of a system is output and input S/N ratios and in a cascade system, the 

total noise factor (F) [22] of n stages, 
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where, inin NS  and outout NS  are the input and output signal-to-noise ratios, 1F  is the noise 

factor of  the first stage, iF  is the noise factor of  i-th stage, 1G  is the power gain of the first 

stage and iG  is the power gain of i-th stage. The receiver noise performance is characterized by 

noise figure (NF), which is the equivalent quantity in decibels of the noise factor (F). 

)log(10 FNF = .                                                       (4-2) 

Equation (4-1) shows the noise factors of later stages are divided by the gains of preceding stages. 

Hence, the overall receiver noise factor is dominated by the first few stages including the first 

gain stage. The first gain block should have a low noise factor. Figure 2-1 shows the schematic 

of multi-band LNA with an SP4T RF switch in a receiver. This circuit is designed and 

implemented in the UMC 90-nm logic CMOS process. 
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Figure 4-1  Schematic of the multi-band LNA with the SP4T RF switch in a receiver 
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4.2 Topologies of Low Noise Amplifiers 

4.2.1 Common-Source CMOS LNA 

The common-source amplifier with inductive degeneration, shown in Figure 4-2, has 

been generally used in CMOS LNA design [6], [23], [24], [25]. This common-source topology 

has been widely utilized for cellular communication systems and WLAN’s. 

The input impedance of the common-source amplifier is 
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In order to achieve perfect 50-Ω input matching, the gate inductor gL  and source degenerative 

inductor sL  have to be resonated with gsC  in series at the operating frequency, and real part, 
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 must be equal to source resistance.  The quality factors of input network of the 

common-source amplifier including the source resistance, sR  is 

 

 
 

Figure 4-2  Common-source LNA with inductive degeneration 



 

49 

sgssTsgs RCLRC
Q

00 2
1

)(
1

ωωω
≈

+
= .                                       (4-4) 

The effective transconductance of common-source LNA at resonance is 
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when the input impedance is perfectly matched, sin RZ = , 
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The Multi-band operation frequencies are much less than Tω , and the value of 
0ω

ωT  is much 

larger than 1. Therefore, the common-source topology has higher gain than the conventional 

common-gate topology )
2
1(

s
m R

G = . However, the common-gate topology has better linearity 

than the common-source topology. 

In MOSFET’s, there are two major sources of noise: flicker noise and thermal noise. 

Since RF amplifiers operate at high frequencies, the channel thermal noise is dominant. Thermal 

noise is generated by random thermal motion of channel carriers. The power spectral density of 

the drain thermal noise [26] is 

do
d gkTHzA
f

i
γ4]/[ 2

2

=
Δ

.                                                     (4-7) 

where k is the Boltzmann’s constant (=1.38 ×10-23 J/K), T is an absolute temperature, γ is 2/3 for 

long channel devices, and gdo is the short-circuit drain conductance of transistor.  
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At high frequencies, the voltage fluctuation in the channel couples to the gate through the 

oxide capacitance, resulting in the gate noise current. The spectral density of gate induced noise 

[26] is  

                                                   
do

gsg

g
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kT
f

i
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4
222 ω

δ=
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,                                                       (4-8) 

where δ is the gate noise coefficient and 4/3 for long channel devices. Since the channel noise 

and induced gate noise are physically generated by the same noise source, they are correlated. 

The correlation coefficient is 
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For CS-LNA, assuming a 1-Hz bandwidth and including the drain thermal noise, gate inductor 

resistance Rl, and the gate resistance of the NMOS device Rg, noise factor is  

2
01 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+++=

T
sdo

s

g

s

l Rg
R
R

R
R

F
ω
ω

γ .                                     (4-10) 

By including gate induced noise, noise factor [27] is  
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where α is the ratio between gm and gdo.  

4.2.2 Proposed Multi-Band Cascode CMOS LNA 

In addition to WCDMA, this multi-band programmable RF block must support the global 

system for mobile communication (GSM) including EGSM 900, DCS 1800, and PCS 1900. By 



 

51 

using a 90-nm CMOS process, it is the expected that the maximum noise figure of switch and 

LNA chain will be below 2.5 dB and gain will be higher than 20 dB at all four frequency bands. 

A schematic of a cascode amplifier including its output network is shown in Figure 4-3. 

The input impedance of the cadcode LNA under the perfect 50-Ω input matching is 
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When the input impedance is perfectly matched to sR , the quality factor of input network 

including the source resistance, sR  is 
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ω
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Typically, a cascode LNA topology provides good stability because it can isolate the 

  

 
 

Figure 4-3  Cascode LNA with inductive degeneration 
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Figure 4-4  Proposed multi-band LNA 

input port from output port. This isolation makes the design more straightforward because input 

matching and output marching networks can be independently specified. Both the bottom and top 

transistors, M1 & M2 have the same length and width [28], [29]. 

Figure 4-4 shows the proposed multi-band LNA which employs the cascode with 

inductive degeneration. The input matching is realized by bond-wires, source/drain-to-gate 

varactors [6] and two off-chip inductors. Here, “varactor A” is used to generate dual peaks which 

provide tuning for both the lower and higher bands. “Varactor B” is used to adjust quality factor 

of input network, which is needed to improve the noise performance of the circuit. Output 

matching is achieved by two on-chip inductors and two accumulation mode MOS varactors. Two 

on-chip inductors are connected in series between Vdd and drain of transistor M2 to provide DC 

bias. “Varactor C” is used to change matching capacitance and “Varactor D” tunes the drain 

inductance.  
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4.3 Input Matching of a Multi-Band LNA 

4.3.1 Concurrent Dual-Band Cascode CMOS LNA 

Implementation of the multi-band receiver, as shown in Figure 3-1, needs a single 

wideband or multi-band LNA. One possible approach to get a broadband matching for a tuned 

amplifier is to use low input quality factor. However, this circuit requires large gate-to-source 

capacitance and it results in either absurdly high power consumption or low Tω . Inductorless 

resistive-feedback LNA [30] is another approach for a wideband LNA in a multi-band receiver. 

However, it also suffers from high noise figure and power consumption. 

A concurrent dual-band cascode LNA is a possible multi-band LNA [31] which can keep 

input quality factor moderate as shown in Figure 4-5. The parallel Lg1-Cg tank acts like an 

inductor at low operating frequencies and as a capacitor at high operating frequencies and it can  

 

 
 

Figure 4-5  Concurrent dual-band cascode LNA 
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resonate with Lg2, Cgs, and Ls in series at both low and high frequency bands of interest. The high 

frequency bands of interest ( DCS 1800, PCS 1900, and WCDMA ) occupy a broad frequency 

band between 1805 and 2170 MHz and tenability is highly desirable this frequency range.  

4.3.2 Input Matching of a Proposed Multi-Band Cascode CMOS LNA 

Input matching circuit of the multi-band LNA is shown in Figure 4-6. A topology is 

selected to minimize the parasitic effects of varactors [6]. Four bond-wires and two off-chip 

inductors are connected through the bond pads of on-chip and printed circuit board (PCB). Since 

 

 

 
Figure 4-6  Input matching circuit of the multi-band LNA 
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the parasitic resistances of off-chip inductor and bond-wires are low, so their quality factors are 

higher. Varactors A and B employ NMOS source/drain-to-gate varactors [6] which are 

composed of NMOS transistors with the source and drain, connected together using metal layers.   

Figure 4-7 shows (a) the top-view and (b) cross-section of NMOS source/drain-to-gate 

varactors which have 2.08-μm finger width, 500-nm finger length, and 3 fingers. Source and 

drain connection using from metal 4 to metal 9 to make the parasitic capacitance between gate 

and source/drain metal layers negligible. A large 500-nm length instead of the minimum 90-nm 

is used to get sufficient tuning range. The control voltage of “Varactor A” is VDC_g and it ranges 

from 0 V to 1.6 V.  VDC_gs  is the control voltage of “Varactor B” which is from 0 V to 1.2 V. 

The maximum capacitance of “Varactor A” is ~1.2 pF and the minimum is ~0.3 pF. The 

maximum capacitance of “Varactor B” is ~0.4 pF and the minimum is ~0.1 pF. As shown in 

Figure 4-6, “Varactor A” is formed by series connecting two source/drain-to-gate varactors. The 

 

 
                 (a)                                                                          (b) 

Figure 4-7  (a)Top-view and (b)cross-section of NMOS source/drain-to-gate varactors 
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inductance between the gate of transistor M1 and “Varactor A” plays a critical role [6] to keep 

|S11|’s below -10 dB at both the high and low frequency bands. 

 Figure 4-8 shows the simulated return losses (|S11|) of the multi-band LNA versus 

frequency at different VDC_g when VDC_gs = 1 V, Vdd = 1.2 V, Vgs = 0.36 V, and Ibias = 3 mA . The 

return losses below -10 dB are from 0.85 to 1.1 GHz at low band and 1.59 to 2.18 GHz at high 

band. This is acceptable for EGSM 900 application. The simulated return losses (|S11|) of multi-

band LNA versus frequency at different VDC_g when VDC_gs = 0.7 V, Vdd = 1.2 V, Vgs = 0.38 V, 

and Ibias = 5 mA, is shown in Figure 4-9. The return losses below -10 dB are from 0.89 to 1.16 

GHz at low band and 1.62 to 2.2 GHz at high band. Figure 4-10 plots the simulated return losses 

(|S11|) of the multi-band LNA versus frequency at different VDC_g when VDC_gs = 0.65 V, Vdd = 

1.2 V, Vgs = 0.38 V, and Ibias = 5 mA. |S11|’s below -10 dB are from 0.92 to 1.2 GHz at low band 

 

 
 

Figure 4-8  Simulated return losses of the multi-band LNA versus frequency when VDC_gs is 
equal to 1 V. 
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Figure 4-9  Simulated return losses of the multi-band LNA versus frequency when VDC_gs is 

equal to 0.7 V 

 
 

Figure 4-10 Simulated return losses of the multi-band LNA versus frequency when VDC_gs is 
equal to 0.65 V. 
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Figure 4-11 Simulated return losses of the multi-band LNA versus frequency when VDC_gs is 

equal to 0.6 V. 

and 1.67 to 3.15 GHz at high band. The simulated return losses (|S11|) of the multi-band LNA 

versus frequency at different VDC_g VDC_gs = 0.6 V, Vdd = 1.2 V, Vgs = 0.38 V, and Ibias = 5 mA, is 

also plotted in Figure 4-11. |S11|’s below -10 dB are from 0.96 to 1.24 GHz at low band and 1.72 

to 3.3 GHz at high band. 

The minimum |S11|’s for all four standard frequencies are shown in Table 4-1. When 

VDC_g and VDC_gs are 0.8 V and 1 V, |S11| is - 11.5 dB at 0.94 GHz. When VDC_g is 0.8 V, |S11| are 

- 14 dB at 1.88 GHz with 0.7-V VDC_gs, - 14.9 dB at 1.96 GHz with 0.65-V VDC_gs, and – 16.8 dB 

at 2.1 GHz with 0.6- V VDC_gs respectively. The multi-band LNA input network can be tuned 

over 0.9 ~ 1.25 GHz in the lower band and 1.7 ~ 2.5 GHz in the higher band when both VDC_g 

and VDC_gs are changed from 0V to 1V. These suggest that the tuning of the multi-band LNA can 

be modified to include 2.4-GHz ISM band. 
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Table 4-1  The minimum |S11|’s of the multi-band LNA for all four standard frequency bands 

VDC_g  
EGSM900 

VDC_gs = 1V 
DCS1800 

VDC_gs = 0.7V 
PCS1900 

VDC_gs = 0.65V 
WCDMA 

VDC_gs = 0.6V 

0 V - 11.8 dB 
at 0.98 GHz 

- 8.5 dB 
at 2.2 GHz 

- 9.5 dB 
at 2.27 GHz 

- 11 dB 
At 2.34 GHz 

0.2 V - 11.8 dB 
at 0.98 GHz 

- 8.5 dB 
at 2.2 GHz 

- 9.5 dB 
at 2.27 GHz 

- 11 dB 
At 2.34 GHz 

0.4 V - 11.8 dB 
at 0.98 GHz 

- 8.5 dB 
at 2.2 GHz 

- 9.5 dB 
at 2.27 GHz 

- 11 dB 
At 2.34 GHz 

0.6 V - 11.5 dB 
at 0.97 GHz 

- 10.4 dB 
at 2.1 GHz 

- 11.4 dB 
at 2.16 GHz 

- 13 dB 
At 2.25 GHz 

0.8 V - 11.5 dB 
at 0.94 GHz 

- 14 dB 
at 1.88 GHz 

- 14.9 dB 
at 1.96 GHz 

- 16.8 dB 
at 2.1 GHz 

1 V - 11.4 dB 
at 0.92 GHz 

- 14.9 dB 
at 1.85 GHz 

- 15.8 dB 
at 1.93 GHz 

- 17.3 dB 
At 2.08 GHz 

 
 

4.4 Output Matching of the Multi-Band LNA 

 
 

Figure 4-12 Output matching circuit of the multi-band LNA 
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                      (a)                                                                       (b) 

Figure 4-13 (a) Top-view and (b) cross-section of accumulation mode MOS varactors 

The output matching circuit of the multi-band LNA is shown in Figure 4-12. The circuit 

is optimized to provide sufficient power gain. “Varactor C” employs an accumulation mode 

MOS structure [32], and can be used to output matching by changing shunt cpacitors. Two on-

chip inductors are connected in series between Vdd on-chip pad and drain of transistor M2 to 

provide DC bias. “Varactor D” tunes the drain inductance and employs an accumulation mode 

MOS varactor. Figure 4-13 shows (a) the top-view and (b) cross-section of accumulation mode 

MOS varactors which have 1-μm finger width, 440-nm finger length and 4 fingers. The control 

voltage of varactors C and D are from 0 V to 2.0 V. The maximum capacitance of “Varactor C” 

is ~6.5 pF and the minimum is ~2 pF. The maximum capacitance of “Varactor D” is ~5 pF and 

the minimum is ~1.5 pF. 



 

61 

4.5 Simulation Results of the Multi-Band LNA 

The multi-band LNA has been designed in a UMC 90-nm logic CMOS process. Figure 4-

14 shows the simulated noise figures at four standard frequency bands of the LNA without 

including the switch. The noise figure in EGSM 900 is 1.2 dB at 960 MHz with 3.6-mW power 

consumption. The noise figures in DCS 1800, PCS 1900 and WCDMA are 1.6 dB at 1880 MHz, 

1.7 dB at 1990 MHz, and 1.9 dB at 2170 MHz with 6-mW power consumption, respectively. 

These simulation results suggest that the multi-band LNA could be a good solution for the multi-

band receiver. The simulation results are summarized in Table 4-2. 

 

 
(a)                   (b) 

 
(c)          (d) 

 
Figure 4-14 Noise figure of the multi-band LNA in (a) EGSM 900, (b) DCS 1800, (c) PCS 

1900, and (d) WCDMA frequency bands 
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Table 4-2  Simulation results of the multi-band LNA 

 EGSM 900 DCS 1800 PCS 1900 WCDMA 

|S11| - 11.5 dB - 11.5 dB - 11.9 dB - 14 dB 

NF 1.2 dB 1.6 dB 1.7  dB 1.9 dB 

Power gain 20 dB 19 dB 18.5 dB 18 dB 

Power 
consumption 

3.6 mW 
(Vdd = 1.2 V 
Ibias = 3 mA) 

6 mW 
(Vdd = 1.2 V 
Ibias = 5 mA) 

6 mW 
(Vdd = 1.2 V 
Ibias = 5 mA) 

6 mW 
(Vdd = 1.2 V 
Ibias = 5 mA) 

 
 

4.6 Single-Pole-Four-Throw RF Switch 

4.6.1 Design and Implementation of SP4T RF Switch 

The SP4T RF switch consists of four transistors and four gate resistors as shown in 

Figure 4-1. The four transistors select one signal by performing the basic switching function.  

DC bias of 0.4 V is chosen to share DC bias between the output of the SP4T RF switch and the 

input of the multi-band LNA. The gate bias polysilicon resistors are 20 kΩ, and they improve the 

linearity by ac isolating the gates. The gate voltages are 1.6 V to turn on the switch and 0 V to 

turn it off. 

This SP4T RF switch employs only NMOS transistors to lower the transistor channel 

resistance and the minimum channel length of 80 nm is exclusively used to lower the channel 

resistance. The transistor for WCDMA has the optimum gate width, 340 μm, while the other 

transistors have narrower than the optimums in order to achieve comparable insertion losses at 

all four operating frequency bands (WPCS=320 μm, WDCS=304 μm, WEGSM=208 μm). 

4.6.2 Measurement Results of SP4T RF Switch 

Figure 4-15(a) shows a micrograph of the SP4T switch. Wide lines using stacked metal 8 

and metal 9 layers are used to reduce the interconnect resistances between the transistors and 



 

63 

bond pads. The die area including the bond pads is ~ 0.3 mm2. Figure 4-15(b) shows a 

micrograph of the SP4T switch mounted on a printed circuit board (PCB).   

 

(a) 
 

 
(b) 

 
Figure 4-15 Micrograph of (a) the SP4T switch and (b) the SP4T switch mounted on a PCB 
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Figure 4-16 Measured insertion losses of the SP4T RF switch versus frequency 

Figure 4-16 shows the measured insertion losses of the SP4T RF switch versus 

frequency.  The insertion losses of the SP4T RF switch are 0.35 dB at 960 MHz, 0.34 dB at 1880 

MHz, 0.35 dB at 1990 MHz, and 0.40 dB at 2140 MHz, respectively, which are excellent.   

Table 4-3 summarizes the performance of SP4T RF switch in the UMC 90-nm logic 

CMOS technology. The isolations of the SP4T RF switch at EGSM 900, DCS 1800, PCS 1900, 

 

Table 4-3  Performance of SP4T RF switch 

Frequency [GHz] Insertion 
loss [dB] 

Isolation 
[dB] IP1dB [dBm] IIP3  [dBm] Tech. 

0.96 (EGSM) 0.35 28 13 24 90-nm  

1.88 (DCS) 0.34 22 12 23 90-nm 

1.99 (PCS) 0.35 21 12 23 90-nm 

2.17 (WCDMA) 0.40 20 12 23 90-nm 
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and WCDMA standard bands are 28 dB, 22 dB, 21 dB, and 20 dB, respectively. 1-dB 

compression points (IP1dB) and the input third-order intercept points (IIP3) of the SP4T RF switch 

are measured using one ton and two tones. IP1dB and IIP3 of the SP4T RF switch at 960 MHz are 

~ 13 dBm and ~ 24 dBm and IP1dB’s and IIP3’s at 1880, 1990, and 2170 MHz are ~ 12 dBm and 

~ 23 dBm, respectively.  The linearity of SP4T RF switch is more than adequate for all 

application standards.  

4.7 Implementation and Measurement Results of the Multi-Band LNA with the SP4T RF 
Switch 

Figure 4-17(a) shows a micrograph of the multi-band LNA with the SP4T RF switch. 

Wide metal 8 and 9 lines are utilized in order to reduce the resistances of interconnections 

between the switch transistors and bond pads. There is no connection between the output of the 

SP4T RF switch and input of the multi-band LNA. They are connected using a bonding wire. 

The die area excluding the bond pads is ~ 0.6 mm2 and the estimated single band LNA is ~ 0.28 

mm2. The die size of LNA with SP4T swith should be ~ 11 % smaller than that of three single 

band LNA’s and ~ 33 % smaller than that of four single band LNA’s. Figure 4-17 (b) shows a 

micrograph of the multi-band LNA with the SP4T RF switch mounted on a printed circuit board 

(PCB). Three upper bond-wires in left side are for input matching. Four left bond-wires in 

bottom side are for the connections between the SP4T RF switch and off-chip SAW filters & 

duplexer and they are made as short as possible in order to reduce the insertion loss of the SP4T 

RF switch because the bond-wire inductances increase the insertion loss by increasing the return 

loss. 

Figure 4-18 shows the measurement set-up for input & output matching and power gain 

of the multi-band LNA with the SP4T RF switch. The SP4T RF switch consists of four inputs 
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and one output, and one of four inputs in the SP4T RF switch is connected with port 1 of 

network analyzer and other three inputs are terminated with a 50-ohm load. The multi-band LNA  

 
(a) 

 

 
(b) 

Figure 4-17 Micrograph of (a) the multi-band LNA with the SP4T RF switch and (b) the 
multi-band LNA with the SP4T RF switch mounted on a PCB 
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Figure 4-18 S-parameter measurement set-up for the multi-band LNA with SP4T RF switch  

with the SP4T RF switch needs one DC supply voltage, four DC control voltages for SP4T RF 

switch, four DC control voltages for varactors, and one bias voltage of the gate of M1.   

4.7.1 Input Matching of the Multi-Band LNA with the SP4T RF Switch 

Table 4-4 summarizes the measured return losses (|S11|) of the multi-band LNA with an 

SP4T RF switch for varying VDC_g, VDC_gs, and VDC_out when VDC_d = 0 V, Vdd = 1.2 V, and Ibias 

= 8 mA. The minimum |S11|’s at the low frequency band are located at 0.86 ~1.08 GHz and the 

minimums at the high frequency band are located at 1.85 ~ 2.06 GHz. Table 4-5  
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Table 4-4  Measured return losses (|S11|) of the multi-band LNA with the SP4T RF switch 
when VDC_d = 0 V, Vdd = 1.2 V, and Ibias = 8 mA. 

VDC_g/VDC_gs/VDC_out/VDC_d Min.|S11| in low band Min. |S11| in high band plot 

0.0 V / 0.0 V / 0 V / 0 V -4.69 dB at 1.08 GHz -10.80 dB at 2.06 GHz Figure A-1 

0.0 V / 0.6 V / 0 V / 0 V -4.87 dB at 1.07 GHz -10.15 dB at 2.05 GHz Figure A-1 

0.0 V / 1.2 V / 0 V / 0 V -5.22 dB at 0.92 GHz -9.16 dB at 1.98 GHz Figure A-1 

0.8 V / 0.0 V / 0 V / 0 V -6.13 dB at 1.00 GHz -11.23 dB at 2.04 GHz Figure A-1 

0.8 V / 0.6 V / 0 V / 0 V -6.26 dB at 0.99 GHz -10.73 dB at 2.05 GHz Figure A-1 

0.8 V / 1.2 V / 0 V / 0 V -6.47 dB at 0.92 GHz -9.51 dB at 1.96 GHz Figure A-1 

1.6 V / 0.0 V / 0 V / 0 V -5.88 dB at 0.89 GHz -14.18 dB at 2.02 GHz Figure A-1 

1.6 V / 0.6 V / 0 V / 0 V -6.01 dB at 0.89 GHz -12.96 dB at 2.02 GHz Figure A-1 

1.6 V / 1.2 V / 0 V / 0 V -6.22 dB at 0.86 GHz -12.02 dB at 1.96 GHz Figure A-1 

0.0 V / 0.0 V / 1 V / 0 V -4.19 dB at 1.06 GHz -9.66 dB at 2.05 GHz Figure A-2 

0.0 V / 0.6 V / 1 V / 0 V -4.29 dB at 1.08 GHz -9.22 dB at 2.05 GHz Figure A-2 

0.0 V / 1.2 V / 1 V / 0 V -4.24 dB at 1.01 GHz -9.89 dB at 1.97 GHz Figure A-2 

0.8 V / 0.0 V / 1 V / 0 V -5.72 dB at 1.01 GHz -9.24 dB at 2.02 GHz Figure A-2 

0.8 V / 0.6 V / 1 V / 0 V -5.87 dB at 1.01 GHz -9.08 dB at 2.03 GHz Figure A-2 

0.8 V / 1.2 V / 1 V / 0 V -5.39 dB at 0.94 GHz -7.22 dB at 1.96 GHz Figure A-2 

1.6 V / 0.0 V / 1 V / 0 V -4.79 dB at 0.92 GHz -10.69 dB at 1.99 GHz Figure A-2 

1.6 V / 0.6 V / 1 V / 0 V -4.90 dB at 0.93 GHz -9.59 dB at 1.95 GHz Figure A-2 

1.6 V / 1.2 V / 1 V / 0 V -4.83 dB at 0.89 GHz -8.31 dB at 1.92 GHz Figure A-2 

0.0 V / 0.0 V / 2 V / 0 V -3.92 dB at 1.07 GHz -10.68 dB at 2.03 GHz Figure A-3 

0.0 V / 0.6 V / 2 V / 0 V -4.09 dB at 1.08 GHz -10.07 dB at 2.05 GHz Figure A-3 

0.0 V / 1.2 V / 2 V / 0 V -4.01 dB at 1.01 GHz -7.79 dB at 1.93 GHz Figure A-3 

0.8 V / 0.0 V / 2 V / 0 V -5.94 dB at 1.02 GHz -11.31 dB at 1.98 GHz Figure A-3 

0.8 V / 0.6 V / 2 V / 0 V -6.03 dB at 1.01 GHz -10.69 dB at 1.99 GHz Figure A-3 

0.8 V / 1.2 V / 2 V / 0 V -5.63 dB at 0.98 GHz -19.22 dB at 1.87 GHz Figure A-3 

1.6 V / 0.0 V / 2 V / 0 V -4.94 dB at 0.94 GHz -14.28 dB at 1.96 GHz Figure A-3 

1.6 V / 0.6 V / 2 V / 0 V -5.05 dB at 0.93 GHz -13.04 dB at 1.96 GHz Figure A-3 

1.6 V / 1.2 V / 2 V / 0 V -4.91 dB at 0.89 GHz -11.21 dB at 1.85 GHz Figure A-3 
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Table 4-5  Measured return losses (|S11|) of the multi-band LNA with the SP4T RF switch 
when VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA. 

VDC_g/VDC_gs/VDC_out/VDC_d Min.|S11| in low band Min. |S11| in high band plot 

0.0 V / 0.0 V / 0 V / 2 V -4.53 dB at 1.07 GHz -12.13 dB at 2.06 GHz Figure A-4 

0.0 V / 0.6 V / 0 V / 2 V -4.63 dB at 1.06 GHz -11.15 dB at 2.06 GHz Figure A-4 

0.0 V / 1.2 V / 0 V / 2 V -5.06 dB at 0.89 GHz -11.21 dB at 1.98 GHz Figure A-4 

0.8 V / 0.0 V / 0 V / 2 V -6.04 dB at 0.98 GHz -13.16 dB at 2.04 GHz Figure A-4 

0.8 V / 0.6 V / 0 V / 2 V -6.17 dB at 0.99 GHz -12.31 dB at 2.04 GHz Figure A-4 

0.8 V / 1.2 V / 0 V / 2 V -6.40 dB at 0.91 GHz -11.75 dB at 1.97 GHz Figure A-4 

1.6 V / 0.0 V / 0 V / 2 V -5.75 dB at 0.89 GHz -18.00 dB at 2.03 GHz Figure A-4 

1.6 V / 0.6 V / 0 V / 2 V -5.89 dB at 0.87 GHz -15.83 dB at 2.03 GHz Figure A-4 

1.6 V / 1.2 V / 0 V / 2 V -6.12 dB at 0.89 GHz -15.37 dB at 1.97 GHz Figure A-4 

0.0 V / 0.0 V / 1 V / 2 V -3.99 dB at 1.09 GHz -10.62 dB at 2.06 GHz Figure A-5 

0.0 V / 0.6 V / 1 V / 2 V -4.14 dB at 1.08 GHz -9.99 dB at 2.06 GHz Figure A-5 

0.0 V / 1.2 V / 1 V / 2 V -4.04 dB at 1.01 GHz -8.24 dB at 1.99 GHz Figure A-5 

0.8 V / 0.0 V / 1 V / 2 V -5.62 dB at 1.01 GHz -10.87 dB at 2.03 GHz Figure A-5 

0.8 V / 0.6 V / 1 V / 2 V -5.77 dB at 1.01 GHz -10.47 dB at 2.03 GHz Figure A-5 

0.8 V / 1.2 V / 1 V / 2 V -5.38 dB at 0.97 GHz -8.72 dB at 1.96 GHz Figure A-5 

1.6 V / 0.0 V / 1 V / 2 V -4.73 dB at 0.93 GHz -12.85 dB at 2.01 GHz Figure A-5 

1.6 V / 0.6 V / 1 V / 2 V -4.90 dB at 0.93 GHz -9.61 dB at 1.95 GHz Figure A-5 

1.6 V / 1.2 V / 1 V / 2 V -4.78 dB at 0.90 GHz -10.16 dB at 1.96 GHz Figure A-5 

0.0 V / 0.0 V / 2 V / 2 V -3.83 dB at 1.06 GHz -10.88 dB at 2.04 GHz Figure A-6 

0.0 V / 0.6 V / 2 V / 2 V -3.97 dB at 1.07 GHz -10.17 dB at 2.04 GHz Figure A-6 

0.0 V / 1.2 V / 2 V / 2 V -4.07 dB at 1.03 GHz -8.44 dB at 1.95 GHz Figure A-6 

0.8 V / 0.0 V / 2 V / 2 V -5.95 dB at 1.01 GHz -11.72 dB at 2.00 GHz Figure A-6 

0.8 V / 0.6 V / 2 V / 2 V -6.03 dB at 1.02 GHz -11.07 dB at 2.01 GHz Figure A-6 

0.8 V / 1.2 V / 2 V / 2 V -5.61 dB at 0.97 GHz -9.10 dB at 1.94 GHz Figure A-6 

1.6 V / 0.0 V / 2 V / 2 V -4.96 dB at 0.93 GHz -14.68 dB at 1.98 GHz Figure A-6 

1.6 V / 0.6 V / 2 V / 2 V -5.05 dB at 0.93 GHz -13.52 dB at 1.99 GHz Figure A-6 

1.6 V / 1.2 V / 2 V / 2 V -4.87 dB at 0.90 GHz -10.96 dB at 1.89 GHz Figure A-6 
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also lists the measured return losses (|S11|) of the multi-band LNA with the SP4T RF switch 

varying VDC_g, VDC_gs, and VDC_out when VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA. The 

minimum |S11|’s at the low frequency band are located at 0.87 ~1.07 GHz and the 

minimum|S11|’s at the high frequency are located at 1.89 ~ 2.06 GHz. The measured input 

matching (|S11|) plots of the multi-band LNA versus frequency varying VDC_g, VDC_gs, VDC_out, 

and VDC_d are included in Appendix A.1. 

4.7.2 Output Matching of the Multi-Band LNA with SP4T RF Switch 

Table 4-6  Measured output matching (|S22|) of the multi-band LNA with the SP4T RF 
switch when VDC_gs = 0 V, Vdd = 1.2 V, and Ibias = 8 mA. 

VDC_g/VDC_gs/VDC_out/VDC_d Min.|S22| in low band Min. |S22| in high band plot 

0.0 V / 0.0 V / 0 V / 0 V -16.17 dB at 0.96 GHz -14.6 dB at 2.04 GHz Figure A-7 

0.0 V / 0.0 V / 0 V / 2 V -18.87 dB at 1.01 GHz -19.1 dB at 2.02 GHz Figure A-7 

0.0 V / 0.0 V / 1 V / 0 V -6.13 dB at 1.06 GHz -23.18 dB at 2.39 GHz Figure A-7 

0.0 V / 0.0 V / 1 V / 2 V -6.61 dB at 1.08 GHz -18.51 dB at 2.40 GHz Figure A-7 

0.0 V / 0.0 V / 2 V / 0 V -5.38 dB at 1.21 GHz -13.55 dB at 2.38 GHz Figure A-7 

0.0 V / 0.0 V / 2 V / 2 V -6.07 dB at 1.22 GHz -13.11 dB at 2.38 GHz Figure A-7 

0.8 V / 0.0 V / 0 V / 0 V -15.43 dB at 0.97 GHz -20.42 dB at 2.04 GHz Figure A-8 

0.8 V / 0.0 V / 0 V / 2 V -17.79 dB at 1.02 GHz -42.06 dB at 2.01 GHz Figure A-8 

0.8 V / 0.0 V / 1 V / 0 V -5.73 dB at 1.09 GHz -25.64 dB at 2.4 GHz Figure A-8 

0.8 V / 0.0 V / 1 V / 2 V -6.42 dB at 1.17 GHz -16.13 dB at 1.96 GHz Figure A-8 

0.8 V / 0.0 V / 2 V / 0 V -5.16 dB at 1.21 GHz -12.9 dB at 2.38 GHz Figure A-8 

0.8 V / 0.0 V / 2 V / 2 V -5.78 dB at 1.22 GHz -11.97 dB at 1.95 GHz Figure A-8 

1.6 V / 0.0 V / 0 V / 0 V -15.21 dB at 0.97 GHz -25.19 dB at 2.02 GHz Figure A-9 

1.6 V / 0.0 V / 0 V / 2 V -16.41 dB at 0.97 GHz -24.81 dB at 2.00 GHz Figure A-9 

1.6 V / 0.0 V / 1 V / 0 V -5.63 dB at 1.08 GHz -24.87 dB at 2.40 GHz Figure A-9 

1.6 V / 0.0 V / 1 V / 2 V -6.35 dB at 1.11 GHz -21.56 dB at 1.95 GHz Figure A-9 

1.6 V / 0.0 V / 2 V / 0 V -4.70 dB at 1.22 GHz -12.00 dB at 1.96 GHz Figure A-9 

1.6 V / 0.0 V / 2 V / 2 V -5.32 dB at 1.22 GHz -13.25 dB at 1.96 GHz Figure A-9 
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Table 4-6 shows the measured output matching (|S22|) of the multi-band LNA with an 

SP4T RF switch versus frequency for varying VDC_g, VDC_d, and VDC_out when VDC_gs = 0 V, Vdd 

= 1.2 V, and Ibias = 8 mA. The minimum |S22|’s at the low and high frequency bands are located 

at 0.96 ~ 1.22 GHz and 1.95 ~ 2.4 GHz. The measured output matching (|S22|) of the multi-band 

LNA with different VDC_g, VDC_d, and VDC_out when VDC_gs = 0.6 V, Vdd = 1.2 V, and Ibias = 8 mA 

are also listed in Table 4-7. The minimum |S22|’s at the low and high frequency bands are located 

at 0.96 ~ 1.22 GHz and 1.94 ~ 2.4 GHz, respectively. 

Table 4-7  Measured output matching (|S22|) of the multi-band LNA with the SP4T RF 
switch when VDC_gs = 0.6 V, Vdd = 1.2 V, and Ibias = 8 mA. 

VDC_g/VDC_gs/VDC_out/VDC_d Min.|S22| in low band Min. |S22| in high band plot 

0.0 V / 0.6 V / 0 V / 0 V -15.98 dB at 0.97 GHz -15.32 dB at 2.31 GHz Figure A-10 

0.0 V / 0.6 V / 0 V / 2 V -18.46dB at 1.02 GHz -18.60 dB at 2.02 GHz Figure A-10 

0.0 V / 0.6 V / 1 V / 0 V -5.98 dB at 1.07 GHz -22.78 dB at 2.39 GHz Figure A-10 

0.0 V / 0.6 V / 1 V / 2 V -6.58 dB at 1.20 GHz -18.57 dB at 2.40 GHz Figure A-10 

0.0 V / 0.6 V / 2 V / 0 V -5.41 dB at 1.21 GHz -13.64 dB at 2.38 GHz Figure A-10 

0.0 V / 0.6 V / 2 V / 2 V -6.14 dB at 1.22 GHz -13.22 dB at 2.38 GHz Figure A-10 

0.8 V / 0.6 V / 0 V / 0 V -15.11 dB at 0.96 GHz -19.53 dB at 2.03 GHz Figure A-11 

0.8 V / 0.6 V / 0 V / 2 V -17.52 dB at 1.02 GHz -32.30 dB at 2.01 GHz Figure A-11 

0.8 V / 0.6 V / 1 V / 0 V -5.74 dB at 1.08 GHz -25.01 dB at 2.40 GHz Figure A-11 

0.8 V / 0.6 V / 1 V / 2 V -6.30 dB at 1.20 GHz -18.64 dB at 2.40 GHz Figure A-11 

0.8 V / 0.6 V / 2 V / 0 V -5.17 dB at 1.22 GHz -13.25 dB at 2.39 GHz Figure A-11 

0.8 V / 0.6 V / 2 V / 2 V -5.88 dB at 1.22 GHz -12.76 dB at 2.39 GHz Figure A-11 

1.6 V / 0.6 V / 0 V / 0 V -14.91 dB at 0.97 GHz -23.07 dB at 2.02 GHz Figure A-12 

1.6 V / 0.6 V / 0 V / 2 V -16.23 dB at 0.97 GHz -27.92 dB at 1.99 GHz Figure A-12 

1.6 V / 0.6 V / 1 V / 0 V -5.64 dB at 1.09 GHz -26.22 dB at 2.40 GHz Figure A-12 

1.6 V / 0.6 V / 1 V / 2 V -6.32 dB at 1.12 GHz -19.82 dB at 1.95 GHz Figure A-12 

1.6 V / 0.6 V / 2 V / 0 V -4.72 dB at 1.22 GHz -11.54 dB at 1.96 GHz Figure A-12 

1.6 V / 0.6 V / 2 V / 2 V -5.36 dB at 1.22 GHz -12.84 dB at 1.94 GHz Figure A-12 
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Table 4-8 shows the measured output matching (|S22|) of the multi-band LNA with an 

SP4T RF switch versus frequency for varying VDC_g, VDC_d, and VDC_out when VDC_gs = 1.2 V, 

Vdd = 1.2 V, and Ibias = 8 mA. The minimum |S22|’s at the low and high frequency bands are 

located at 0.96 ~ 1.23 GHz and 1.9 ~ 2.4 GHz. The measured output matching (|S22|) plots of the 

multi-band LNA versus frequency for varying VDC_g, VDC_gs, VDC_out, and VDC_d are included in 

Appendix A.2. 

 

Table 4-8  Measured output matching (|S22|) of the multi-band LNA with the SP4T RF 
switch when VDC_gs = 1.2 V, Vdd = 1.2 V, and Ibias = 8 mA. 

VDC_g/VDC_gs/VDC_out/VDC_d Min.|S22| in low band Min. |S22| in high band plot 

0.0 V / 1.2 V / 0 V / 0 V -15.08 dB at 0.97 GHz -19.01 dB at 1.99 GHz Figure A-13 

0.0 V / 1.2 V / 0 V / 2 V -16.91 dB at 1.02 GHz -26.65 dB at 1.97 GHz Figure A-13 

0.0 V / 1.2 V / 1 V / 0 V -5.62 dB at 1.07 GHz -19.84 dB at 2.40 GHz Figure A-13 

0.0 V / 1.2 V / 1 V / 2 V -6.21 dB at 1.19 GHz -16.52 dB at 2.40 GHz Figure A-13 

0.0 V / 1.2 V / 2 V / 0 V -5.10 dB at 1.22 GHz -13.83 dB at 2.39 GHz Figure A-13 

0.0 V / 1.2 V / 2 V / 2 V -5.69 dB at 1.22 GHz -13.34 dB at 2.38 GHz Figure A-13 

0.8 V / 1.2 V / 0 V / 0 V -14.46 dB at 0.96 GHz -24.94 dB at 1.99 GHz Figure A-14 

0.8 V / 1.2 V / 0 V / 2 V -16.44 dB at 1.02 GHz -35.63 dB at 1.96 GHz Figure A-14 

0.8 V / 1.2 V / 1 V / 0 V -5.51 dB at 1.08 GHz -21.02 dB at 2.40 GHz Figure A-14 

0.8 V / 1.2 V / 1 V / 2 V -6.05 dB at 1.20 GHz -15.86 dB at 1.92 GHz Figure A-14 

0.8 V / 1.2 V / 2 V / 0 V -5.02 dB at 1.22 GHz -13.55 dB at 2.39 GHz Figure A-14 

0.8 V / 1.2 V / 2 V / 2 V -5.63 dB at 1.22 GHz -12.96 dB at 2.39 GHz Figure A-14 

1.6 V / 1.2 V / 0 V / 0 V -14.61 dB at 0.98 GHz -48.23 dB at 1.97 GHz Figure A-15 

1.6 V / 1.2 V / 0 V / 2 V -16.33 dB at 0.99 GHz -23.09 dB at 1.94 GHz Figure A-15 

1.6 V / 1.2 V / 1 V / 0 V -5.17 dB at 1.11 GHz -20.64 dB at 2.40 GHz Figure A-15 

1.6 V / 1.2 V / 1 V / 2 V -6.19 dB at 1.18 GHz -16.52 dB at 1.90 GHz Figure A-15 

1.6 V / 1.2 V / 2 V / 0 V -4.81 dB at 1.22 GHz -13.67 dB at 2.40 GHz Figure A-15 

1.6 V / 1.2 V / 2 V / 2 V -5.51 dB at 1.23 GHz -13.28 dB at 2.40 GHz Figure A-15 
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4.7.3 Power Gain of the Multi-Band LNA with the SP4T RF Switch 

Figure 4-19 shows the measured transducer power gain (|S21|) of multi-band LNA with the 

SP4T RF switch versus frequency when VDC_g = VDC_gs = 0.75 V, VDC_out = 0 V, VDC_d = 2 V, 

Vdd = 1.2 V, and Ibias = 8 mA. It has the maximum gain of 19.86 dB at 930 MHz, which is 

excellent for EGSM 900 application. Figure 4-20 plots the measured power gain (|S21|) of the 

multi-band LNA with the SP4T RF switch versus frequency when VDC_g = 1.6 V, VDC_gs = 1.1 V,  

 

 
 
Figure 4-19 Measured power gain (|S21|) of the multi-band LNA with the SP4T switch versus 

frequency when VDC_g = VDC_gs = 0.75 V, VDC_out = 0 V, and VDC_d = 2 V. 
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Figure 4-20 Measured power gain (|S21|) of the multi-band LNA with the SP4T switch versus 
frequency when VDC_g = 1.6 V, VDC_gs = 1.1 V, VDC_out = 0.2 V, and VDC_d = 2 V. 

VDC_out = 0.2 V, VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA. It has the maximum gain of 9.13 dB 

at 1805 MHz, which is somewhat low for DCS 1800 application. The measured power gain 

(|S21|) of the multi-band LNA with the SP4T RF switch versus frequency when VDC_g = 1.6 V, 

VDC_gs = 0 V, VDC_d = 0.5 V, VDC_out = 2 V, Vdd = 1.2 V, and Ibias = 8 mA is shown in Figure 4-21. 

The maximum gain is 11.45 dB at 1980 MHz, which is suitable for PCS 1900 application. The 

measured power gain (|S21|) when VDC_g = VDC_d = 0.4 V, VDC_gs = VDC_out = 0 V, Vdd = 1.2 V, 
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Figure 4-21 Measured power gain (|S21|) of the multi-band LNA with the SP4T switch versus 

frequency when VDC_g = 1.6 V, VDC_gs = 0 V, VDC_out = 0.5 V, and VDC_d = 2 V. 

and Ibias = 8 mA is plotted in Figure 4-22. It has the maximum gain of 10.06 dB at 2110 MHz, 

which is adequate for WCDMA application. 

Table 4-9 shows the measured power gains (|S21|) of the multi-band LNA with the SP4T 

RF switch optimized for four different standard applications. With different VDC_g and VDC_gs, 

the control voltages of NMOS source/drain-to-gate varactors and VDC_out and VDC_d, the control 

voltages of accumulation mode varactors, the frequencies of the maximum power gain are varied 
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Figure 4-22 Measured power gain (|S21|) of the multi-band LNA with the SP4T switch versus 
frequency when VDC_g = VDC_out = 0.4 V and VDC_gs = VDC_d = 0 V. 

and the optimum power gains at the four standard bands are found. The measured power gains of 

multi-band LNA with the SP4T RF switch at the high frequency band are 6 to 8 dB lower than 

the simulated results. Two source degenerative inductors are originally designed to be bonded 

orthogonally to lower the inductance by decreasing mutual inductance. Higher source 

degenerative inductance decreases the power gain by decreasing the effective transconductance. 

The source degenerative inductors are bonded parallel in Figure 4-17(b). Changing the source 

degenerative inductance from 0.45 nH to 0.9 nH drops the simulated power gains of the multi-
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band LNA with the SP4T RF switch ~1.3 dB at a low frequency band and ~4.6 dB at a high 

frequency band as shown in Figure 4-23.  The measured power gain (|S21|) plots of the multi-

band LNA with the SP4T RF switch versus frequency with different VDC_g, VDC_gs, VDC_out, and 

VDC_d are included in Appendix A.3. 

Table 4-9  Measured power gains (|S21|) of the multi-band LNA with the SP4T RF switch  
Frequency 

[GHz] 
Max. |S21| 

[dB] VDC_g [V] VDC_gs [V] VDC_out [V] VDC_d [V] 

0.93 19.86 0.75 0.75 0 2 

1.805 9.63 1.6 1.1 0.2 2 

1.98 11.45 1.6 0 0.5 2 

2.11 10.06 0.4 0 0.4 0 

 

 
Figure 4-23 Simulated power gains of the multi-band LNA with the SP4T RF switch versus 

frequency with various source degenerative inductances. 
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4.7.4 Noise Performance of the Multi-Band LNA with the SP4T RF Switch 

Figure 4-24 shows the noise figure measurement set-up of the multi-band LNA with the 

SP4T RF switch. For calibration, the noise source is directly connected to the RF input of HP 

8971C and then noise figure meter is calibrated to the output of the noise source. The bias-T and 

PCB have significant losses (0.62 dB at EGSM 900, 0.65 dB at DCS 1800, 0.7 dB at PCS 1900, 

and 0.9 dB at WCDAM). The measurement set-up only can measure the noise figure of the entire 

system because noise figure meter can only calibrate up to the noise source output [33]. From 

Equation (4-1), the noise figures of multi-band LNA with SP4T switch is extracted from noise 

factor of entire system, and the insertion losses of the bias-T and PCB, which are measured using 

a network analyzer. 

 
 

Figure 4-24 Noise figure measurement set-up of the multi-band LNA with the SP4T RF switch 
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Figure 4-25 Measured noise figures of the multi-band LNA with the SP4T RF switch from 925 
to 960 MHz when VDC_g = VDC_gs = 0.75 V, VDC_out = 0 V, and VDC_d = 2 V. 

 
 

Figure 4-26 Measured noise figures of the multi-band LNA from 925 to 960 MHz when VDC_g 
= VDC_gs = 0.75 V, VDC_out = 0 V, and VDC_d = 2 V. 

Figure 4-25 shows the measured noise figures of the multi-band LNA with the SP4T RF 

switch from 925 to 960 MHz when VDC_g = VDC_gs = 0.75 V, VDC_out = 0 V, VDC_d = 2 V, Vdd = 
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1.2 V, and Ibias = 8 mA. It has the maximum noise figure of 1.7 dB at 960 MHz. The measured 

noise figures of the multi-band LNA from 925 to 960 MHz when VDC_g = VDC_gs = 0.75 V, 

VDC_out = 0 V, VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA are shown in Figure 4-26. It has the 

maximum noise figure of 1.4 dB at 960 MHz and the minimum noise figure of 1.2 dB at 935 

MHz. These are sufficient for EGSM 900 application. Figure 4-27 plots the measured noise 

figures of the multi-band LNA with the SP4T RF switch from 1805 to 1880 MHz when VDC_g = 

1.6 V, VDC_gs = 1.1 V, VDC_out = 0.2 V, VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA and the 

maximum noise figure is 2.5 dB at 1865 MHz. The measured noise figures of the multi-band 

LNA from 1805 to 1880 MHz when VDC_g = 1.6 V, VDC_gs = 1.1 V, VDC_out = 0.2 V, VDC_d = 2 V, 

Vdd = 1.2 V, and Ibias = 8 mA are plotted in Figure 4-28. It has the maximum noise figure of 2.1 

dB at 1865 MHz and the minimum noise figure of 2.0 dB at 1810 MHz, which are sufficient for 

DCS 1800 application. 

 
 

Figure 4-27 Measured noise figures of the multi-band LNA with SP4T switch from 1805 to 
1880 MHz when VDC_g = 1.6 V, VDC_gs = 1.1 V, VDC_out = 0.2 V, and VDC_d = 2 V. 
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Figure 4-28 Measured noise figures of the multi-band LNA from 1805 to 1880 MHz when 

VDC_g = 1.6 V, VDC_gs = 1.1 V, VDC_out = 0.2 V, and VDC_d = 2 V. 

 

 
 

Figure 4-29 Measured noise figures of the multi-band LNA with the SP4T switch from 1930 
to 1990 MHz when VDC_g = 1.6 V, VDC_gs = 0 V, VDC_out = 0.5 V, and VDC_d = 2 V. 
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Figure 4-30  Measured noise figures of the multi-band LNA from 1930 to 1990 MHz when 
VDC_g = 1.6 V, VDC_gs = 0 V, VDC_out = 0.5 V, and VDC_d = 2 V. 

Figure 4-29 shows the measured noise figures of the multi-band LNA with SP4T switch 

from 1930 to 1990 MHz when VDC_g = 1.6 V, VDC_gs = 0 V, VDC_out = 0.5 V, VDC_d = 2 V, Vdd = 

1.2 V, and Ibias = 8 mA and the maximum noise figure is 2.5 dB at 1930 MHz. The measured 

noise figures of the multi-band LNA from 1930 to 1990 MHz when VDC_g = 1.6 V, VDC_gs = 0 V, 

VDC_out = 0.5 V, VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA are shown in Figure 4-30.  The 

maximum noise figure is 2.1 dB at 1930 MHz and the minimum noise figure is 2.0 dB at 1990 

MHz, which are acceptable for PCS 1900 application. The measured noise figures of the multi-

band LNA with SP4T switch from 2110 to 2170 MHz when VDC_g = VDC_out = 0.4 V, VDC_gs = 

VDC_d = 0 V, Vdd = 1.2 V, and Ibias = 8 mA are plotted in Figure 4-31. It has the maximum noise 

figure of 2.6 dB at 2165MHz. The measured noise figures of the multi-band LNA from 2110 to 

2170 MHz when VDC_g = VDC_out = 0.4 V, VDC_gs = VDC_d = 0 V, Vdd = 1.2 V, and Ibias = 8 mA 

are plotted in Figure 4-32.  It has the maximum noise figure of 2.2 dB at 2165 MHz and the 

minimum noise figure of 2.1 dB at 2120 MHz, which are excellent for WCDMA application. 
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Figure 4-31 Measured noise figures of the multi-band LNA with the SP4T switch from 2110 
to 2170 MHz when VDC_g = VDC_out = 0.4 V and VDC_gs = VDC_d = 0 V. 

 

 
 

Figure 4-32 Measured noise figures of the multi-band LNA from 2110 to 2170 MHz when 
VDC_g = VDC_out = 0.4 V and VDC_gs = VDC_d = 0 V. 



 

84 

4.7.5 Linearity of the Multi-Band LNA with the SP4T RF Switch 

The input 1-dB compression points (IP1dB) of the multi-band LNA with the SP4T RF 

switch is measured using one tone and the input third-order intercept points (IIP3) is measured 

using two tones.  Figure 4-33 shows the measured IP1dB and IIP3 at 930 MHz when VDC_g = 

VDC_gs = 0.75 V, VDC_out = 0 V, VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA.  The IP1dB and IIP3 of 

the multi band LNA with the SP4T RF switch at EGSM 900 standard frequencies are -13 and -

0.3 dBm. The measured IP1dB and IIP3 at 1805 MHz when VDC_g = 1.6 V, VDC_gs = 1.1 V, VDC_out 

= 0.2 V, VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA are shown in Figure 4-34. It has the IP1dB of -

8.3 dBm and the IIP3 of 3.2 dBm at DCS 1800 standard frequencies. Figure 4-35 plots for 

measuring IP1dB and IIP3 at 1980 MHz when VDC_g = 1.6 V, VDC_gs = 0 V, VDC_out = 0.5 V, VDC_d 

= 2 V, Vdd = 1.2 V, and Ibias = 8 mA. The IP1dB and IIP3 at PCS 1900 standard frequencies are -

5.5 and 3.0 dBm, respectively. The measured IP1dB and IIP3 at 2110 MHz when VDC_g = VDC_out  

 

 

 
 

Figure 4-33 Measured IP1dB and IIP3 of the multi-band LNA with the SP4T RF switch at 930 
MHz when VDC_g = VDC_gs = 0.75 V, VDC_out = 0 V, and VDC_d = 2 V. 
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Figure 4-34 Measured IP1dB and IIP3 of the multi-band LNA with the SP4T RF switch at 1805 
MHz when VDC_g = 1.6 V, VDC_gs = 1.1 V, VDC_out = 0.2 V, and VDC_d = 2 V. 

 

 

 
 

Figure 4-35 Measured IP1dB and IIP3 of the multi-band LNA with the SP4T RF switch at 1980 
MHz when VDC_g = 1.6 V, VDC_gs = 0 V, VDC_out = 0.5 V, and VDC_d = 2 V. 
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Figure 4-36 Measured IP1dB and IIP3 of the multi-band LNA with the SP4T RF switch at 2110 

MHz when VDC_g = VDC_out = 0.4 V and VDC_gs = VDC_d = 0 V. 

= 0.4 V, VDC_gs = VDC_d = 0 V, Vdd = 1.2 V, and Ibias = 8 mA are shown in Figure 4-36. It has the 

IP1dB of -5.0 dBm and IIP3 of 3.3 dBm at WCDMA standard frequencies.  

Table 4-10 shows the performance of published CMOS multi-band or wideband LNA’s.  

The multi-band LNA in this work provides very low noise figure and high linearity, and it also 

has reasonable gain with lower power consumption.  These results show that the multi-band 

LNA with the SP4T RF switch is a good candidate for multi-band multi-standard radios. 

4.8 Summary 

This chapter presented the multi-band LNA with an SP4T switch designed in a UMC 90-

nm CMOS technology which can support EGSM 900, DCS 1800, PCS 1900, and WCDMA 

standards.  The power gain of the multi-band LNA in the EGSM 900, DCS 1800, PCS 1900, and 

WCDMA are 19.86 dB, 9.13 dB, 11.45 dB, and 10.06 dB, respectively with 9.6-mW power 

consumption. The noise figures are 1.7 dB at 960 MHz, 2.5 dB at 1865 MHz, 2.5 dB at 1930 

MHz, and 2.6 dB at 2165 MHz, respectively once again at 9.6-mW power consumption. IP1dB & 
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IIP3’s are -9.8 & 2.7 dBm at 930 MHz, -8.3 & 3.2 dBm at 1805 MHz, -5.5 & 3.0 dBm at 1980 

MHz, and ~ -5.0 & 3.3 dBm at 2110 MHz.   

 

Table 4-10  Performance of published CMOS multi-band or wideband LNA 
Bandwidth  

[GHz] 
NFmin 

[dB] 
NFmax 

[dB] 
Gain 
[dB] 

IIP3 
[dBm] 

Power  
[mW] 

Tech. Topology Ref.-
Year 

1~7 3.3 5.5 13.1 -4.7 75 0.18-
um Feedback [34]-

2003 

0.5~14 3.4 5.4 9.8 -7.0 75 0.18-
um 

Distribute
d 

[35]-
2003 

0.02~1.6 1.9 2.4 13.7 0.0 35 0.25-
um Feedback [36]-

2004 

2.3~9.2 4.0 5.2 9.3 -6.7 9 0.18-
um 

LC-filter 
tuned 

[37]-
2004 

2.4~9.5 4.2 5.3 10.4 -8.8 9 0.18-
um 

LC-filter 
tuned 

[37]-
2004 

2~4.6 2.3 5.2 9.8 -7.0 12.6 0.18-
um Feedback [38]-

2005 

0.1~6.5 3.0 4.2 19.0 1.0 11.7 0.18-
um Feedback [39]-

2005 

1.8 1.8 1.8 14.6 -5.8 7.5 0.13-
um 

LC-filter 
tuned 

[40]-
2008 

2.14 2.0 1.8 16.6 -5.3 7.5 0.13-
um 

LC-filter 
tuned 

[40]-
2008 

0.925~0.96 1.2 1.4 19.9 -0.3 9.6 90-nm LC-filter 
tuned 

This 
work 

1.805~1.88 2.0 2.1 9.1 3.2 9.6 90-nm LC-filter 
tuned 

This 
work 

1.93~1.99 2.0 2.1 11. 5 3.0 9.6 90-nm LC-filter 
tuned 

This 
work 

2.11~2.17 2.1 2.2 10.1 3.3 9.6 90-nm LC-filter 
tuned 

This 
work 
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The multi-band LNA has tunable dual input and output matching networks over the 

EGSM 900, DCS 1800, PCS 1900 and WCDMA bands. The multi-band LNA with an SP4T 

switch can reduce die area ~ 33 % compared as four single band LNA’s.  It provides lower noise 

figures and acceptable gains and linearity with lower power consumption than other wideband or 

multi-band LNA’s. The results of this work suggest that the multi-band LNA with an SP4T RF 

switch in deep submicron CMOS technology is a good solution for multi-standard receiver 

radios. 
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CHAPTER 5 
CLASS-F CMOS POWER AMPLIFIER WITH POWER COMBINER  

5.1 Introduction 

A power amplifier (PA) amplifies the transmitted signal to a necessary power level.  

Hence, its output power is one of the most important specifications. Since PA output power 

levels are often high, a PA is often the most power hungry component that determines the whole 

transceiver power consumption. So, a PA must be power efficient. 

CMOS implementation of a PA is challenging.  First, because of the low breakdown 

voltage, nano-scale MOS transistors limit the maximum voltage and output power. Numerous 

papers have shown that acceptable output power and efficiency can be attained with switching 

PA’s [41], [42]  but the reliability remains as a concern. Another problem is the LNA saturation 

and leakage to LO through the conductive substrate. To alleviate these, a fully differential 

topology must be utilized.  

A measure of PA’s ability to convert DC supply power into the AC power delivered to 

the load is called efficiency.  The two commonly used efficiencies are defined here.  The drain 

efficiency (η) is  

DC

RF
Drain P

P
Efficiency OUT=η, ,                 (5-1) 

where RFoutP  is the AC power delivered to the load and DCP  is the total power taken from the DC 

supply. 

In the case when RF input power is not negligible, the power added efficiency (PAE) 

defined below is more relevant. 

DC

RFRF

P
PP

PAE INOUT
−

= ,                                                    (5-2) 
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where 
INRFP  is the power driving the input at the frequency of interest. 

5.2 Power Amplifier Classification 

Power amplifiers are generally classified as Class-A, B, C, D, E, and F [43].  Each Class 

of PA has different circuit configuration, mode of operation, efficiency and output power for a 

given supply voltage. A Class-A PA is linear while the others are not.  From Class-A to Class-C, 

a PA goes from entirely linear with the lowest efficiency to more non-linear with the highest 

efficiency. In terms of operation modes, Class-A, B, and C PA’s operate as a current source.  

Class-D, E, and F PA’s operate as a switch.  Ideally, Class-D, E, and F PA’s can have 100% 

efficiency. 

5.2.1 Class-A Power Amplifier 

A Class-A PA is the most basic form of power amplifier and has the highest linearity 

among all power amplifier topologies. Figure 5-1 shows a Class-A PA schematic. The Class-A 

PA must be properly DC biased so that it operates in the active region as shown in Figure 5-2 

 

 
 

Figure 5-1  Current source mode PA schematic (Class-A, AB, B, and C) 
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and acts as a current source. Since the transistor conducts at all times, it has continuous power 

dissipation and results in low power efficiency. Figure 5-3 shows the drain voltage and current 

waveforms. They are both ideally sinusoidal.   

The maximum drain voltage DMV  will be 
2
ddV  without an RF choke if we assume that 

threshold and drain saturation voltage are negligible. By adding an RF choke, the drain voltage 

can swing from zero to ddV2 . 

tVVv OddddD ωsin+= ,                                                    (5-3) 

where πω 2/O  is the resonant frequency of the output tank.  

tIIi ODQDQD ωsin−= ,                                                    (5-4) 

where DQI is the quiescent current which corresponds to the maximum current amplitude. A DC 

block capacitor CB in Figure 5-1 takes out the DC voltage from Dv  and with a lossless output  

 

 
Figure 5-2  Input voltage waveform of a Class-A PA 

 
Figure 5-3  Drain voltage and current waveforms of a Class-A PA 
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circuit, the output voltage at the load Ov is 

tVv OddO ωsin= ,                                                      (5-5) 

The DC input power is  

DQddDC IVP ⋅= ,                                                       (5-6) 

The RF output power is  

2
DQdd

RFout

IV
P

⋅
= ,                                                      (5-7) 

Hence, the maximum drain efficiency is 

2
1

==
DC

RF
MAX P

P
OUTη .                                                     (5-8) 

The ideal maximum drain efficiency of Class-A PA of 50% is not bad. However, the 

efficiency of real Class-A PA’s is degraded by on-resistance and saturation voltage of the 

transistor, and inductor power loss. The dissipated power is the difference between the DC input 

power and RF output power. 

RFoutDCnDissipatio PPP −= .                                                 (5-9) 

5.2.2 Class-B Power Amplifier 

A Class-B PA has the same schematic as a Class-A PA. However it must have gate DC 

bias at the threshold of conduction so that it operates in the active region during half of the time 

and drain current Di  is a half sinusoid, which results in higher efficiency than that of the Class-A 

PA. Figure 5-4 shows the drain voltage and current waveforms of Class-B PA. Here, the drain 

voltage is ideally sinusoidal but the drain current is a half sinusoid. 

 Figure 5-5 shows a transformer coupled push-pull Class-B PA. During a positive half 

cycle, one transistor pulls current from the load, and during a negative half cycle, the other 
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transistor pushes current into the load. However, a real Class-B push-pull PA has a period that 

both transistors are off, and this can distort output. Crossover distortion is another source of 

linearity degradation which results from when the signal is crossing over from one transistor to 

the other. Therefore, a Class-B PA has better efficiency and worse linearity comparing to a 

Class-A PA.  

With assuming a single-ended PA, the drain current, Di  is  

 

 
 

Figure 5-4  Drain voltage and current waveforms of a Class-B PA 

 

 
 

Figure 5-5  Transformer coupled push-pull PA 
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,                                                   (5-10) 

where, DMI  is the maximum drain current. Using Fourier expansion, the maximum output 

current, OMI  is 

2
))(sinsin(2 2

0
DM

OO

T

DMOM
IdtttI

T
I == ∫ ωω .                               (5-11) 

The maximum drain voltage DMV  will be ddV  with an RF choke if threshold and drain 

saturation voltage are assumed to be negligible.  Therefore, the RF output power is  

2
OMdd

RFout
IVP ⋅

= ,                                                   (5-12) 

The DC bias current DI  is the average of drain current, Di .  The DC bias current is 

ππ
ω OMDM

O

T

DMD
IItdtI

T
I 2sin1 2

0
=== ∫ ,                                  (5-13) 

The DC input power is  

π
OMdd

DddDC
IV

IVP
⋅

=⋅=
2

.                                           (5-14) 

And, the maximum drain efficiency is 

785.0
4
≅==

πη
DC

RF
MAX P

P
OUT .                                              (5-15) 

The ideal maximum drain efficiency of Class-B PA is 78.5 % and maximum output power is the 

same as that of a Class-A PA.   

5.2.3 Class-AB and Class-C Power Amplifiers 

A Class-AB PA should have gate DC bias above the threshold voltage so that it operates 

in the active region during more than half of the time and less than a full cycle. Figure 5-6(a) 
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shows the drain voltage and current waveforms of a Class-AB PA. The Class-AB power 

amplifier is between Class-A and Class-B PA’s linearity and efficiency. 

A Class-C power amplifier is the most nonlinear among Class-A, B and C PA’s but the 

best choice in terms of efficiency. A Class-C PA should have gate DC bias below the threshold 

voltage so that it operates in the active region during less than half of the time. Figure 5-6(b) 

shows the drain voltage and current waveforms of Class-C PA. 

With a conduction angle of 2Φ, the drain efficiency can be derived [44] as  

)cos(sin4
2sin2

ΦΦ−Φ
Φ−Φ

=η .                                          (5-16) 

When the conduction angle 2Φ is equal to zero, the efficiency can be 100% but output power 

will be zero.  

 

 
(a) 

 
(b) 

 
Figure 5-6  Drain voltage and current waveforms of (a) Class-AB PA and (b) Class-C PA 
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Figure 5-7  Drain voltage and current waveforms of a Class-D PA 

5.2.4 Class-D Power Amplifier 

A Class-D PA uses two transistor switches to generate a square waveform drain voltage. A 

transformer coupled push-pull Class-D PA schematic shown in Figure 5-5, is the same as that of  

a Class-B PA.  Input voltage is large enough to quickly move the transistor from cut-off to active 

region. Its drain voltage and current waveforms are shown Figure 5-7. The theoretical efficiency 

of Class-D PA is 100% because either drain voltage or current is always zero. 

5.2.5 Class-E Power Amplifier 

 

 
 

Figure 5-8  Class-E PA schematic 
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Figure 5-9  Drain voltage and current waveforms of a Class-E PA 

A Class-E PA, introduced by N. O. Sokal and A. D. Sokal [45], employs one transistor 

switch and includes the drain shunt capacitance shown in Figure 5-8. The drain voltage 

waveform is the sum of DC voltage and AC voltage from RF current charging the drain shunt 

capacitance. During the turn-on transition of transistor, Dv  is zero as shown in Figure 5-9 and 

)(
dt

dvCi D
ShuntShunt = is zero. Therefore, by eliminating the losses associated with charging the drain 

capacitance in Class-D, the power loss of Class-E PA is lowered. 

 Ideal Class-E operation requires the drain shunt susceptance )( ShuntCω  to be 0.1836/R 

and the drain series reactance to be 1.15R [45]. With these components, the output power and 

maximum drain voltage are  

R
VP dd

RFout

2

577.0= ,                                              (5-17) 

ddDM VV 56.3= .                                                 (5-18) 

5.2.6 Class-F Power Amplifier 

A Class-F PA increases both efficiency and output power by using harmonic resonators 

in the output so that the load impedances are zero at even harmonics and infinite at odd 

harmonics. There are two types of Class-F PA’s.  One has a third harmonic output resonator and 

the other has a quarter wave transformer.  
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 Figure 5-10 shows a schematic of a Class-F PA with a quarter-wavelength transmission 

line and a parallel resonator circuit at fundamental frequency. Figure 5-11 shows the drain 

current and voltage waveforms of Class-F PA with quarter-wavelength transmission line and a 

parallel resonator circuit. The input impedance of a quarter-wavelength transmission line is 

L

O
in Z

ZZ
2

= ,                                                         (5-19) 

and the input impedance of a half-wavelength transmission line is 

Lin ZZ = .                                                         (5-20) 

 
 

Figure 5-10 Schematic of Class-F PA with a λ/4 transmission line 

 

 
 

Figure 5-11 Drain voltage and current waveform of a Class-F PA with a λ/4 transmission line 



 

99 

If OZ  is equal to R, the impedance seen by drain is )/( 2 RZR O= at fundamental frequency. For 

even harmonics, the transmission line is an integer multiple of half-wavelength and load 

impedance LZ  will be zero because the parallel tank is short for all harmonics.  Hence, the drain 

has zero impedance at all even harmonics and it results in a half-rectified sinusoid current output.  

However, for all odd harmonics, the terminated transmission line presents open at the drain.   

Figure 5-12 shows a schematic of a Class-F PA with a third harmonic resonator circuit. 

Its drain current and voltage waveforms are plotted in Figure 5-13. The inductor 3L  and 

capacitor 3C  form a parallel resonator circuit tuned to the third harmonic frequency so that the 

impedance seen by the drain at the third order harmonic frequency is high. The inductor OL  and 

capacitor OC  form a band pass filter tuned at fundamental frequency and remove the harmonics  

 

 

 

 
Figure 5-12 Schematic of a Class-F PA with a third harmonic resonator 
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Figure 5-13 Drain voltage and current waveforms of a Class-F PA with the third harmonic 
resonator 

at the output. The maximum efficiency of an ideal Class-F PA with the third harmonic peaking 

circuit is more than 80% [46].   

5.3 Design of Class-F Power Amplifier 

5.3.1 Motivation of Class-F Power Amplifier 

Traditionally, linear PA’s such as Class-A, AB, B and C, have better linearity over the 

non-linear ones such as Class-D, E and F PA’s, and they have been used in the radios of many 

standards which employ non-constant envelope modulation. To mitigate this linearity issue, 

polar modulator transmitters with a non-linear PA with higher efficiency have been proposed 

[12], [47].  Because of this, non-linear PA’s are widely used in mobile communication systems. 

Class-E and F are the dominant among the non-linear PA types. However, a Class-E PA needs a 

faster switching driver than a Class-F PA. In addition, it is more difficult to implement in scaled 

down CMOS with lower breakdown voltage because of its higher output voltage swing. Hence, 

Class-F CMOS PA is a good candidate for integration in a deep sub-micron CMOS technology. 

5.3.2 Power Combine Topology 

Since the maximum output power is dependent on the supply voltage, it is not possible to 

get sufficient output power in a simple power amplifier. The impedance can not be arbitrarily 

scaled down due to the degradation of efficiency. This limitation can be overcome using a power 
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combination [48].  Figure 5-14 shows the block diagram of transformer based power combiner. 

Since each differential PA can operate with a low supply voltage, low breakdown transistors can 

be employed. In addition, power control can be achieved simply by turning off PA individually 

because of each PA runs independently. How many PA’s are needed to achieve 34.5 dBm?  For 

an ideal 100% efficient Class-F PA, the maximum output power is [44] 

R
V

P dd
OMAX 2

])/4[( 2π
= .                                                (5-21) 

Table 5-1 and Table 5-2 show the maximum output powers with ideal single-ended and 

ideal differential Class-F PA’s. The estimation assumed use of TI 65nm CMOS technology with 

1.2-V DDV . The calculations are based on use of lossless matching networks and the maximum 

 

 

 
 

Figure 5-14 Block diagram of a transformer based power combiner 
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Table 5-1  Maximum output power with ideal single-ended Class-F PA’s 

No. of PA Maximum output power 

1 1.62*(1.2V)2/(2*50Ω) = 0.023 W 

2 2*1.62*(1.2V) 2/(2*25Ω) = 0.093 W 

4 4*1.62*(1.2V) 2/(2*12.5Ω) = 0.373 W 

8 8*1.62*(1.2V) 2/(2*6.25Ω) = 1.493 W 

 
 
Table 5-2  Maximum output power with ideal differential Class-F PA’s 

No. of PA Maximum output power 

1 1.62*(2.4V) 2/(2*50Ω) = 0.093 W 

2 2*1.62*(2.4V) 2/(2*25Ω) = 0.373 W 

4 4*1.62*(2.4V) 2/(2*12.5Ω) = 1.493 W 

8 8*⋅1.62*(2.4V) 2/(2*6.25Ω) = 5.972 W 

 

fundamental voltage swing as ⎟
⎠
⎞

⎜
⎝
⎛=

π
dd

OMAX
V

V
4

. The calculation shows that at least eight 

differential PA’s should be combined to obtain 34.5 dBm. From the layout considerations, 6 and 

the odd number of PA’s are excluded. 

 
5.3.4 Inverter Driver 

Figure 5-16 shows the schematic of inverter driver which consists of 6 pairs of tapered 

inverters whose size increases by factor of 4. An inverter driver has three significant advantages 

compared to a conventional tuned driver. First, the inverter driver has no negative voltage swing 

so that the gate oxide of Class-F PA is not stressed. The second is that the Class-F 
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Figure 5-15 Schematic of inverter driver stage 

PA driven by an inverter chain has better efficiency because a square wave input signal can 

switch the PA transistor faster than a sine-wave input. Third is that it is more compact than tuned 

amplifiers. The supply voltage of inverters is separated from that of PA. 

 
5.3.5 Design of a 900-MHz CMOS Class-F Power Amplifier 

Several theoretical designs of third harmonic peaking network for Class-F amplifiers 

have been presented [49], [50]. The active device output capacitance outC  should be considered 

in the output loading network because generally PA transistor size is big and the associated 
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(a)                                                           (b) 

 
Figure 5-16 Third harmonic peaking load networks of Class-F PA’s with additional (a) series 

resonant circuit and (b) parallel resonant circuit 

parasitic capacitance is not negligible. Figure 5-16 shows two possible third harmonic peaking 

load networks with additional (a) series resonant circuit and (b) parallel resonant circuit. 

The 1L , 2L , and 2C  in Figure 5-16(a) are  

16
15

,
15
9

,
9

4
2

1
21

out

outo

C
C

L
L

C
L ===

ω
,                                      (5-22) 

where πω 2/O  is the resonant frequency of the output tank.  

The 1L , 2L , and 2C  in Figure 5-16(b) are  

 

5
12

,
3

5,
6

1
2

1
21

out

outo

C
CLL

C
L ===

ω
.                                     (5-23) 

In this PA design, the topology in Figure 5-16(a) is chosen and Equation (5-22) is a good starting 

point for design.   
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Figure 5-17 Differential 900-MHz Class-F PA with simplified third harmonic peaking circuit 
and transformer 

 

 
 

Figure 5-18 Modified matching capacitor including L1  

 Figure 5-17 shows a differential 900-MHz Class-F PA with the simplified third harmonic 

peaking circuit and transformer. In an output 1:1 transformer, matching capacitor, pC  is chosen 

such a way to resonate with pL  at the fundamental frequency. Its impedance should be 6.25-Ω 

because 8 secondary inductors will be combined in series as in Figure 5-14, and connected to a 

50-Ω load. By setting the matching capacitor, pC  as '
pC , 1L can be removed without changing 
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the output impedance at the fundamental frequency as shown in Figure 5-18. The admittance of 

pC  is much larger than that of 1L at the fundamental frequency and the third harmonics. The 

power to the drain of transistor is provided via the primary inductor. The simplified third 

harmonic peaking circuit does not provide infinite impedance at third harmonic frequency but its 

impedance is larger than ten times of the load impedance at the fundamental frequency. At the 

second harmonic frequency, this simplified third harmonic peaking circuit does not provide zero 

impedance. However, its impedance is less than one tenth of the impedance at the fundamental 

frequency.    

5.3.6 Design of Multi-Band CMOS Class-F Power Amplifier 

 

 

 
 

Figure 5-19 Tuning schematic of C2 and matching capacitor, Cp in the multi-band CMOS 
Class-F PA. 
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Figure 5-20 Schematic of inductor tuning using switched resonator concept in the multi-band 
CMOS Class-F PA. 

To realize a multi-band transmitter, a multi-band CMOS power amplifier is highly 

desirable. A multi-band Class-F CMOS PA that can support operation in four different standards 

is designed using a TI 65-nm process. To achieve the tunability of harmonic peaking network, 

variable capacitance and inductance are indispensable. Figure 5-19 shows the tuning schematic 

of C2 and matching capacitor, Cp in the multi-band CMOS Class-F PA. Tunable capacitance of 

C2 and Cp are realized by using a binary array of capacitors on top of switches or switches on top 

of capacitors. Figure 5-20 shows the schematic of inductor tuning using the switched resonator 

concept [51]. It consists of series connection of an inductor and parallel switched inductor.  
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5.4 900-MHz Class-F CMOS Power Amplifier Simulations 

To find the optimum transistor size associated over 34.5-dBm output power and high 

efficiency, load pull simulations using Agilent’s Advanced Design System (ADS) are needed. 

Figure 5-21 shows the schematic of load pull simulation of 900-MHz CMOS class-F power 

amplifier. Load tuner changes load impedance at the fundamental frequency.  Output power and 

power added efficiency are calculated at the fundamental frequency. The input of load pull 

simulations is a pulsed wave instead of a sine wave because the drivers of CMOS class-F PA are 

tapered inverters.  

 

 
 

 
Figure 5-21 Load pull simulations of the 900-MHz class-F CMOS PA using advanced design 

system (ADS) 
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Figure 5-22 shows the simulated maximum power added efficiency and output power of 

900-MHz class-F PA versus the width of TI 65-nm NMOS transistor with a 3.125-ohm load. The 

3.125-ohm load instead of 50-ohm load because the secondary inductors of transformers in 8 

differential PA’s are combined in series and connected to a 50-ohm load. The minimum output 

power of single NMOS transistor stage has to be larger than 22.5 dBm which is 12 dB less than 

34.5 dBm considering the 3 dB for conversion from single ended signal to differential signal and 

9 dB for combining 8 differential PA’s. The minimum width of NMOS transistor for output 

power of more than 22.5 dBm is 2.5 mm and output power increases as NMOS transistors are 

made wider. The TI 65-nm NMOS transistor has the maximum power added efficiency of ~69 % 

and the output power of ~23.5 dBm when it has around 5-mm width.  

 

 
 

Figure 5-22 Simulated maximum power added efficiency and output power of the Class-F PA 
versus TI 65-nm NMOS transistor width.  



 

110 

Figure 5-23(a) shows a layout of output power combining transformer and Figure 5-23(b) 

shows the schematic of individual transformer.  All the parasitic capacitance and  

 

 
(a) 

 

 
(b) 

 
Figure 5-23 (a) Layout of output power combining transformer and (b) schematic of individual 

transformers for the 900-MHz Class-F PA 
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resistance, mutual inductance, self inductance and coupling coefficient (k) among inductors are 

estimated using FastHenry [52] and Matlab simulations. To increase Q of on-chip inductors, the 

primary inductor is formed with 36-μm wide metal 6 copper layer with ~ 1.5-μm thickness and 

the secondary inductor is formed with stacked Alcap (~1-μm Aluminum)/Redistribution layer 

(RDL, ~3-μm Copper). Increasing the coupling coefficient (k) using a stacked transformer 

topology lowers the insertion loss.  Simulated insertion losses of the output power combining 

transformer at 900 MHz is 1.15 dB. 

A transient output voltage waveform of the 900-MHz Class-F CMOS PA with a power 

combiner is shown in Figure 5-24.  The peak-to-peak voltage of PA is larger than 30 V with 1.2-

V supply voltage.  From fast-Fourier-transform (FFT) function, the 900-MHz Class-F CMOS PA 

with a power combiner can have a maximum output power of 2.76 W with a DC supply voltage 

of 1.2 V.  Figure 5-25 shows the simulated power added efficiency (PAE) and output powers of  

 

 
 

Figure 5-24 Transient output voltage waveform of the 900-MHz Class-F CMOS PA with a 
power combiner 
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Figure 5-25 Simulated PAE and output power of the 900-MHz Class-F PA versus supply 

voltage with 900-MHz input signal 

900-MHz Class-F PA versus supply voltage with 900-MHz input signal when the supply voltage 

of inverter drivers is 1.2 V. The maximum efficiency and output power of the 900-MHz Class-F 

PA with RDL are 40.6 % and 2.76 W with 1.2-V supply voltage. The maximum efficiency and 

output power of the 900-MHz Class-F PA without RDL are 32.6 % and 2.19 W with 1.2-V 

supply voltage. The efficiency drops off as supply voltage decreases and it has the PAE’s of 

8.1 % with RDL and 6.3 % without RDL when the supply voltage is 0.1 V. As expected, the 

output power increases quadratually with supply voltage and it has the output powers of 0.024 W 

with RDL and 0.019 W without RDL when the supply voltage is 0.1 V. As mentioned, an 

advantage of this power combining system is that the eight PA’s independently operate, so the 

output power can be reduced by 9 dB with modest efficiency change.  
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5.5 Multi-Band Class-F CMOS Power Amplifier Simulations 

Figure 5-26 shows the schematic of output power combining transformer for multi-band 

power amplifier. The matching capacitors of both primary and secondary inductors are tunable.  

All parasitic capacitance and resistance, mutual inductance, self inductance and coupling 

coefficient (k) among inductors are once again estimated using FastHenry and Matlab 

simulations.  The primary and secondary inductors use 40-μm wide metal 6 layer and stacked 

Alcap (1-μm Aluminum)/Redistribution layer (RDL, 3-μm Copper), respectively. Table 5-3 

 

 
 
Figure 5-26 Schematic of output power combining transformer of the multi-band Class-F PA 

 

Table 5-3  Simulated insertion losses of output power combining transformer for the multi-
band Class-F CMOS PA at four frequency bands 

Frequency [MHz] Insertion Loss [dB] 

900 (EGSM 900) 1.1 

1750 (DCS 1800) 0.73 

1880 (PCS 1900) 0.71 

1950 (WCDMA) 0.7 
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summarizes the simulated insertion losses of output power combining transformer at four 

frequency bands. Simulated insertion losses of transformer are 1.1 dB at the low frequency band 

and from 0.7 to 0.75 dB at the high frequency band. 

Once again the multi-band class-F PA has been designed using a TI 65-nm CMOS 

process.  Figure 5-27 shows the simulated power added efficiency and output power levels of the 

multi-band Class-F CMOS PA versus supply voltage at 900 MHz (EGSM 900). The PAE and 

output power are 44% and 2.8 W with 1.2-V supply voltage. The efficiency drops off as supply 

voltage decreases and it has the PAE of 8.8 % and output power of 0.025 W with supply voltage 

of 0.1 V. Figure 5-28 plots the simulated PAE and output power levels versus supply voltage at 

1750MHz (DCS 1800). The multi-band PA has the PAE of 45.3 % and output power of 2.35 W 

with supply voltage of 1.2 V and the PAE of 9.1 % and output power of 0.021 W with 0.1-V  

 

 
 

Figure 5-27 Simulated PAE and output power of the multi-band Class-F CMOS PA versus 
supply voltage at 900 MHz (EGSM 900) 
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Figure 5-28 Simulated PAE and output power of the multi-band Class-F CMOS PA versus 

supply voltage at 1750 MHz (DCS 1800) 

 

 
 

Figure 5-29 Simulated PAE and output power of the multi-band Class-F CMOS PA versus 
supply voltage at 1880 MHz (PCS 1900) 
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Figure 5-30 Simulated PAE and output power of the multi-band Class-F CMOS PA versus 
supply voltage at 1950 MHz (WCDMA) 

supply voltage. Figure 5-29 shows the simulated PAE and output power of the multi-band Class-

F CMOS PA versus supply voltage at 1880 MHz (PCS 1900). The maximum efficiency and 

output power are 45.1 % and 2.3 W with 1.2-V supply voltage and it has the PAE of 9.1 % and 

output power of 0.21 W with the supply voltage of 0.1 V. Figure 5-30 plots the simulated PAE 

and output power versus supply voltage at 1950 MHz (WCDMA). The maximum efficiency and 

output power are 44.6 % and 2.25 W with 1.2-V supply voltage and they drop to PAE of 9 % and 

output power of 0.02 W with 0.1-V supply voltage. 

5.6 Implementation and Measurement Results of the 900-MHz and Multi-Band Class-F 
CMOS Power Amplifiers 

The 900-MHz and multi-band class-F power amplifiers are fabricated in a TI 65-nm 

CMOS process.  Figure 5-31(a) shows a micrograph of the 900-MHz Class-F CMOS PA  
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(a) 
 

 
(b) 

Figure 5-31 Micrograph of (a) the 900-MHz Class-F CMOS PA and (b) the 900-MHz Class-F 
CMOS PA mounted on a PCB. 
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Figure 5-32 Layer diagram of primary and secondary inductors. 

without the RDL. Vdd is the supply voltage of power amplifiers and Vdd2 is the supply voltage of 

the inverter drivers. The primary inductors of transformer use 36-μm wide metal 6 layer and the 

secondary inductors use 36-μm wide Alcap layer. Figure 5-32 show a diagram of primary and 

secondary inductors in transformer. To reduce the effects of ground bond wire, 38 ground pads 

and around 4-nF on-chip bypass capacitors are included. The die area including the bond pads is 

7.29 mm2. Figure 5-31(b) shows a micrograph of the 900-MHz Class-F CMOS PA mounted on a 

printed circuit board (PCB).  

Figure 5-33(a) shows a micrograph of the multi-band Class-F CMOS PA without RDL. 

The primary inductors of transformer use 40-μm wide metal 6 layer and the secondary inductors 

use 40-μm wide Alcap layer. 36 ground pads and around 5-nF on-chip bypass capacitors are 

included to lower the effect of ground down-bond inductance. The die area including the bond 

pads is 8.41 mm2. Figure 5-33(b) shows a micrograph of the multi-band Class-F CMOS PA 

mounted on a printed circuit board (PCB). 
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(a) 
 

 
(b) 

Figure 5-33 Micrograph of (a) the multi-band Class-F CMOS PA and (b) the multi-band 
Class-F CMOS PA mounted on a PCB. 
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Figure 5-34 PAE and output power of the 900-MHz Class-F PA versus PA supply voltage. 

Figure 5-34 shows PAE and output power of the 900-MHz Class-F PA versus PA supply 

voltage both in measurement and simulation. The measured output power is around 10 ~ 12.5-dB 

lower than the simulated one from 0.1 to 0.6-V supply voltage and saturates above 0.7-V supply 

voltage. This caused the efficiencies of PA to be significantly different from the simulations. The 

PA drives large currents and it has limitation of current driving capability because of limited 

metal thickness and width of all components and connections. Figure 5-35 shows Bias current 

and output power of the 900-MHz Class-F PA versus PA supply voltage both in measurement 

and simulation. Total supply current only goes up to 3.6 A and it is 2.3 A less than the simulated 

one. To figure out these better, individual components connected with pads should be fabricated 

and characterized in the future.  

Figure 5-36 shows the output power versus frequency. Pink line is actual measurement 
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Figure 5-35 Bias current and output power of the 900-MHz Class-F PA versus supply voltage. 

 

 
 

Figure 5-36 Output power of the 900-Mhz Class-F PA versus frequency. 
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but this device is already stressed by over-drive voltage during measurements. Red line is 

expectation with normal operation device. It has around 10 dB difference between 0.75 GHz and 

0.9 GHz. PA needs to be retuned at 900MHz. To figure out these better, individual components 

connected with pads should be fabricated and characterized in the future  

Figure 5-37 shows supply current of one differential power amplifier of multi-band PA 

versus supply voltage and the gate bias voltage of the inverter can not control total supply current 

of the multi-band class-F power amplifiers. Figure 5-38 shows cut and patches using focused ion 

beam (FIB) in (a) layout and (b) schematic in order to verify the PA transistor operation. Figure 

5-39 plots the measured drain current of PA transistor versus drain to source voltage and it 

operates normally. To verify inverter operation FIB cut and patches should be fabricated and 

characterized in the future. 

 

 
 
Figure 5-37 Supply current of one differential power amplifier versus supply voltage. 
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(a) 

 
(b) 

Figure 5-38 Cut and patches using focused ion beam in (a) layout and (b) schematic. 

 
Figure 5-39 Measured drain current of PA versus drain to source voltage. 
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Table 5-4 summarizes the performance of published switch type power amplifiers. The 

simulated results of this work suggest that deep submicron CMOS technology despite its low 

oxide breakdown voltage can support high power with good efficiency. 

Table 5-4  Performance of published switch type power amplifiers 
Freq. 
[GHz] 

PAE 
[%] 

Vsup 
[V] 

Pout 
[W] 

External 
component Tech. Class Ref. 

1.9 41 2 1 Yes 0.35-um 
CMOS E/1 [41] 

0.9 41 1.9 1 Yes 0.25-um 
CMOS E/1 [42] 

2.4 41/27 2/1 1.9/0.45 No 
0.35-um 
BiCMO

S 
DAT/4 [53] 

1.4 49 1.5 0.2 Yes 0.25-um 
CMOS F/1 [54] 

0.9 43 3 1.5 Yes 0.2-um 
CMOS F/1 [55] 

1.9 16/32 3 0.1/0.25 No/LTCC 0.8-um 
CMOS F [55] 

2.4 44 2.5 0.16 Yes 0.25-um 
CMOS F [56] 

1.45 54 3.5 1.12 No GaAs 
FET - [57] 

0.9 44 1.2 2.8 No 65-nm 
CMOS F This 

work 

1.75 45.3 1.2 2.35 No 65-nm 
CMOS F This 

work 

1.88 45.1 1.2 2.2.3 No 65-nm 
CMOS F This 

work 

2.17 44.6 1.2 2.25 No 65-nm 
CMOS F This 

work 
 

5.7 Summary 

This chapter briefly reviewed the topologies and waveforms of Class-A, AB, B, C, D, E, 

and F power amplifiers, and presented the 900-MHz and multi-band Class-F differential power 

amplifiers fabricated in a 1.2-V TI 65-nm CMOS technology. Both the 900-MHz and multi-band 

Class-F PA’s have a power combiner where eight differential PA outputs are combined together 
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in order to achieve sufficient output power. The multi-band PA has tunable harmonic peaking 

network which consists of variable capacitance and inductance and it also has variable matching 

capacitors in both the primary and secondary inductors. In simulation, the maximum efficiency 

of 40.6 % and output power of 2.76 W can be achieved from the 900-MHz Class-F power 

amplifier. The multi-band Class-F PA can support in EGSM 900, DCS 1800, PCS 1900, and 

WCDMA operation. It has simulated PAE of 44 % and output power of 2.8 W at 900 MHz, and 

simulated PAE’s of 44.6 ~ 45.3 % and output powers of 2.25 ~ 2.35 W in the high frequency 

bands. 

The multi-band Class-F CMOS power amplifier can provide the convenience of 

designing a multi-band transmitter and save cost and power by realizing a multi-band polar 

transmitter. The results of this work suggest that a multi-band power amplifier using deep sub-

micron CMOS technology is possible.  
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CHAPTER 6 
SUMMARY AND FUTURE WORK 

6.1 Summary 

A multi-band radio frequency (RF) transceiver which consists of direct conversion 

receiver and polar transmitter that can support EGSM 900, DCS 1800, PCS 1900, and WCDMA 

operations is proposed. The feasibility study of possible transmitter and receiver architectures 

has been carried out. In the proposed multi-band transceiver, multi-band polar transmitter can 

reduce power consumption by a using a high efficiency multi-band power amplifier and lower 

cost and area by increasing hardware sharing. The proposed receiver can also lower power 

consumption, area and cost by once again increasing hardware sharing using a multi-band LNA 

with an SP4T RF switch, wide band mixer variable gain amplifier and tunable low pass filters. 

 A single-pole-four-throw RF CMOS switch to select one signal among the EGSM 900, 

DCS 1800, PCS 1900, and WCDMA from off-chip SAW filters & duplexer to a multi-band 

LNA is fabricated and its performance is presented.  Since the noise figures of front-end passive 

components are directly added to the noise figure of receiver, the design of SP4T switch focused 

on lowering insertion losses. The SP4T switch which consists of four transistors and four gate 

resistors is designed in a simple topology to minimize the insertion loss.  The shunt transistors in 

typically formed SPDT CMOS switches have been removed because it increases the insertion 

loss. The switch achieves the maximum insertion loss of less than 0.5 dB for four standard 

frequency bands, which is acceptable for the multi-band LNA applications. It also has reasonable 

isolation and linearity and should be sufficient for the proposed multi-band receiver.   

A multi-band LNA with an SP4T RF switch is demonstrated in a UMC 90-nm 

technology. The multi-band LNA has variable dual input and output matching networks and it 

can support EGSM 900, DCS 1800, PCS 1900 and WCDMA operations. It has power gains of 
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19.9, 9.1, 11.5, and 10.1 dB with 9.4-mW power consumption in the EGSM 900, DCS 1800, 

PCS 1900, and WCDMA frequency bands, respectively. The noise figures are 1.7, 2.5, 2.5, and 

2.6 dB in EGSM 900, DCS 1800, PCS 1900, and WCDMA bands, respectively. The input third-

order intercept points (IIP3) are 2.7, 3.2, 3, and 3.3 dBm at 930, 1805, 1980, and 2110 MHz. A 

multi-band & multi-standard receiver needs a multi-band or wideband LNA with low noise and 

moderate gain, and the multi-band LNA with an SP4T switch is a good candidate for this 

applications. 

The 900-MHz and multi-band Class-F differential power amplifiers fabricated in a 1.2-V 

TI 65-nm CMOS technology are presented. The multi-band Class-F PA includes power combing 

circuits to realize sufficient output power using low break down nano-scale NMOS transistors. 

Variable capacitors and inductors are used to implement a variable harmonic peaking network 

and it enables the multi-band Class-F PA to support operation in the EGSM 900, DCS 1800, PCS 

1900, and WCDMA bands. The variable matching capacitors are implemented using both on-

chip and off-chip components. At 1.2-V supply voltage, the 900-MHz Class-F power amplifier 

has the simulated maximum power added efficiency of 40.6 % and simulated output power of 

2.76 W. The multi-band Class-F PA working in the EGSM 900, DCS 1800, PCS 1900, and 

WCDMA bands has simulated output power of 2.8 W with simulated PAE of 44 % at 900-MHz 

EGSM bands and simulated output powers of 2.25~2.35 W with simulated PAE’s of 44.6 ~ 

45.3 % in the DCS 1800, PCS 1900, and WCDMA frequency bands. The multi-band Class-F 

CMOS power amplifier can provide a good platform for a multi-band transmitter to lower cost 

and power.   
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6.2 Future Work 

6.2.1 Integrated of the CMOS Multi-Band Receiver 

The proposed multi-band direct conversion receiver is a possible solution for a multi-

band receiver for the EGSM 900, DCS 1800, PCS 1900, and WCDMA applications. A fully 

integrated multi-band receiver in addition to a multi-band LNA with a SP4T RF switch needs 

mixers, VGA’s, VCO and tunable low pass filters. Wide band mixers and VCO, and tunable 

channel selection filters with design challenges such as wide band tuning range and linearity 

should be researched and developed. The multi-band direct conversion receiver needs lots of 

tuning components and a digital control system, as well as circuits to generate the control signals 

with appropriate level. These circuit should also be integrated into the multi-band radio .  

6.2.1 Improvement of 900-MHz and Multi-Band Class-F CMOS Power Amplifiers 

The 900-MHz and multi-band Class-F CMOS PA’s are designed using a TI 65-nm 

CMOS.  However, there are several concerns which need further research. First, they have 

leakage currents from main supply to ground. Second, the current driving of PA is significantly 

smaller than simulations. Individual components connected with pads should be fabricated and 

characterized to understand these two problems better. These results from these should be 

incorporated into a new PA design to experimentally demonstrate the tunable PA. 

 

 



 

129 

APPENDIX 
EXPERIMENTAL PLOTS OF THE MULTI-BAND LNA WITH THE SP4T RF SWITCH 

A.1 Input Matching Plots of the Multi-Band LNA with the SP4T RF Switch 

The plots of measured input matching (|S11|) with different controlled voltages listed in 

Tables 4-4 and 4-5 are shown in from Figure A-1 to FigureA-6.  

A.2 Output Matching Plots of the Multi-Band LNA with the SP4T RF Switch 

The plots of measured output matching (|S22|) with different controlled voltages listed in 

Tables 4-6, 4-7, and 4-8 are shown in from Figure A-7 to FigureA-15.  

A.3 Power Gain Plots of the Multi-Band LNA with the SP4T RF Switch 

The plots of measured power gain (|S21|) with different controlled voltages are shown in in 

from Figure A-16 to Figure A-21.  
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Figure A-1  Measured input matching (|S11|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_out = VDC_d = 0 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-2  Measured input matching (|S11|) of the multi-band LNA with SP4T switch versus 

frequency when VDC_out = 1 V, VDC_d = 0 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-3  Measured input matching (|S11|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_out = 2 V, VDC_d = 0 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-4  Measured input matching (|S11|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_out = 0 V, VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-5  Measured input matching (|S11|) of the multi-band LNA with SP4T switch versus 

frequency when VDC_out = 1 V, VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-6  Measured input matching (|S11|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_out = VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-7  Measured output matching (|S22|) of the multi-band LNA with P4T switch versus 
frequency when VDC_g = VDC_gs = 0 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-8  Measured output matching (|S22|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_g = 0.8 V, VDC_gs = 0 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-9  Measured output matching (|S22|) of the multi-band LNA with SP4T switch versus 

frequency when VDC_g = 1.6 V, VDC_gs = 0 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-10 Measured output matching (|S22|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_g = 0 V, VDC_gs = 0.6 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-11 Measured output matching (|S22|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_g = 0.8 V, VDC_gs = 0.6 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-12 Measured output matching (|S22|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_g = 1.6 V, VDC_gs = 0.6 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-13 Measured output matching (|S22|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_g = 0 V, VDC_gs = 1.2 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-14 Measured output matching (|S22|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_g = 0.8 V, VDC_gs = 1.2 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-15 Measured output matching (|S22|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_g = 1.6 V, VDC_gs = 1.2 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-16 Measured power gain (|S21|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_out = VDC_d = 0 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-17 Measured power gain (|S21|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_out = 1 V, VDC_d = 0 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-18 Measured power gain (|S21|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_out = 2 V, VDC_d = 0 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-19 Measured power gain (|S21|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_out = 0 V, VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA. 



 

149 

 

 
 

Figure A-20 Measured power gain (|S21|) of the multi-band LNA with P4T switch versus 
frequency when VDC_out = 1 V, VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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Figure A-21 Measured power gain (|S21|) of the multi-band LNA with SP4T switch versus 
frequency when VDC_out = VDC_d = 2 V, Vdd = 1.2 V, and Ibias = 8 mA. 
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